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Abstract

The Atlantic Sturgeon Acipenser oxyrinchus oxyrinchus is a
long-lived anadromous species that historically ranged from
Hamilton Inlet, Labrador, to the Saint Johns River, Florida
(ASSRT 2007). Adults can grow to be over 4 m long and live

Atlantic Sturgeon Acipenser oxyrinchus oxyrinchus were recently listed as threatened in the Gulf of Maine and
endangered in the rest of their U.S. range. Continued research priorities include long-term population monitoring,
identifying the species’ spawning and nursery grounds, and determining its use of estuaries and marine coastal waters.
Although recent and ongoing research is filling in knowledge gaps, the Atlantic Sturgeon’s life history and its severely
depleted populations make this a challenging species to fully characterize. Our goal was to compile data collected over 7
years from fish captured in the Penobscot River estuary, Maine, to inform management decision making. Atlantic Sturgeon
were captured (n =199), recaptured (n = 16), and passively telemetered (» =32 that were analyzed here) from 2006 to 2013.
Captured individuals were predominantly subadults, and data from telemetry indicated repeated use of a 5-km reach of the
mesohaline portion of the estuary. Subadults predictably emigrated from the river each fall (mean date + SD, August 31 +
43.5 d) and immigrated back each spring to early summer (May 15 £ 27.8 d), with most individuals (>95% [31 of 32])
returning one or more years after tagging. Marine detections of these subadults were common (81.25% [26 of 32]) and
spanned the geographic extent of both the threatened and endangered U.S. distinct population segments and into
international waters, e.g., from the Hudson River, New York, to Minas Basin, Nova Scotia. However, they were more
typically detected by receivers in the Gulf of Maine; 77% (20 of 26) were only detected in the Gulf of Maine when not in the
river. These data indicate that, based on the temporal and spatial predictability of habitat use, the estuary of the Penobscot
River is important for subadult Atlantic Sturgeon of the Gulf of Maine. The wider movement patterns emphasize the need
for conservation and management across regions and international boundaries.

to be 60 years old (Scott and Crossman 1973; LeBreton and
Beamish 2004). Males typically mature around 12 years of
age, at approximately 135 cm TL and 27 kg, and spawn every
1-5 years. Females typically mature around 15 years of age, at
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approximately 180 cm TL and 34 kg, and spawn once every
3-5 years (Van Eenennamm et al. 1996; Bain 1997; ASSRT
1998). Spawning usually occurs in major coastal rivers in
early to mid-summer (Bain 1997; Kynard and Horgan 2002)
upstream of the salt wedge in the freshwater portion of the
river. Juvenile Atlantic Sturgeon remain within their natal
river until they are between 2 and 6 years of age and are
often found near the freshwater end of the brackish water
transition zone (Devel and Berggren 1983; Bain 1997;
ASSRT 2007). Subadults (late-stage juveniles/immature indi-
viduals >100 cm; Bain 1997) tend to overwinter and make
extensive movements in marine habitats and return to rivers,
estuaries, and nearshore marine habitats in the warm summer
months (Dgvel and Berggren 1983; Bain 1997; Greene et al.
2009; Dunton et al. 2010).

Marine habitat use is not well described for most subadult
and adult Atlantic Sturgeon, but patterns have been described
(Laney et al. 2007; Nelson et al. 2013; Beardsall et al. 2016;
Taylor et al. 2016). Between 1972 and 1996, Northeast
Fisheries Science Center bottom trawl surveys captured 139
Atlantic Sturgeon from Canada to South Carolina (NEFSC,
unpublished data; Savoy and Pacileo 2003). Commercial
bycatch data suggest that Atlantic Sturgeon remain near the
coastline, on the continental shelf, and in shallower habitats
(Moser et al. 1998; Stein et al. 2004; Laney et al. 2007). While
deeper, more offshore habitats have been shown to be impor-
tant during winter months (Beardsall et al. 2016; Taylor et al.
2016), in spring and summer months subadult Atlantic
Sturgeon in the mid-Atlantic and further south have been
documented (using mark-recapture and telemetry data) mak-
ing northward coastal movements and then southward move-
ments in fall and winter (Davel 1979; Smith 1985; Shirey
1995; Savoy and Pacileo 2003).

Atlantic Sturgeon were once very abundant throughout their
range (ASMFC 1998; Armstrong and Hightower 2002) but are
currently at low abundance. Their populations once supported a
large fishery for caviar in the United States. The industry was
established in 1870, peaked in 1890, and collapsed in 1901 (Van
Eenennamm et al. 1996; Smith and Clugston 1997; Secor and
Waldman 1999). Industrialization further contributed to Atlantic
Sturgeon declines, particularly through river damming and water
pollution (Metcalf and Eddy 1994; Van Eenennamm et al. 1996;
ASMFC 1998). Bycatch in commercial fisheries, degraded water
quality, and limited access to suitable spawning grounds and
estuarine nursery habitat currently inhibit restoration efforts
(Collins et al. 1996; ASMFC 1998; Secor and Gunderson 1998;
Laney et al. 2007).

U.S. coastwide management of Atlantic Sturgeon began in
1988 when the National Marine Fisheries Service and U.S.
Fish and Wildlife Service listed Atlantic Sturgeon as a species
of concern. Two years later all states either closed the Atlantic
Sturgeon fishery in their waters or instituted a size limit that
achieved conservation equivalency (ASMFC 1990). In 1998,
the ASMFC instituted a 40-year moratorium on the harvest of
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Atlantic Sturgeon in all U.S. waters (ASMFC 1998). Fourteen
years later (2012), Atlantic Sturgeon were listed under the
federal Endangered Species Act (ESA) in the United States.
The Gulf of Maine (GOM) distinct population segment (DPS)
was listed as threatened, and the New York Bight, Chesapeake
Bay, Carolina, and South Atlantic DPSs were listed as endan-
gered. Although there remains a commercial fishery for
Atlantic Sturgeon in the St. Lawrence River, Canada
(Apostle et al. 2013), it is tightly regulated, with individual
annual quotas that limit overall fishing mortality to 60 tons per
season (DFO 2013).

Listing of the GOM DPS as threatened means that it is at
significant risk of becoming endangered in the foreseeable future
(NOAA 2013). Before the listing, multiple studies were initiated in
response to the Atlantic Sturgeon Status Review Team’s (ASSRT
2007) identification of research priorities, which included long-
term population monitoring, estimating of spawning population
abundance, characterizing population genetics, estimating bycatch
and bycatch mortality, identifying spawning and nursery grounds,
determining toxic contaminant impacts and thresholds, and deter-
mining fish passage. These studies resulted in the discovery of
three spawning areas in the Kennebec River system, which
includes the Kennebec, Androscoggin, and Sheepscot Rivers
(Wippelhauser and Squiers 2015; Wippelhauser et al. 2017), and
the identification of several potential foraging areas in the lower
Kennebec River estuary (Wippelhauser and Squiers 2015), Saco
River (Novak et al. 2017), and Penobscot River estuary (Dzaugis
et al., University of Maine, unpublished data).

Current regulations protect Atlantic Sturgeon in the United
States, with the understanding that they can mix with Atlantic
Sturgeon from other designated DPSs and Canadian stocks in the
marine environment. Approximately 10% of the Atlantic
Sturgeon captured in the marine habitats of the Delaware—New
York Bight region were identified (genetically) as being of GOM
origin (NOAA 2013). This is consistent with Wirgin et al.’s
(2015b) observation that approximately 8% of the individuals
in the mid-Atlantic region were of GOM origin. In addition,
approximately 6% of the fish caught in the rivers (in waters
with a salinity of <0.5%o) of this region were identified as likely
being of GOM origin (NOAA 2013). Similarly, GOM Atlantic
Sturgeon have been reported from Canada, with the summer
assemblage sampled in Minas Basin or the Bay of Fundy having
a 34-46% contribution from the GOM (Wirgin et al. 2012).

In the Penobscot River, Atlantic Sturgeon were historically
documented as far upstream as the falls at Milford (rkm 62;
Knight 1985; Fernandes et al. 2010). Although recent work
confirms that Atlantic Sturgeon still inhabit the lower
Penobscot River (Fernandes 2008; Fernandes et al. 2010),
the construction of three dams starting in 1874 limited them
to the lower 42 rkm until 1995, when the lowermost dam was
breached. When research was initiated in the Penobscot estu-
ary, it was unknown whether Atlantic Sturgeon actually inhab-
ited the estuary and, if so, what areas of the estuary they used.
Fernandes (2008) documented the movements and
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demographic features of 35 Atlantic Sturgeon from Bangor
(rkm 40) to the marine environment. Most (34) of these fish
appeared to be subadults (71.2-131.7 cm FL and 2.5-18 kg),
and one was a potential mature adult at 166.2 cm. In the first
year of sampling, considerable effort (1,554 netting hours) was
expended to capture relatively few (n = 7) Atlantic Sturgeon
(Fernandes et al. 2010). Once it became clear that Atlantic
Sturgeon preferred a narrow reach of the estuary, particularly
during the summer months, sampling efforts became more
efficient. Even those fish captured and tagged upstream of
rkm 30 (n = 5) showed clear philopatry for the reach between
rkm 20 and rkm 25 and returned to that reach shortly after
tagging as well as the following year.

Consistent with the research priorities of the ESA and those
identified by the Atlantic Sturgeon Status Review Team
(ASSRT 2007), more data are needed concerning demography
and fish presence in estuaries and marine coastal waters,
particularly in the GOM and associated river systems. Our
goal was to compile data collected over 7 years in the
Penobscot River and the broader GOM to address the need
for more data to inform decision making. More specifically,
our objectives were to examine (1) the demographic charac-
teristics of the Atlantic Sturgeon using the Penobscot River
estuary and bay; (2) their movements within the Penobscot
estuary and bay, highlighting spatial and temporal patterns to
help identify critical habitat; and (3) their coastal movements
outside the Penobscot estuary and bay to better characterize
their marine habitat use.

STUDY AREA

The Penobscot River and its tributaries constitute the largest
watershed in Maine, draining an area of roughly 22,300 km?. The
Penobscot River watershed has had a long history of industrial
use, primarily by the lumber and pulp and paper industries. Mills
and lumber transportation have negatively impacted water qual-
ity on the river. Following implementation of the Clean Water
Act (1972), conditions have greatly improved, although legacy
impacts on water quality, substrate, and hydrography remain
(Haefner 1967; Shorey 1973; Dionne 2010).

The area of the Penobscot River of interest for this study
was the estuary and bay. We classified the upstream end of the
estuary as the head of tide at rkm 46, as in Fernandes et al.
(2010), Dionne et al. (2013), and Stich et al. (2015). From
1833 until the summer of 2013, this was the upriver extent of
Atlantic Sturgeon habitat due to the presence of the now-
removed Veazie Dam. Also consistent with Fernandes et al.
(2010) and Dionne et al. (2013), the southernmost point of
Verona Island was considered the downstream end of the
estuary (rtkm 0). Penobscot Bay extends from this point
south, roughly 90 km (Figure 1). Although tidal, the
Penobscot estuary is freshwater from the head of tide
(at ~rkm 46) to between rkm 24 and 20, depending on tidal
cycles and discharge. Salinity in this mesohaline (3.1-17%o)
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section of the estuary tends to vary vertically and horizontally
based on discharge and tidal cycles. However, the lower limit
of the mesohaline section of the estuary typically ranges from
Bucksport (rkm 10) to somewhere in Penobscot Bay. Marine
water (>30%o) can be present as far upstream as Bucksport at
extreme low discharge and high tide but is more consistently
present in Penobscot Bay south of Verona Island (Haefner
1967; Stich et al. 2015).

The study area extended outside of the Penobscot River
because of opportunistic detections of acoustic tags in multiple
collaborative networks. A collaborative agreement with the
National Marine Fisheries Service (NMFS) ensured that we
received detection information from the NOAA telemetry
array deployed in Penobscot Bay and throughout the GOM
(Goulette et al. 2014). Additionally, researchers that partnered
with us through the Atlantic Cooperative Telemetry (ACT)
Network (from Florida to Canada) and the Ocean Tracking
Network (OTN; globally) shared detection information outside
of the GOM as it was processed and became available.

METHODS

Capture and tagging.—The capture, handling, and tagging
of Atlantic Sturgeon complied with NMFS protocols for
sturgeons (Kahn and Mohead 2010) and researchers’ section
10 permit conditions (permits 1595 and 16526). Atlantic
Sturgeon were captured in the Penobscot estuary during
targeted sampling with gill nets that were either 15.24 or
30.48 m long and 2.4 m high, with 305-mm stretch mesh.
They were also captured as bycatch during sampling for
Shortnose Sturgeon Acipenser brevirostrum with 2.4-m-high,
152-mm-stretch-mesh gill nets. The 305-mm mesh nets were
primarily used in the beginning of the study (until 2009) and in
early summer to avoid capturing endangered Atlantic Salmon
Salmo salar, which inhabit and spawn in the Penobscot River.
All nets were set parallel to shore and placed in locations that
avoided log booms, ledges, mudflats, and tidal creeks. The
shorter nets were placed in locations where space was
restricted. Sampling was conducted in the Penobscot estuary
between tkm 7 and 46 for 0.2-23.8 h from May through
November in 2006 and 2007 and between rkm 20 and 42 for
0.2-6.5 h from May through November in 2008 through 2013
(Fernandes et al. 2010; Dionne et al. 2013; Altenritter 2015).
Catch per unit effort was calculated for each sampling year by
dividing the total number of Atlantic Sturgeon caught by the
total soak hours for all gillnetting for the season.

To examine the demographic features of this population, we
recorded multiple measurements from each of the Atlantic
Sturgeon captured from 2006 to 2013. The fish were removed
from the gill net and placed in a floating net pen (2 m long, 1 m
wide, and 1 m deep) attached to the side of the research vessel. An
individual was removed from the net pen and immobilized in a
canvas sling held in a sampling trough filled with water from the
collection location. Each fish was then weighed in the sling (kg),
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FIGURE 1. Map of the Penobscot River estuary with river kilometers delineated. Rkm 0 is at Verona Island and denotes the transition from Penobscot
Bay to Penobscot estuary. The former Veazie Dam site (rkm 48) was the upper limit for Atlantic Sturgeon movement in the Penobscot River during the
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and its total length (cm), fork length (cm), interorbital width (mm),
and mouth width (mm) were measured. The fish was scanned for
the presence of a passive integrated transponder (PIT) tag with an
AVID Power Tracker VIII reader. If no tag was found, a 14-mm
134.2-kHz PIT tag was injected just below the base of the dorsal
fin, above the lateral row of scutes. A small tissue sample was taken
from the tip of the dorsal fin from each newly captured fish and
preserved in ethanol for subsequent genetic analysis. An external
tag with a unique identification number was attached to each fish
just below and anterior to the base of the dorsal fin (anchor tags:
dangler or dart). An endoscopic examination with a borescope was
performed on each fish to identify females with visible eggs,
following Kynard and Kieffer (2002).

A subset of the Atlantic Sturgeon captured in the Penobscot
estuary (n = 46) were implanted surgically with Vemco acoustic
transmitters (Table 1). Surgery was performed only on fish that
appeared to be in excellent health and when the water tempera-
ture was between 7°C and 25°C and dissolved oxygen was >5
mg/L. Each fish was anaesthetized with MS-222 (tricaine metha-
nesulfonate) and immobilized in a canvas sling held in a water-
filled sampling trough with aeration supply; ESA-approved sur-
gery procedures were followed as described in Fernandes et al.
(2010). Each tagged fish was allowed to recover in the floating
net pen for approximately 15 min and was released within 500
m of the site of capture after it showed clear signs of recovery.

Acoustic receiver array.—Annually, an array of between 80
and 120 VR2 and VR2W acoustic receivers (Vemco, Halifax,
Nova Scotia) were deployed. The receivers were anchored to
45.4-kg mooring blocks and placed at designated locations
less than 1 km from each other. The array consisted of
approximately 40 sites in the Penobscot estuary (rkm 0—46),
with the remaining receivers being deployed throughout
Penobscot Bay (rkm 0 to —49) either singly or as “gates”
(i.e., multiple regularly spaced receivers situated to detect
low-powered V9 tags over the entire width of the river)
spanning areas between islands where individuals could pass
during emigration from the Penobscot River (Renkawitz et al.
2012). The southern three gates (Figure 1) were deployed
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from April until July annually prior to 2013. The entire
receiver array was maintained as a collaborative effort
between the University of Maine, the U.S. Geological
Survey, and NMFS. In areas where the river width was
greater than 500 m, two or more receivers were placed on
each side of the channel to provide full monitoring coverage
(receiver range typically varies from 500 to 800 m depending
on tidal stage and other factors). Receivers typically were
deployed in April and retrieved between November and the
beginning of December, but not all receivers were successfully
recovered in each year of the study.

Detections and analysis.—To examine the movement
patterns of the Atlantic Sturgeon, receiver locations in the
Penobscot estuary were identified by river kilometer relative
to the downstream end of the estuary at Verona Island. Data
were downloaded from the receivers throughout the
deployment period and a final time when the receivers were
retrieved for the year. Detection data from 2007 through 2013
were analyzed. Data were sorted by transmitter number, date,
and time. We then removed any single-code detections
(defined as single readings for >24 h at the same receiver)
from the data set to eliminate potential false detections. Fish
positions (rkm) were plotted against date for each tagged fish
to reveal movement patterns. Data from the year in which a
fish was tagged were excluded to ensure a complete phenology
of movement patterns based on a full “season.” Any tags that
were not detected in the estuary after the year in which they
were deployed (n = 5) or that remained stationary for more
than 60 d (n = 5) were not analyzed due to the possibility that
they represented nonfunctional or dropped tags. A full
sampling year or more (up to 5 years) of detection
information was analyzed for 32 Atlantic Sturgeon. A
sampling year was defined as the span of time during which
the acoustic receiver array was deployed in the estuary for a
given calendar year (typically mid spring to late fall or early
winter).

To quantify habitat use in the Penobscot River estuary, the
length of the study area was binned into 5-rkm sections from

TABLE 1. Summary information for coded acoustic tags used for Atlantic Sturgeon tagging in the Penobscot River and estuary, Maine, 2006-2011.

Tag Tag

Number length weight Delay Battery

Tag type Year used (mm) in air (g) interval (s) life (d)
VOP-2L 2006 1 44 6.3 150-300 214
V13 TP-1L 2006 3 48 13 40-120 750
2007 5 48 13 40-120 750

2008 10 48 13 40-120 750

V16-6L 2009 11 95 34 40-120 3,650
2010 4 95 34 40-120 3,650

Vl16-1H 2010 4 95 34 60-90 1,997
2011 5 95 34 60-90 1,997
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rkm 0 to rkm 40. The number of detections of each fish was
determined for each day. We then used the percent daily
detections for all tagged Atlantic Sturgeon in the respective
bins to determine whether the observed proportions were
different from the null hypothesis that detections would be
equivalent across all tkm bins (chi-square test).

We classified the movements of individual fish in and out
of the Penobscot River estuary based on the categories used in
Dionne et al. (2013), including emigration and immigration.
Consistent with Dionne et al. (2013), emigration was defined
as occurring when a tag placed in an Atlantic Sturgeon in the
Penobscot estuary was either detected outside of the estuary or
not detected again in the estuary for a minimum of 14 d.
Immigration was defined as occurring when a tag placed in a
fish determined to have emigrated was again detected in the
Penobscot estuary and remained there for at least 14 d. The
emigration date was the last date on which a tagged fish was
detected upstream of rkm 0; the immigration date was the first
date on which a tagged fish was detected upstream of rkm 0
after a previously documented emigration.

Marine (generally coastal) movements outside of the
Penobscot estuary were examined using opportunistic detec-
tions of tags on receivers located beyond the Penobscot River
and estuary. Several Atlantic Sturgeon tagged in the Penobscot
estuary were detected by Vemco receivers on buoys main-
tained by the Northeastern Regional Association of Coastal
and Ocean Observing Systems and other systems, both within
and outside the GOM, via the Gulf of Maine Coastal Tracking
Network. These detections were shared by the owners of the
receivers through the ACT Network or OTN. When data were
received from a collaborator through one of these networks,
we first compared the data with our own detection data for
consistency (i.e., to ensure that the fish were not detected in
the Penobscot when they were detected elsewhere). We then
removed any single-code detections (single reads over a per-
iod of 24 h or more on the same receiver) from the data set to
eliminate potential false detections and plotted the detections
over time and space.

RESULTS

Demography

Between 2006 and 2013, we captured 199 Atlantic
Sturgeon in the Penobscot River over a total of 2,523.62
netting hours (Table 2). Total catch per unit effort for all
years was 0.08 fish per netting hour, with a yearly average
of 0.24 (SD, 0.23) fish per netting hour. These sturgeon ranged
in size from 65.6 to 196.4 cm TL (n = 163) and from 1.6 to
36.0 kg (n = 161) (Figure 2). Of these fish, 26.3% (n = 43)
were tagged with acoustic transmitters and 32 provided move-
ment data that met the criteria noted above. Sixteen of these
fish were recaptured and re-measured during the course of the
study, of which 11 were at large for more than 30 d (509 +
412.73) and which grew an average of 0.05 cm (SD, 0.08) and
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TABLE 2. Catch per unit effort (CPUE; number captured per hour of soak
time) of Atlantic Sturgeon captured in the Penobscot estuary by sampling year
and summary statistics.

Soak Number of
Sampling year time (h) fish captured CPUE
2006 1,553.85 7 0.005
2007 230.28 30 0.130
2008 183.62 13 0.071
2009 109.93 29 0.264
2010 192.95 41 0.212
2011 118.60 15 0.126
2012 92.55 33 0.357
2013 41.83 31 0.741
Total 2,523.62 199 0.079
Average 31545 24.9 0.238
SD 504.10 11.7 0.231

gained an average of 0.04 kg (SD, 0.01). The fish showed
significant positive growth (linear regression, P < 0.001) in
both length and weight for increased time at large between
initial capture and recapture (Figure 3). This includes indivi-
duals implanted with acoustic tags. One was recaptured after 3
months and had grown 3.2 cm, and two others were recaptured
after approximately 1 year and had grown 4.8 and 8.5 cm,
respectively.

Movement Patterns within the Penobscot Estuary

On average, acoustically tagged Atlantic Sturgeon entered
the Penobscot estuary (immigrated) on May 15 (SD, 27.8 d)
and left the estuary (emigrated) on August 31 (SD, 43.5 d).
Atlantic Sturgeon entered the river as early as the end of
March and stayed as late as mid-October. Total time spent in
the river was highly variable, with an average duration of 98 d
(SD, 45.6). Of the 32 sturgeon that were tagged in the estuary
and analyzed for movement patterns, most were detected in
the estuary in one or more sampling years after the year in
which they were tagged (this includes sturgeon tagged in the
summer or fall of one calendar year and then detected the
following spring). Thirty-one sturgeon were detected for 1
year after tagging, 22 for 2 years, 14 for 3 years, 6 for 4
years, and 1 for 5 years past its tagging year.

The acoustic telemetry array allowed for nearly continuous
detection of acoustically tagged Atlantic Sturgeon within the
study area of the estuary. Generally, sturgeon moved quickly
(within the same 24-h period) through Penobscot Bay and the
lower estuary when immigrating and emigrating (Figure 4).
Tagged sturgeon (r = 30) spent the majority of their time (70—
84% annually; Table 3) in the mesohaline reaches of the
estuary, typically between tkm 20 and 30, occasionally mov-
ing into the upper reaches of the estuary (upstream of the salt
wedge) or back into the lower estuary and bay, but often only
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Atlantic Sturgeon captured in the Penobscot estuary between 2006 and
2013. The black bars indicate size at first capture and the white bars the
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each histogram by an asterisk.

for short periods. When plotted against river kilometer, these
detections revealed distinct movement patterns. Although
movement patterns within the Penobscot estuary differed
among individual sturgeon, and even for the same individuals
over multiple years, there was a predominant overall pattern of
quick movements upriver to rkm 20-25 in the spring and
quick movements back out in the late summer and fall
(Figure 4). Sturgeon tagged with multiyear tags allowed us
to observe movement patterns throughout the estuary for up to
4 (n=4) or 5 (n=2) years. Six sturgeon reentered the bay two
or more times during the same sampling year (as far upstream
as rkm 42.5), followed by another movement farther up into
the river (as far as rkm 40), but the amount of this “wander-
ing” behavior varied among individuals and even for the same
individuals from year to year. Although three Atlantic stur-
geon made occasional quick trips into the freshwater section
of the river and were detected as far upstream as rkm 40, they
were still most commonly detected in the mesohaline reaches
of the estuary, between rkm 15 and 30. A chi-square test
revealed that the probability of detection in the 5-rkm sections
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FIGURE 3. Growth in (A) total length (cm) and (B) mass (kg) relative to
length of time at large for 11 recaptured Atlantic Sturgeon. Regression
analysis showed significant (P < 0.001) positive growth in both variables.

was significantly different from the hypothesized equal detec-
tion probability in all sections (x> = 334.90; P < 0.001). The
reach between rkm 20 and 25 had the most detections among
all sampling years, with 67-84% of the detections in the river
each year and 73% of the detections overall (Table 3).

Movements outside the Penobscot Estuary

Twenty-six Atlantic Sturgeon acoustically tagged in the
Penobscot estuary were detected by collaborators with acous-
tic receivers deployed in the GOM and other coastal systems
in the Northwest Atlantic (Figure 5). Most of these detections
(18, or 60%) were of single individuals seen only once, in 1
year at one location. No individuals were detected in multiple
locations outside of the river in the same year. One Atlantic
Sturgeon tagged in the Penobscot estuary was detected in the
St. John River in New Brunswick, four were detected in the
Minas Passage in the Bay of Fundy, two were detected off the
coast of Halifax, Nova Scotia, six were detected in the Saco
River in southern Maine, seven were detected in the
Merrimack River in New Hampshire, ten were detected in
the coastal waters of Massachusetts near Cape Cod, and two
were detected in the Hudson River and along Long Island,
New York (Table 4). Additionally, 26 Atlantic Sturgeon
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TABLE 3. Proportions of acoustic detections of Atlantic Sturgeon (means + SDs) by river kilometer (rkm 0 = mouth of river) in the Penobscot River
estuary by year and over the entire study. The values for rkm 20 are in bold italics to denote the fact that a significantly higher proportion of individuals

used this reach (xz = 334.90, P < 0.001).

2009 2010 2011 2012 2013

rkm (n=4) (n = 11) (n=13) (n = 15) (n = 13) All years

0 0.00 + 0.00 0.01 + 0.01 0.01 + 0.01 0.01 + 0.02 0.01 + 0.01 0.01 % 0.01
5 0.00 £ 0.00 0.00 + 0.00 0.01 £ 0.01 0.01 + 0.03 0.01 + 0.01 0.01 + 0.02
10 0.01 + 0.01 0.00 + 0.00 0.01 + 0.01 0.03 £ 0.07 0.02 + 0.02 0.02 + 0.04
15 0.03 + 0.02 0.03 + 0.03 0.17 + 0.13 0.15 + 0.12 0.08 + 0.04 0.11 + 0.10
20 0.84 + 0.14 0.67 + 0.20 0.70 + 0.13 0.74 + 0.20 0.78 £ 0.23 0.73 + 0.19
25 0.11 + 0.12 0.25 + 0.19 0.03 + 0.03 0.05 + 0.04 0.04 + 0.03 0.09 + 0.12
30 0.00 + 0.00 0.04 + 0.05 0.07 + 0.06 0.01 + 0.01 0.00 % 0.00 0.03 + 0.05
35 0.00 + 0.00 0.00 + 0.00 0.00 + 0.00 0.00 + 0.01 0.00 + 0.00 0.00 + 0.01

tagged in the Penobscot estuary were detected by NMFS’s
array of receivers deployed at coastal locations in the GOM
(attached to either coastal research buoys or in lobster traps;
Goulette et al. 2014). While Atlantic Sturgeon tagged in the
Penobscot estuary were detected in regions outside the estuary
throughout the year, they were most commonly detected in
these regions during October (n = 17 [71%]) and November (n
=10 [38%]) (Table 5). Some of these individuals returned to
these locations several times, often over the course of several
years. For example, one sturgeon returned to the Minas
Passage 3 years in a row, and another returned 2 years in a
row (Figure 5). Neither fish returned to the Penobscot River
estuary between detections in the Minas Passage. Both were
detected in the Minas Passage in the winter (December and
January) and the summer (July). Four sturgeon repeatedly
passed receivers on the coast of Massachusetts in two separate
years, most commonly in November (n = 3). Seven sturgeon
were each repeatedly detected by NMFS’s GOM receivers in
two different years, most commonly in October (n = 5).

DISCUSSION

Data from the Atlantic Sturgeon captured, recaptured, and
telemetered in the Penobscot River estuary can inform conserva-
tion efforts for this species, particularly with respect to identify-
ing potential critical habitat for the GOM DPS in the United
States. In-river captures were dominated by subadult Atlantic
Sturgeon, and acoustic telemetry indicated repeated and predo-
minant use of a specific 5-km reach in the mesohaline portion of
the estuary for approximately 3 months (June—August) every
year since 2007. These subadults departed the river each fall
and spent their winters in marine habitats. During that time a
small number of them were detected in locations as far away as
Minas Basin and the Hudson River, but more often they were
detected in the GOM from Massachusetts to eastern Maine.
These extra-estuarine movements of subadults through the mar-
ine environment appear to be common and to include both the
threatened (GOM DPS) and endangered (New York DPS)

regions within the species’ range. Data collected over 7 years
from the Penobscot River indicate the importance of this river
and multiple marine regions to subadult Atlantic Sturgeon based
on the temporal and spatial repeatability of their use of these
habitats—consistent with the definition of critical habitat
(Endangered Species Act of 1973)—and underscore the need
for conservation across regions and international boundaries.

It is likely that the majority of the Atlantic Sturgeon
captured in the Penobscot estuary were subadults since
male Atlantic Sturgeon are reported to mature between
135 and 204 cm TL and 27 kg and females tend to mature
between 180 and 254 cm TL and 34 kg (Van Eenennamm
et al. 1996; Bain 1997). Although 29% of the Atlantic
Sturgeon captured in the Penobscot estuary were over
133 cm, only two (0.01%) were over 180 cm and 27 kg
and none were over 34 kg. While it is possible that we
captured at least a few mature male Atlantic Sturgeon
(based on TL), it is unlikely that a mature female was
captured in the Penobscot estuary. Interestingly, the size of
the Atlantic Sturgeon captured in the Penobscot estuary is
very different from that reported for the neighboring
Kennebec River (Wippelhauser and Squiers 2015).
Individuals captured in the Penobscot were intermediate in
size (120 cm) to the two predominant size-classes captured
in the Kennebec (size peaks at 85 and 150 cm). Given that
the captures in the Kennebec River were made with similar
gear (6-8-in [152-203-mm] and 12-in [305-mm] gill nets)
and over a similar period of time (2006-2011), the inter-
mediate size structure that we found could indicate that
while spawning and early growth occur in the Kennebec
River, many subadults leave the Kennebec for alternative
habitats, such as the Penobscot estuary, for further growth.
This hypothesis is consistent with the movement patterns
presented here and could be verified if the smaller size-
classes of Atlantic Sturgeon captured in the Kennebec
River were implanted with acoustic tags and monitored
using the available GOM acoustic telemetry arrays
(Goulette et al. 2014; Wippelhauser et al. 2015).



ATLANTIC STURGEON USE OF PENOBSCOT RIVER AND MARINE EXCURSIONS 225

A
S~ St. John 3
River Minas
Q/ B # of Individuals
as Detected

OHallfax 0 1-5
6-10

) 11-15

‘) 16-20

Gulf of Maine DPS

# of Detection
Events

e} 1-5

O 610
O 11-15

/‘\
( J 16-20
\,

FIGURE 5. (A) Numbers of individual Atlantic Sturgeon acoustically detected in the Penobscot River estuary and (B) numbers of detection events by marine
acoustic receivers. The solid line east of Cape Cod, Massachusetts, indicates a rough division between the Gulf of Maine and New York Bight distinct

population segments.



226

ALTENRITTER ET AL.

TABLE 4. Numbers of Atlantic Sturgeon acoustically tagged in the Penobscot River that were detected in other areas along the coast of the
Northwest Atlantic Ocean. Also shown is the number of detection “events,” which are defined as the number of times that an Atlantic
sturgeon was detected by receivers in a particular geographic area. For example, a fish could have been detected by several receivers over the
course of several days or weeks or by one receiver on a single day. This information is meant to reflect sturgeons’ passing through an area on
several different occasions, usually in different years. The data were obtained opportunistically from collaborators through telemetry data

sharing networks such as the ACT Network and OTN.

Number of individuals

Number of detection

Region Area detected events

Northern St. John River 1 1
Halifax 2 4
Minas Passage 5 7
Head Harbor Passage 1 1
GOM buoys 18 25
Saco River 5 8
Merrimack River 5 6
Massachusetts 10 16

Southern New York 2 2

Atlantic Sturgeon were rarely seen in the freshwater sec-
tions of the Penobscot River during the expected spawning
season of late May through mid-June (» = 3; Van Eenennamm
et al. 1996). Also, spawning has not been documented in the
Penobscot River in 7 years of egg and early-life-stage sam-
pling efforts (Wegener 2012; Altenritter 2015), so it is unlikely
that Atlantic Sturgeon are moving into the Penobscot River for
spawning purposes. However, Atlantic Sturgeon spawning has
been documented in the nearby Kennebec system
(Wippelhauser et al. 2017), which might serve as primary
spawning habitat in the GOM, much like it does for
Shortnose Sturgeon (Wippelhauser et al. 2015).

In our study we document a repeated pattern of annual
returns to the Penobscot estuary, suggesting some combination

of consistent habitat preference or philopatry. Annual use of
the mesohaline portion of the estuary is consistent with obser-
vations of subadults in other river—estuary systems (Dovel and
Berggren 1983; Bain 1997; Greene et al. 2009; Dunton et al.
2010). For those individuals with long-lived tags (n = 32),
over 95% returned to the Penobscot estuary one or more years
after tagging and 43.75% returned three or more years (up to 5
years in a row for one individual), and we expect to see this
pattern repeated in future years.

It is likely that Atlantic Sturgeon are using the Penobscot
estuary for foraging based on their very specific summer use
and some preliminary diet analyses. Acoustically tagged
Atlantic Sturgeon spent on average 67-84% of their time
each year in the narrow mesohaline section of the estuary

TABLE 5. Months in which acoustically tagged Atlantic Sturgeon were detected by acoustic receivers in other areas of the Northwest Atlantic Ocean. The
numbers in the table represent the number of sturgeon that were present at each location during those months. The table combines data collected over all study
years; if an individual remained at a location for several months in a row, each month is included separately.

Head
Minas Harbor GOM Saco Merrimack New
Month Passage Passage buoys River River Massachusetts York Total
Jan 1 1 2
Feb 1 4
Mar 1 1
Apr 1 3 1 5
May 4 1 1 6
Jun 1 1 2 4
Jul 3 1 1 5
Aug 1 1 1 1 4
Sep 1 2 4 1 1 9
Oct 2 9 3 2 1 17
Nov 1 3 3 3 10
Dec 1 1 2 4
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between rkm 20 and rkm 25. Additionally, 90-98% of the
detections each year occurred in this section or two immedi-
ately adjacent sections (rkm 15-19 and 20-24 or 20-24 and
25-29). In 2012, when over 75% of the detections in the
Penobscot estuary were concentrated in rkm 25-30, eight
individuals from this stretch of the river were gastrically
lavaged and had, on average, more than 200 spionid poly-
chaete worms Marenzelleria viridis in their stomachs. The diet
of all eight was composed of 99-100% spionid polychaete
worms (one individual had over 3,300 in its stomach; Dzaugis
2013). This stretch of the estuary has muddy substrate and a
maximum density of spionid polychaete worms of 17,500
individuals/m? which is two orders of magnitude greater
than the densities in other parts of the river (Dzaugis 2013).
This is similar to the forage base in the Minas Basin of the
Bay of Fundy, where McLean et al. (2013) found a high
presence of polychaete worms (99.7%) in the stomachs of
aggregating Atlantic Sturgeon. The presence density of this
food source, along with the amount of time that individual
sturgeon spend in this part of the estuary and the prevalence of
polychaetes in their diets, suggest that Atlantic Sturgeon are
attracted to this region for feeding. The limited geographic
extent of this resource may imply significant value when
designating critical habitat as defined in section 3 of the
Endangered Species Act (Endangered Species Act 1973).
Information on Atlantic Sturgeon movements and their use
of habitat in the marine environment is limited, and obtaining
it has been identified as a research priority (Laney et al. 2007)
from a species protection perspective (Apostle et al. 2013;
NOAA 2013). Several other studies, including those using
bycatch data from commercial fisheries and long-term fish-
eries independent data, indicate that subadult Atlantic
Sturgeon inhabit shallow inshore areas, particularly during
cold-weather months (Stein et al. 2004a, 2004b; Laney et al.
2007; Dunton et al. 2010; Oliver et al. 2015). Dunton et al.
(2010) found that subadult Atlantic Sturgeon aggregations
tended to occur at the mouths of large bays (Chesapeake and
Delaware) or estuaries (Hudson and Kennebec River) during
the spring and fall months. Atlantic Sturgeon, particularly
adults, have occasionally been captured in deeper offshore
waters (Timoshkin 1968; Collins and Smith 1997; Stein
et al. 2004a, 2004b; Beardsall et al. 2016; Taylor et al.
2016). Our data substantiate some of these observations,
since detections occurred in regions with many of these char-
acteristics (Minas Passage [25—115 m deep]: Stokesbury et al.
2016; Massachusetts Bay [~30-80 m]: Wippelhauser et al.
2017). Recent studies using satellite tags revealed winter use
of marine habitats 5-21 km from shore in water >75 m deep
and temperatures as cold as 4.9°C (Beardsall et al. 2016;
Taylor et al. 2016), suggesting that telemetry receiver cover-
age should be expanded to deeper waters of the GOM.
Far-ranging movements by tagged subadult Atlantic
Sturgeon have been documented in the past (Devel and
Berggren 1983; Dadswell 2006) and are being discovered
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more frequently (Taylor et al. 2016), particularly as researchers
collaborate and share telemetry detection data. Gulf of Maine
Atlantic Sturgeon tagged in the Merrimack, Saco, and
Kennebec rivers have been detected in the coastal waters near
Boston, Massachusetts, and in the Minas Passage in the Bay of
Fundy (Wippelhauser et al. 2017). It appears that Atlantic
Sturgeon tagged in the Penobscot estuary range as far north
(Minas Passage) but might travel even farther south (e.g., the
Hudson River) than documented for other GOM sturgeon
(Figure 5). It is also possible that Atlantic Sturgeon use certain
marine corridors for long-range movements. Some of the
Atlantic Sturgeon tagged in the Penobscot estuary were repeat-
edly detected by the same marine receivers around the same
time several years in a row. These detections suggest that
movements inside and outside of the GOM expose sturgeon to
repeated localized risks, such as bycatch mortality associated
with coastal fisheries activities (Collins et al. 1996; Stein et al.
2004b; Dunton et al. 2010; Beardsall et al. 2013).

Recent research on the genetic origins of Atlantic Sturgeon
(particularly subadults) captured in various coastal marine
waters indicates that there is extensive mixing of DPS sources
in these habitats. For example, only 60—70% of the individuals
captured in and near New York waters were from the New
York Bight DPS (Dunton et al. 2012; Waldman et al. 2013),
whereas 40% of those captured from the GOM to Cape
Hatteras, North Carolina, were from the New York Bight
DPS (Wirgin et al. 2015b). To the north, genetic mixing has
also been reported in Minas Basin, where more than 40% of
the individuals were genetically assigned to the GOM stock
(Wirgin et al. 2012). While only two of the Atlantic Sturgeon
acoustically tagged in the Penobscot River estuary were
detected in the New York Bight region, those fish represented
between 4.3% and 5.2% of the available tagged sturgeon for
those years. While the telemetry and genetic data suggest
mixing, it is important to keep in mind that relatively few
fish from the GOM region are acoustically tagged (or sampled
for genetic analysis) and that both sets of data are obtained
opportunistically, requiring further validation.

Several areas for continued research have been identified
in the United States (ASSRT 2007) and Canada, including
long-term population monitoring, estimating spawning
populations, determining population genetics, estimating
bycatch and bycatch mortality, identifying spawning and
nursery grounds, determining toxic contaminant impacts
and thresholds, and determining fish passage. Recent and
current research on Atlantic Sturgeon is filling in these
gaps, and this will be vital for the species’ conservation.
However, the lengthy, complicated life history of this spe-
cies, its severely depleted population size, and the lack of
transboundary cooperation in managing it (Apostle et al.
2013) make it a challenging species to fully characterize
and manage. Ongoing research should help identify impor-
tant habitats that can be improved and conserved, such as
the habitat identified in the Penobscot estuary. Acoustic
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transmitters that are continuing to be deployed in Atlantic
Sturgeon captured in the Penobscot estuary will allow for
long-term population monitoring in the GOM. In addition,
habitat improvements in the Penobscot River, such as the
removal of dams through the Penobscot River Restoration
Project (Opperman et al. 2011), will hopefully lead to the
availability of more critical sturgeon habitat. However,
these efforts in the U.S. portion of the GOM must still be
considered in the broader context of the species’ full range
to facilitate conservation of this species.
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