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TELEMETRY CASE REPORT

Horizontal and vertical movements 
of immature dusky sharks Carcharhinus obscurus 
in relation to commercial longline fisheries 
in the western North Atlantic Ocean
Andrea M. Kroetz1,2,3* , Simon J. B. Gulak2  and John K. Carlson1 

Abstract 

Background: Many species of sharks, including the dusky shark Carcharhinus obscurus, are often incidentally cap-
tured in commercial pelagic and bottom longline fisheries. Incidental capture can lead to at-vessel or post-release 
mortality and can be detrimental to populations of threatened, endangered, or prohibited species. The estimated at-
vessel mortality for dusky sharks can be high in longline fisheries and, to minimize mortality, time–area closures have 
been designated in the western North Atlantic Ocean to mitigate interactions with longline fisheries, yet incidental 
capture of dusky sharks is still common. We compared the vertical and horizontal movements of dusky sharks to the 
overall fishing effort and depth fished of commercial pelagic and bottom longline fisheries to determine when and 
where overlap is present that could lead to incidental capture.

Results: Twenty-one (n = 21) dusky sharks were tagged with pop-up archival transmitting satellite tags and all were 
immature animals (123–200 cm FL) apart from two individuals (230 and 300 cm FL). Sharks were tagged off the coasts 
of North Carolina (71%) and Florida (29%). Twenty tags (95%) reported and provided tracks between 1 and 107 days 
(median 15 days) and 10 tags (50%) remained on sharks for > 4 days. Most individuals remained within the bottom 
longline closed area off the coast of North Carolina during their time at liberty. Dusky sharks primarily occupied the 
20–40 m depth range 26% of the time, and overlapped with bottom and pelagic longline gears 41% and 59% of the 
time, respectively. Overlap was highest in the winter and spring for both commercial fisheries.

Conclusions: The use of archival satellite telemetry in this study has provided valuable preliminary information on 
vertical and horizontal movements of immature dusky sharks in western North Atlantic Ocean. Dusky sharks may 
be more vulnerable to incidental capture in the pelagic longline fishery due to the high fishing effort, larger areas 
of horizontal overlap, and greater percentage of vertical overlap. This information will inform mitigation measures of 
commercial longline fisheries, which can work toward population rebuilding of the species.
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Background
Many species of sharks are incidentally captured in 
commercial longline fisheries, which can often result in 
at-vessel or post-release mortality [1]. Life history char-
acteristics of many sharks (e.g., late maturation and low 
fecundity) make them particularly susceptible to fishing 
pressure that can lead to population declines [2–4]. The 
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dusky shark Carcharhinus obscurus is a highly migratory, 
coastal-pelagic species that inhabits temperate, subtropi-
cal, and tropical waters worldwide [5]. In the western 
North Atlantic Ocean, this species can be found off Cape 
Cod, Massachusetts to the Florida Keys, and into the 
Gulf of Mexico (GOM) where movements between the 
U.S. Atlantic and GOM are common [6, 7]. The coast of 
North Carolina is known to be important for this species 
serving as both an aggregation location and a nursery as 
juveniles exhibit seasonal migrations to and from this 
area [6–9].

The dusky shark is a species of management and con-
servation concern as the population in the U.S. western 
North Atlantic Ocean has declined since the 1980s and 
1990s due to targeted fishing [8, 10]. Consequently, com-
mercial harvest has been prohibited in U.S. waters since 
2000 [10]. Despite their prohibited status, dusky sharks 
are still incidentally captured (i.e., as bycatch) in com-
mercial pelagic and bottom longline fisheries along the 
eastern coast of the U.S. as Essential Fish Habitat for this 
species overlaps with the areas of operation for these 
fisheries [8, 11, 12]. The most recent stock assessment 
for this species indicated that dusky sharks continue to 
be overfished with overfishing still occurring, largely 
due to bycatch coupled with low productivity [13]. Inci-
dental capture and the fate after release remains one of 
the greatest sources of uncertainty for this species and 
improving these data would benefit determining their 
status [14].

Commercial longline and net fisheries are prevalent 
throughout the GOM and along the eastern coast of 
the U.S., and these fisheries incidentally capture dusky 
sharks. Pelagic longline gear primarily targets swordfish, 
tunas, and, to a lesser degree, sharks, whereas bottom 
longline gear primarily targets large coastal sharks [8]. 
Although dusky sharks are incidentally caught in gillnet 
and trawl fisheries, pelagic and bottom longline fisheries 
are the greatest source of dusky shark bycatch [8, 14]. For 
example, dusky sharks are captured incidentally on shark 
bottom longline fishing gear comprising 1.9% and 3.0% of 
catch from historical and recent reports, respectively [12, 
15]. Elasmobranchs have been reported to comprise 15% 
of total catch on pelagic longline fishing off the south-
east coast of the U.S. and dusky sharks comprised 14.7% 
of that elasmobranch bycatch [16]. Dusky sharks caught 
as bycatch and discarded alive experience high rates of 
mortality. For example, at-vessel mortality is estimated 
to be 70–81% in bottom longline and 34–40% in pelagic 
longline fisheries [8, 14, 17, 18], whereas post-release 
mortality is variable ranging from 11 to 42% for bottom 
longline gear [19] and 0.6–17.3% on pelagic gear [20]. 
Alternative fishing measures, such as time–area closures, 

gear restriction areas, and reduced soak time, may be 
effective management tools to reduce discard mortality.

In the mid-Atlantic region of the U.S., mitigation 
efforts have been put in place to reduce incidental cap-
ture of dusky sharks in commercial longline fisheries. 
Observer data were used to establish a time–area clo-
sure off the North Carolina coast for the bottom longline 
fishery when juvenile dusky sharks are most abundant 
(i.e., January 1–July 31, [21]). Similarly, a pelagic longline 
time–area closure was established off the South Caro-
lina coast to reduce bycatch of non-targeted species and 
undersized swordfish (i.e., February 1–April 30, [21]). 
However, longline fisheries still pose a risk as they oper-
ate outside of the time–area closures. Creating effective 
time–area closures requires knowledge of temporal and 
spatial patterns of habitat use for the species to be ben-
eficial [22–25], and this information is currently limited 
for dusky sharks in the mid-Atlantic. Without knowledge 
on age-specific movements and habitat use and/or pref-
erences of species to be protected, it is difficult to des-
ignate and determine the efficacy of time–area closures 
[26–28]. However, tagging studies can elucidate times 
of the year when dusky sharks are most at risk (i.e., risk 
being the spatio-temporal overlap with longline gear) of 
encountering commercial fisheries. Given that the num-
ber of discards occurring in commercial fisheries is the 
largest source of mortality, the objective of this study was 
to use satellite tagging technology to monitor habitat use, 
vertical, and horizontal movements of dusky sharks in 
the western North Atlantic Ocean. We compared shark 
vertical and horizontal movements to the depth of fished 
commercial longline gear and overall areas of fishing 
effort to determine when and where overlap is present 
that could lead to incidental capture and discards of this 
prohibited species.

Methods
Shark capture and tagging
From 2009 to 2016, dusky sharks captured on com-
mercial longline vessels monitored under the National 
Marine Fisheries Service’s (NMFS) Pelagic Observer Pro-
gram [29] or Shark Bottom Longline Observer Program 
[30] were opportunistically tagged with pop-up archival 
transmitting tags (PAT; Wildlife Computers, Redmond, 
WA, U.S.) in the western North Atlantic Ocean (Fig. 1). 
Each PAT was equipped with a corrodible attachment 
link upon a 136  kg monofilament or a stainless steel 
leader (13 cm segment) that was wrapped in heat shrink 
and terminated in either a Domeier or Pfleger Institute 
of Environmental Research (PIER) nylon “umbrella” 
dart or a large titanium dart (59 × 13 mm) head [31]. In 
instances where sharks could be brought on deck, a har-
ness consisting of stainless steel wire surrounded by chafe 
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tubing was used to attach PATs. Upon capture, sharks 
were restrained alongside the vessel or brought on-board 
for tagging. Boated sharks were measured (fork length 
in cm, FL), otherwise FL was visually estimated, and sex 
was recorded. Reported size of maturity for this species 
(227  cm FL female; 226  cm FL male; [32]) was used to 
assign maturity for each shark. A small incision was made 
with a knife at the midline of the first dorsal fin approxi-
mately 5 cm below the fin base and the PAT anchored in 
the dorsal musculature, seating the anchor at a depth of 
approximately 10 cm. The harness was attached through 
the base of the first dorsal fin via a small hole made in 
the fin. All tag models were programmed to release pre-
maturely should the shark remain at a constant depth 
(± 1.5 m) for 72 h. Following release from a shark, data 
were transmitted to Argos satellites.

Satellite tags
Three generations of PAT tags were used in this study: 
Mk10-PAT, Mk10-PATF, and MiniPATs (Wildlife 

Computers, Redmond, WA, USA). Tags were pro-
grammed to archive pressure (depth [m]), temperature 
(°C), and geolocation (light intensity) at specific inter-
vals. Due to battery constraints and transmission abili-
ties, each tag model was programmed differently. The 
Mk10-PAT and Mk10-PATF tags were programmed 
to detach after 150 and 60  days of deployment, respec-
tively. Temperature and depth were archived every 60  s 
of deployment and the tags transmitted 4-h summa-
ries of temperature and depth in 14 pre-programmed 
bins (e.g., temperature ≤ 8, 8.05–10, 10.05–12, 12.05–
14, 14.05–16, 16.05–18, 18.05–20, 20.05–24, 24.05–
26, 26.05–28, 28.05–30, 30.05–32, 32.05–34, > 34  °C; 
depth ≤ surface,  surface–20, 20.5–40, 40.5–60, 60.5–80, 
80.5–100, 100.5–140, 140.5–180, 180.5–220, 220.5–260, 
260.5–300, 300.5–340, 240.5–380, > 380 m) for these tag 
models. MiniPATs were programmed to release after 
150  days of deployment and archived temperature and 
depth data every 75  s and transmitted 4-h summaries 
of temperature and depth in 12 pre-programmed bins 

Fig. 1 Tagging locations of dusky sharks Carcharhinus obscurus (red triangles, n = 21) in the western North Atlantic Ocean from 2009 to 2016. 
Crosshatch gridmarks represent the Mid-Atlantic time–area closure for the bottom longline (BLL) fishery in effect from January 1 to July 31 yearly 
and simple hash gridmarks represent the time–area closures for the pelagic longline (PLL) fishery in effect from February 1 to April 30 (Charleston 
Bump) while the East Florida Coast is closed year-round
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(e.g., temperature ≤ 8, 8.05–10, 10.05–12, 12.05–14, 
14.05–16, 16.05–18, 18.05–20, 20.05–24, 24.05–26, 
26.05–28, 28.05–30, > 30 °C; depth ≤ surface, surface–20, 
20.5–40, 40.5–60, 60.5–80, 80.5–100, 100.5–140, 140.5–
180, 180.5–220, 220.5–260, 260.5–300, > 300 m).

Horizontal and vertical movements
Ambient light data recorded by the tags were used to 
produce daily location estimates while the shark was at 
liberty. Daily position was estimated using WC-GPE 
Suite provided by the tag manufacturer (GPE2, Wildlife 
Computers, Redmond, WA, USA). To refine estimates 
of geolocation, raw estimates of longitude and latitude 
were processed using an unscented Kalman filter with 
sea surface temperature correction in the statistical envi-
ronment R [33] with the “ukfsst” package [34]. The most 
probable track was further bathymetrically corrected 
using the package “analyzepsat” package in R [35], which 
uses bathymetry to adjust position estimates within the 
estimated covariance (confidence) intervals and remove 
locations that are shallower than the daily maximum 
depth of the tag. Sea surface temperature (weekly mean 
at 1 degree resolution; NOAA Optimum Interpolation 
Sea Surface Temperature v2) and bathymetry (0.5  min 
resolution; SRTM30_PLUS Estimated Topography, 30  s, 
Global, v11) data used for geolocation filtering were 
obtained from NOAA Earth System Research Laboratory 
and NOAA Coastwatch [36]. Tags that release prema-
turely may drift before overhead satellites detect them; 
similarly, tags will not release from deceased sharks until 
the constant depth mechanism is triggered after three 
days. Therefore, the last day of track was considered the 
day the tag reached the surface for premature releases 
or the shark settled on the seafloor for mortalities. This 
was confirmed using the tag status at release, depth his-
tograms, and profiles of depth and temperature. Straight 
line distance between tag deployment and pop-up was 
calculated using Vincenty inverse formula for ellipsoids 
in R [37]. The most probable satellite tracks for individual 
sharks were mapped using QGIS software (version 3.2, 
[38]).

Vertical movements were analyzed using the combined 
4-h summary histograms. Dusky sharks spent minimal 
time in the last three histogram bins for temperature and 
depth; therefore, temperature and depth data from the 
Mk10-PAT and MiniPAT tags were combined for analy-
sis. Summaries for all tag models included time-at-depth 
and time-at-temperature histograms and a temperature–
depth profile.

To assign time-of-day period to depth and tempera-
ture data, the daily geographic position of the tagged 
sharks was used to estimate the times of dawn, sunrise, 
sunset, and dusk using the “maptools” package in R [33, 

39]. On days where position estimates were not available, 
the positions were interpolated using a smooth spline 
with the “zoo” package in R [40]. Depth and tempera-
ture data were assigned to a time-of-day period (i.e., day, 
night, and twilight) according to times of local dusk and 
dawn derived from longitude and latitude estimates from 
the most probable tracks [41]. Two histograms a day 
contained either dusk or dawn and thus were not com-
pletely day or night period histograms and were defined 
as a transition period (twilight). To examine differ-
ences in temperature and depth use, analysis of variance 
(ANOVA) was performed using the binned proportion 
of time spent at a temperature or depth as the depend-
ent variable and time of day (i.e., day, night, and twilight) 
and temperature or depth as independent variables. The 
dependent data were transformed taking the arcsine of 
the square root [42] to normalize the data. Violations of 
assumptions of normality were tested post hoc using nor-
mal probability and quantile–quantile plots of residuals.

Overlap with longline fisheries
Dusky shark vulnerability to longline fisheries was ana-
lyzed by overlaying kernel density estimates (KDEs) of 
daily dusky shark movements from PAT tags with KDE 
of commercial pelagic and bottom longline fishing effort 
obtained from NMFS observer programs for the years 
of our study (2009–2016). Although observer coverage 
for the pelagic and bottom longline fisheries is less than 
100%, these data are reported in finer scale than log-
book or available vessel monitoring system data. Kernel 
density was calculated in raw raster form using quartic 
shaped kernels using the Heatmap tool in QGIS. All ras-
ters were re-projected to the World Mercator coordinate 
reference system (EPSG: 54004). The dusky shark daily 
locations were standardized to one position per day (the 
first successful location was arbitrarily selected), com-
bined and split up by season (winter: December–Feb-
ruary, spring: March–May, summer: June–August, fall: 
September–November). Sharks that were tracked for 
four days or less (n = 10) were removed to reduce the tag-
ging location bias. There is a significant amount of uncer-
tainty around light level location estimates, so the kernel 
density dynamic search radius for each point was set to 
50 km. Fishing effort data (latitude and longitude where 
the longline set was made) were filtered to the extent of 
the dusky sharks’ horizontal movements (a box 22 to 41° 
North latitude and 82 to 71° West longitude) and split up 
by seasons and fishery. The KDEs were calculated using 
a radius of 50  km for pelagic longline sets and 10  km 
for bottom longline sets (average mainline length was 
48.3  km for pelagic longlines [39] and 8.2  km for bot-
tom longlines) and weighted by the fishing effort of the 
pelagic and bottom longline fleets. The probability of 
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dusky shark interactions with longline fleets was calcu-
lated by multiplying the KDE of dusky shark movements 
by the KDEs of the pelagic and bottom longline fisher-
ies. Output rasters were scaled as percentage of overlap 
of the whole year to allow for seasonal comparison. The 
resulting KDE raster provides a visualization of the over-
lap between dusky sharks and longline fleet effort. To 
compare the depth at which pelagic and bottom longline 
gear fished to dusky shark vertical habitat use, mean 
hook hours were arranged by fleet and fishing hook set 
depth in bins that matched the dusky shark histograms. 
The proportion of hook hours by depth was binned to 
match the dusky shark time-at-depth histogram, then 
plotted by fishing fleet alongside to quantitatively deter-
mine overlap.

Results
Twenty-one (n = 21) dusky sharks were fitted with archi-
val satellite tags from 2009 to 2016 (Table 1). The major-
ity of dusky sharks (n = 15, 71%) were tagged off North 
Carolina and 29% (n = 6) were tagged off the east coast of 
Florida (Fig. 1). Female dusky sharks (n = 11) ranged from 
160 to 220 cm FL (median 184 cm) and were all imma-
ture (< 227 cm FL); male sharks (n = 10) ranged from 123 
to 300 cm FL (median 187 cm), and of these eight were 
immature (< 226 cm FL) and two were mature (Table 1). 
Twenty (n = 20) tags reported to the satellites, but only 
two tags reported to satellites on their scheduled pop-up 
date. Dusky sharks were tracked for up to 107 days with 
a mean (± SE) and median retention time of 42 ± 11 days 
and 15  days, respectively. Of the 20 reporting tags, 10 
(50%) remained on sharks longer than four days and thus 
were used to identify horizontal movements and poten-
tial overlap with longline fisheries.

Horizontal movements
All sharks remained in the western North Atlantic Ocean 
(Fig.  2). Two sharks tagged off south Florida traveled 
north to waters within the Mid-Atlantic closure for bot-
tom longline and the sharks tagged near the Mid-Atlantic 
closure largely remained in that area. Of the two tags that 
popped-up on their scheduled date, shark D1 (209 cm FL, 
immature male, 107 days tracked) traveled 9.4 km  day−1 
between its tagging location in south Florida and its 
final location near the Mid-Atlantic closed area for bot-
tom longline with most of its time at liberty spent off 
the North Carolina coast (Fig.  2). Shark D10 (192  cm 
FL, female, 41 days tracked) was tagged within the Mid-
Atlantic closed area and remained in the general area 
before traveling north at approximately 12.6  km   day−1 
where the tag popped-up off the continental shelf (Fig. 2). 
Both animals made northward migrations during the 

same months (May–July) where the tags popped-up in 
the western North Atlantic Ocean.

Vertical movement
Dusky sharks were observed in surface waters down to 
depths > 300 m (Fig. 3a) with a maximum depth of 440 m. 
The sharks primarily occupied depths from surface to 
20.0 m (57.8% of time) followed by depths of 20.5–40.0 m 
(25.6% of time) (Fig.  3a). Occupied water temperatures 
ranged from 7.6 to 30.2  °C (Fig.  3b). Dusky sharks pri-
marily inhabited water temperatures between 20.1 and 
24.0 °C (49.8% of time), 18.1 and 20.0 °C (22.2% of time), 
and 24.1 and 26.0  °C (14% of time) (Fig. 3b). Depth and 
temperature bins that the sharks occupied were not 
affected by time of day (ANOVA; p > 0.9).

Overlap with longline fisheries
Shark bottom longline fishing effort within the selected 
geographic range from 2009 to 2016 indicated that fish-
ing effort (hook hours) was scattered along the east coast 
of Florida and up the Atlantic coastline from the Florida 
Keys to South Carolina across all seasons (Fig.  4a–d). 
Notably higher fishing effort was concentrated off the 
Florida Keys in the winter and spring (Fig. 4a, b) and off 
the coast of North Carolina near the Mid-Atlantic closure 
for this fishery in the summer and fall (Fig. 4c, d). Over-
lap with dusky sharks was high within the Mid-Atlantic 
closed area in the winter (due to fishing sets made before 
the closure starts in December; Fig. 4e) and off the Flor-
ida Keys in the winter and spring (Fig. 4e, f ). Overlap was 
notably lower during summer and fall (Fig. 4g, h).

Pelagic longline fishing effort within the selected geo-
graphic range from 2009 to 2016 weighted by hook hours 
indicated that the majority of effort was present in the 
western Atlantic from Florida to Long Island, New York 
(Fig.  5a–d). Notably higher fishing effort was concen-
trated off the North Carolina coast and off the east coast 
of Florida in all months (Fig. 5a–d). Dusky shark overlap 
with this fishery was highest in the winter and spring off 
the coast of North Carolina (Fig. 5e, f ), and off the South 
Carolina coast in the Charleston Bump closure (Fig. 5f; in 
effect for two months in the spring season). Overlap was 
notably lower during summer (Fig.  5g) and no overlap 
was present in the fall (Fig. 5h).

The highest proportion of depth bins fished by bot-
tom and pelagic longline gear was similar to the high-
est proportion of depth bins occupied by dusky sharks 
(Fig. 6). Dusky sharks spent 58% of their time within the 
depth range of surface–20 m, which is where bottom and 
pelagic longline fisheries exhibited the second and third 
highest proportion of time for hooks fished, respectively 
(Fig. 6). At the 20–40 m depth range, dusky sharks spent 
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26% of their time there where pelagic longline gear fished 
this depth 59% of the time and bottom longline gear 
fished this depth 41% of the time. As depth increased, 
dusky sharks spent less of their time in these deeper 
waters and the proportion of time that longline gear 
fished these deeper depths also decreased.

Discussion
The use of archival satellite telemetry in our study has 
contributed to and expanded upon what is known about 
the movement ecology of this coastal-pelagic shark. 
Despite its prohibited status, dusky sharks are vulnerable 
to incidental capture and suffer high at-vessel mortality 
in commercial longline fisheries due to the high fish-
ing effort, larger areas of horizontal overlap, and greater 

percentage of vertical overlap. This is the first study to 
evaluate commercial longline fishery overlap with dusky 
shark movements, which may be used as a preliminary 
management tool to reduce dusky interactions.

Of the 20 tags that reported, 10 tags remained attached 
long enough to investigate longer-term movements, with 
two tags remaining attached to the shark for the dura-
tion of the tag program (150 and 60  days). Premature 
detachment or tag failure is not uncommon as up to 80% 
of PATs deployed on fishes are shed prior to their pro-
grammed pop-up date [41, 43, 44]. Given the difficulties 
in obtaining long-term tracking data for many species, it 
is not uncommon to observe small samples sizes or mini-
mal days tracked throughout the literature [45–47].

Fig. 2 Tracks of dusky sharks that were included in horizontal movement and overlap analyses (n = 10) in the western North Atlantic Ocean from 
2009 to 2016. Crosshatch gridmarks represent the Mid-Atlantic time–area closure for the bottom longline fishery (in effect from January 1 to 
July 31), simple hash gridmarks represent the time–area closures for the pelagic longline fishery (in effect from February 1 to April 30 for Charleston 
Bump and year-round for East Florida Coast), and filled circles represent tagging location of each shark



Page 8 of 12Kroetz et al. Anim Biotelemetry            (2021) 9:36 

Fig. 3 Proportion of time that dusky sharks spent at A depth and B temperature as indicated from pop-up archival transmitting tags. Time of day 
shows daylight hours (white bars), night hours (black bars), and those histograms that include a sunrise or sunset (e.g., twilight; gray bars)

Fig. 4 Fishing effort weighted by hook hours for the shark bottom longline fishery in A winter, B spring, C summer, and D fall in the years of 2009–
2016. Overlap with the fishery and dusky shark horizontal movements is represented for E winter, F spring, G summer, and H fall. The Mid-Atlantic 
time–area closure for the fishery is represented by crosshatch polygons and is effective in January 1–July 31. The small overlap that occurs in the 
closed area when fishing is not allowed is due to the radii used in the analysis and the seasonal opening and closing of the areas to fishing. FL 
Florida, GA Georgia, SC South Carolina, NC North Carolina
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Fig. 5 Fishing effort weighted by hook hours for the pelagic longline fishery in A winter, B spring, C summer, and D fall in the years 2009–2016. 
Overlap of the fishery and dusky shark horizontal movements is represented for E winter, F spring, G summer, and H fall. The time–area closures 
for the pelagic longline fishery are denoted by simple hatch gridmarks and the Charleston Bump is in effect from February 1 to April 30, while the 
East Florida Coast is closed year-round. The small overlap that occurs in the closed areas when fishing is not allowed is due to the radii used in the 
analysis and the seasonal opening and closing of the areas to fishing. FL Florida, GA Georgia, SC South Carolina, NC North Carolina

Fig. 6 Proportion of time dusky sharks (black bars) occupied depth bins that pelagic longline gear (gray bars) and bottom longline gear (white 
bars) fished
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Habitat preferences and movement ecology of dusky 
sharks can vary with life stage. No satellite tagging 
study for any life stage of this species is available for the 
western North Atlantic Ocean. However, in the GOM, 
mature dusky sharks preferred deeper depths between 
20 and 50  m [48], whereas immature animals in the 
present study preferred shallower depths from the sur-
face down to 40 m. Both mature and immature sharks 
preferred similar water temperatures between 20 and 
26 °C, spent time along the continental shelf break, and 
individuals traveled in excess of 200  km from original 
tagging locations [48]. Mark-recapture and acoustic 
telemetry studies provide further insight into the move-
ment ecology of dusky sharks. Immature sharks in the 
present study primarily inhabited waters off the North 
Carolina coast, whereas acoustically tagged immature 
sharks in the same region were primarily detected off 
the Delaware coast [7]. These sharks exhibited seasonal 
migrations, generally moving south from Delaware 
to waters off North Carolina in the late fall and early 
winter [7]. Differences in tag technologies and length 
of a study period should be accounted for when com-
paring habitat preferences and movements. For exam-
ple, satellite archival tags record data over a relatively 
short period (i.e., six months), whereas acoustic tags 
can provide data for up to 10 years. Using these tagging 
technologies together could provide more detail into 
habitat preferences and movement ecology across the 
species’ range.

Dusky shark horizontal movements overlapped with 
both the pelagic and bottom longline fisheries in areas off 
the east coast of the U.S., with some seasons exhibiting 
higher probability of incidental captures in these fisher-
ies. The areas of highest overlap with the bottom longline 
fishery were off the Florida Keys in the winter and spring 
and within the Mid-Atlantic closed area for this fishery 
in the winter. The overlap within the closed area is due 
to misalignment with the seasons and the time of the 
closure, specifically for the month of December where 
fishing within the closed area is open. As there is no 
time–area closure for bottom longline off the coast of 
Florida, the high overlap with the fishery off the Florida 
Keys in winter and spring could potentially increase the 
chance of capture. Overlap with the pelagic longline fish-
ery covered a much larger area than bottom longline and 
was high off the coast of North Carolina in the spring, 
indicating that this is the time of year that dusky sharks 
have the greatest potential to be incidentally captured 
in the fishery. High overlap was also observed in the 
Charleston Bump closed area for this fishery off the coast 
of South Carolina in the spring. Again, the season and 
timing of the closure are misaligned as this closure is in 
effect from February 1 to April 30, and thus the month 

of May could potentially be the month that dusky sharks 
may interact with the fishery. Additionally, immature 
dusky sharks utilized habitat along the continental shelf 
where pelagic longline effort is high and widely dispersed. 
The high effort of pelagic longline gear spread across the 
continental shelf could potentially increase the risk of 
dusky shark incidental capture.

In addition to horizontal overlap with longline fisher-
ies, vertical overlap can potentially increase dusky shark 
interactions with these fisheries. Dusky sharks spent the 
largest proportion of time in the water column in depths 
less than 40  m. This depth range comprised 54.6% of 
the bottom longline and 77.3% of the pelagic longline 
hook hours. Although the actual depth of the fishing 
gear is uncertain due to varying environmental condi-
tions and line sag as the ocean currents push and pull on 
the mainline, pelagic longline fish with hook depths of 
2–82 m [49, 50] and, in our filtered dataset, the majority 
of pelagic fishing effort was in the 20.5–40 m depth bin. 
Bottom longline gear fished primarily in this depth range 
as well but also spent time fishing in depths between 60 
and 200 m. Dusky sharks did spend small proportions of 
time at deeper depths; thus, the chance of incidental cap-
ture could be low. However, the risk of interacting with 
both fishing gears is greatest at depths of between 20 and 
40  m. Dusky sharks may be more vulnerable to capture 
in the pelagic longline fishery due to the larger areas of 
horizontal overlap, greater percentage of vertical overlap, 
and overall larger fishing effort than the bottom longline 
fishery. However, bottom longlines have higher at-vessel 
and post-release mortality. Continued tagging studies 
will be useful in discerning how much time is spent at 
depth for all life stages of dusky shark so that potential 
mitigation strategies can be employed to help reduce the 
risk of incidental capture in both longline fisheries.

Conclusion
The use of archival satellite telemetry in this  study has 
provided valuable information on  the movement ecol-
ogy and habitat use of dusky sharks. We provide a pre-
liminary analysis of the overlap of dusky movements 
with effort and depth fished for two commercial longline 
fisheries. Our study brings to light the high amount of 
overlap with the pelagic longline fleet off the North Car-
olina coast in and around the mid-Atlantic closure for 
the bottom longline fishery. As vertical overlap with this 
fishery is high, managers could consider re-evaluating 
gear restriction and time–area closures for this fishery. 
More research is needed to assess both large- and fine-
scale movements of dusky sharks across all life stages. 
Directed studies using both satellite and acoustic tags 
could be employed to evaluate the effectiveness of time–
area closures for this species and long-term tagging and 
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post-release mortality studies will be valuable areas of 
research as fishery managers work toward population 
rebuilding of the species.
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