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Abstract To date, movement patterns of juvenile sand
tigers (Carcharias taurus) along the east coast of the
USA have been loosely defined. Given the magnitude of
the purported decline in the sand tiger population in the
western North Atlantic (WNA), characterization of the
species’” movement patterns throughout this broad area
is essential for the effective management and recovery of
this population. Using passive acoustic telemetry, pop-up
satellite archival transmitting tags, and conventional fish-
ery-dependent tag/recapture data, seasonal movements of
juvenile sand tigers (ages 0-2 years; <125 cm fork length)
were monitored between Maine and Florida along the US
east coast from 2007 to 2013. Collectively, tag data indi-
cated that juvenile sand tigers undergo extensive seasonal
coastal migrations moving between summer (June—Octo-
ber) habitat (Maine to Delaware Bay) and winter (Decem-
ber—April) habitat (Cape Hatteras to central Florida) during
the spring (April-June) and fall/early winter (October—
December). Juvenile sand tigers occurred in a wide range
of temperatures (9.8-26.9 °C) throughout the year, but
spent the majority of their time in water from 12 to 20 °C.
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Given the extensive movements and continuous utilization
of relatively shallow (<80 m) nearshore waters exhibited
by these relatively small individuals throughout their first
years of life, it is imperative that precautions be taken to
limit negative effects of anthropogenic interactions on this
species (i.e., fisheries bycatch, coastal degradation) in an
effort to rebuild and sustain the WNA population.

Introduction

The sand tiger (Carcharias taurus; Rafinesque 1810) is a
large coastal shark that occurs along the east coast of the
USA from the Gulf of Maine south to the Gulf of Mexico
in the western North Atlantic (WNA) Ocean (Bigelow and
Schroeder 1953; Gilmore et al. 1983; Compagno 1984;
Gilmore 1993). Throughout this range, there is some evi-
dence that the sand tiger population has declined as much
as 80-90 % since the mid-1970s (Musick et al. 1993; Cas-
tro et al. 1999; Musick et al. 2000). Such declines and con-
cerns over the species’ low productivity (Gilmore 1993;
Goldman 2002) have prompted the National Marine Fish-
eries Service (NMFS) and Atlantic States Marine Fisheries
Commission (ASMFC) to prohibit the possession of this
species in all US federal waters and in state waters from
Maine to Texas (NMFS 1999; ASMFC 2008). However,
despite their wide range, purported population decline, and
general interest to fishery managers, limited ecological data
exist for this species throughout this geographic area.

At present, the large-scale horizontal movement patterns
of sand tigers along the US east coast are loosely defined.
Several studies have utilized presence/absence trends in
recreational, commercial, and fisheries survey catch data
to describe annual seasonal migrations of individuals from
southern (e.g., North Carolina to Florida) to northern (e.g.,
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southern New England, Cape Cod, Gulf of Maine) latitudes
in the spring (April-June) and a return to southern locations
in the fall (October—November) (Bigelow and Schroeder
1953; Gilmore et al. 1983; Gilmore 1993). Published tag-
ging data for this species in the WNA are limited to a single
conventional tagging study by Kohler et al. (1998), which
corroborated general north/south movements, primarily
between North Carolina and Delaware Bay. However, rela-
tively few recapture events existed at the time of publica-
tion (n = 31), and no recapture information was available
near the northern extent of the species’ range (e.g., Gulf of
Maine). Furthermore, the available data do not adequately
describe movement patterns for all life stages, particularly
juveniles.

Although broad regions of juvenile sand tiger essen-
tial fish habitat (EFH) have been identified in the current
NMES shark fishery management plan (NMFS 2009), the
extent to which individuals utilize these areas remains
largely unknown. For example, the effectiveness of cur-
rent time—area closures to fishing (NMFS 2006; ASMFC
2008) at reducing sand tiger bycatch is unknown because
seasonal habitat use in these areas has yet to be fully exam-
ined over the life history of this species. Furthermore, given
the importance of juvenile survivorship to sand tiger popu-
lation growth rates (Cortés 2002; Goldman 2002), identifi-
cation of habitat that may serve as juvenile EFH is critical
for effective management of the species. The objectives of
this study were to utilize pop-up satellite archival transmit-
ting (PSAT) tags, passive acoustic telemetry, and conven-
tional fishery-dependent tag/recapture analyses to examine
the horizontal and vertical movements and seasonal habitat
use of juvenile sand tigers tagged in New England coastal
waters (i.e., Rhode Island north to Maine).

Materials and methods
Shark capture and tagging

During the months of June-September, 2006-2011, 145
juvenile sand tigers (<125 cm FL, age 0-2; Goldman et al.
2006) were captured and tagged within Plymouth, King-
ston, Duxbury (PKD) Bay, MA, off Harwich, MA, and off
Point Judith, RI (Fig. 1). Within PKD Bay, sharks were cap-
tured using conventional rod and reel tackle, circle hooks,
and chunks of menhaden (Brevoortia tyrannus) for bait (see
Kneebone et al. 2013 for details). Sharks were captured off
Harwich and Point Judith in fixed commercial fish traps.
Once landed, each shark was removed from the water, the
hook was removed (if appropriate and possible without
harming the shark), and tonic immobility was induced by
restraining the shark ventral side up (Watsky and Gruber

@ Springer

1990) in a V-shaped table lined with pre-wetted neoprene.
All sharks captured throughout the study period were tagged
externally with conventional NMFS ‘M-type’ shark tags
(Kohler and Turner 2001). Prior to release, fork length (FL;
cm) and sex were recorded for each shark. All sharks were
captured, handled, and released in accordance with Massa-
chusetts Division of Marine Fisheries regulations.

Passive acoustic telemetry

A subset of captured sharks (n = 78) were tagged inter-
nally with individually coded acoustic transmitters
(2008, 2009: model V16-4L, nominal delay = 30-90 s,
life = 2,779 days; 2010: models V16-4L, V16T-4L, nominal
delay = 45-135 s, life = 3,650 days; 2011: model V16T-
4L, nominal delay = 45-135 s, life = 3,280 days, model
VI9AP-2L, nominal delay = 60-180 s, life = 123 days,
and model V9AP-2H, nominal delay = 60-180 s,
life = 81 days; Vemco Division, AMIRIX Systems Inc.,
Halifax, NS) in PKD Bay, MA (n = 73), and Point Judith,
RI (n = 5). Model V16T transmitters were equipped with
temperature sensors with a measurement range of —5 to
35 °C. All transmitters were implanted in the body cavity
through a small (2-3 cm) abdominal incision on the ventral
side of the shark along the midline, anterior to the pelvic
fins. Following insertion of the transmitter, the incision was
closed with 3—4 interrupted sutures (2-0 PDS II, Ethicon
Inc., NJ). All surgical procedures were completed within
5-10 min, and sharks were held in the water at the side of
the vessel for release immediately following tagging.

Movements of acoustically tagged sand tigers along
the east coast of the USA (from Cape Ann, MA, to Cape
Canaveral, FL) were monitored through collaboration with
the Atlantic Cooperative Telemetry (ACT) Network (www.
theactnetwork.com), a network of researchers from several
institutions/agencies that maintain arrays of Vemco acoustic
receivers in numerous locations along the coast. Function-
ally, this network operates by encouraging researchers to
upload transmitter detection information to an online data-
base that is shared among all members of the network. In
the event that any user obtains detection data from a trans-
mitter that is not their own, a query of the ACT database
enables the detector to determine the identity of the trans-
mitter (i.e., species and initial tagging location) and obtain
contact information for the tagger. Detection data obtained
from this network can be used to examine large-scale
movement patterns of individuals (or groups of individuals)
over extended periods (i.e., months—years). Movement of
tagged sharks back into PKD Bay in years following tag-
ging was monitored through annual deployment of a fixed
receiver array from May to October, 2010-2011 (see Knee-
bone et al. 2012 for details).
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PSAT tags

To gain further insight into the large-scale movement
patterns and habitat use of juvenile sand tigers, 15 speci-
mens were tagged externally with PSAT tags (models
Mk-10, miniPAT; Wildlife Computers, Redmond, WA,
USA) in PKD Bay, MA (n 10), off Harwich, MA
(n = 3), and off Point Judith, RI (n = 2) (Table 1). All
tags were attached to a ~10 cm stainless steel tether con-
nected to a medical-grade plastic dart, which was inserted
in the dorsal musculature near the base of the first dor-
sal fin. Tags deployed in 2011 were also covered with a
thin layer of anti-fouling paint and tested to ensure they

were positively buoyant with the tether and dart attached.
At tagging, a small incision was made at the base of the
dorsal fin and the dart inserted deep into the muscle tis-
sue. Incisions were closed with 3—4 interrupted sutures
(2-0 PDS 11, Ethicon Inc., NJ) for all tags deployed in
2010 and 2011. All tags were programmed for deploy-
ments of 6-12 months (Table 1) and set to archive depth
and temperature data at 30 s intervals; data were grouped
into 12 user-defined bins and summarized every 24 h.
Since tagging occurred in summer during the sharks’ sea-
sonal occurrence in New England coastal waters, pop-up
dates were programmed so as to capture individual habi-
tat use during the winter and spring. All tags were also
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Table 1 Tagging information for 15 juvenile sand tigers fitted with pop-up satellite archival transmitting (PSAT) tags

Shark  Sex FL (cm) Tagtype Tagging Pop-up Days Comment
Date Location Scheduled date Actual date  Location
ST0O601 M 109 Mk-10  7/5/2006 Harwich, MA  7/1/2007 - DNRY
ST0602 F 96.5 Mk-10  7/10/2006 Harwich, MA  7/1/2007 - DNRY
STO701 M 104 Mk-10  6/27/2007 Harwich, MA  1/1/2008 - DNRY
ST0702 F 95.5 Mk-10  9/30/2007 PKD Bay, MA  12/1/2007 11/29/2007% Duck, NC 60 PR;ND!
STO703 F 94 Mk-10  9/30/2007 PKD Bay, MA  1/1/2008 - DNRY
ST0947 M 104 Mk-10  8/26/2009 PKD Bay, MA  1/15/2010 10/21/2009 S of Block Island, RI 56 PR
ST0956 F 101 Mk-10  9/22/2009 PKD Bay, MA  1/15/2010 9/27/2009 PKD Bay, MA 5 PR
ST1019 M 92 miniPAT 6/21/2010 Point Judith, RT 1/1/2011 1/1/2011° Frying Pan Shoal, NC 194 ND
ST1020 F 102 miniPAT 6/21/2010 Point Judith, RT 1/1/2011 - DNR
ST1052 F 101 miniPAT 8/30/2010 PKD Bay, MA  6/1/2011 6/1/2011°¢ New York Bight 275 FD
ST1054 M 97 miniPAT 8/31/2010 PKD Bay, MA  6/1/2011 - DNR
ST1057 M 97 miniPAT 9/17/2010 PKD Bay, MA  3/15/2011 10/22/2010 ~ SW of Martha’s Vineyard 35 PR
ST1032 F 101 miniPAT 9/8/2011 PKD Bay, MA  4/15/2012 - DNR
ST1101 M 95 miniPAT 9/14/2011 PKD Bay, MA  4/15/2012 - DNR
ST1122 M 97 miniPAT 9/15/2011 PKD Bay, MA  4/15/2012 - DNR

FL fork length, DNR did not report, PR premature release, ND no data were able to retrieved from tag, FD full deployment, MA Massachusetts,

NC North Carolina, R/ Rhode Island, PKD Plymouth, Kingston, Duxbury

* Tag found with tether washed up on a beach in Duck, NC, short of scheduled pop-up date. No data could be retrieved

b Pop-up location was available and incorporated as a conventional recapture location; tag failed to log data

¢ Tag popped-up on 6/1/2011 but did not transmit Argos messages until 7/23/2011

4 Tag manufacturer indicated that tags had software problem that may have impaired functionality

programmed with a premature release mechanism that
enabled the release of tags from any fish that may have
suffered post-release mortality; tags were programmed
to release if tagged fish remained at a constant depth
(£1 m) for a period of 5-10 days.

Data analysis
Passive acoustic telemetry

Detection data from acoustic transmitters were obtained
from the ACT Network between October 2009 and May
2013 and compiled into a database of individual detection
events. A detection event was defined as any period dur-
ing which a tagged shark was detected by any acoustic
receiver(s) deployed within a discrete area during a given
month. Since detection data were often available from mul-
tiple receivers deployed within a broad area (e.g., Delaware
Bay), receivers were grouped into 31 discrete areas (Fig. 1).
To elucidate temporal trends in horizontal movements, all
detection events observed for each individual were pooled
and the timing, duration, and location of detection events
examined. Temperature sensor detection data obtained from
transmitters equipped with temperature sensors (i.e., model
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V16T) were pooled by month over all areas and plotted to
examine trends.

PSAT tags

Daily light-level data retrieved from each tag were mod-
eled using a light-based state-space model in the ‘trackit’
package (Nielsen and Sibert 2007) in the R statistical envi-
ronment (R Core Development Team 2009). Initial daily
geolocation estimates were refined with bathymetric cor-
rection that adjusted each estimate to an area within its
confidence interval that was consistent with the maximum
daily depth as measured by the tag. All bathymetric correc-
tions were performed through modification of code within
the ‘analyzepsat’ package (Galuardi 2010) in R. Sand tigers
are well known to be benthic, spending the majority of time
at or near the bottom (Bigelow and Schroeder 1953; Bass
et al. 1975; Compagno 1984; Cliff 1989; Smale 2002);
thus, this correction provided a more robust estimate of
daily position.

Binned depth and temperature data from each tag were
analyzed to determine the proportion of time at depth and
temperature. Daily minimum, maximum, and average water
temperature data as well as daily minimum and maximum
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depth data were also plotted to elucidate monthly (i.e., sea-
sonal) trends.

Conventional tags

Fishery-dependent recapture data were obtained from sharks
tagged as part of this study as well as from the NMFS Coop-
erative Shark Tagging Program (Narragansett, RI). This pro-
gram generously contributed tagging and recapture informa-
tion accrued since 1993 (i.e., since the publication of Kohler
et al. 1998) for juvenile sand tigers that were <125 cm FL
at the time of recapture. All tag and recapture data were
plotted to examine horizontal movement patterns over time.

Results
Tagging

One hundred and forty-five juvenile sand tigers (80 male
and 65 female), ranging in size from 68 to 120 cm FL
(mean = SD = 92 £ 8 cm), were captured during this
study and tagged with NMFS conventional shark tags.
The 78 sharks tagged with acoustic transmitters (43
male, 35 female) ranged in size from 78 to 108 cm FL
(mean = SD = 91 £ 7 cm) and the 15 PSAT-tagged indi-
viduals (8 male, 7 female; Table 1) from 92 to 109 cm FL
(mean £ SD =99 £+ 5 cm).

T T T T T T T T T T
Aug Sep Oct Nov Dec Jan

Month

Passive acoustic telemetry

Over the course of the study, 60 of the 78 (77 %) acousti-
cally tagged sand tigers were detected by acoustic receiv-
ers deployed along the US east coast as part of the ACT
Network. A total of 227,687 detections were logged from
all months of the year from 31 coastal areas spanning Cape
Ann, MA, south to Cape Canaveral, FL (Fig. 1; Supplemen-
tary Table 1) including 181,454 detections from eight indi-
viduals that returned to PKD Bay for up to 2 years follow-
ing tagging (46,233 detections occurred outside PKD Bay).
Individual sharks were detected by ACT Network receivers
during 1-25 detection events (mean £ SD = 7 £ 6 events);
extensive movement data were available for 21 sharks that
were monitored for >10 detection events.

Juvenile sand tigers underwent extensive seasonal
migrations in the spring and fall between summer and win-
ter habitat (Fig. 2; Supplementary Table 1). From June to
September, sharks were detected at numerous locations
throughout a broad region from Delaware Bay north to
Cape Ann, MA, being observed most often within PKD
Bay, around Cape Cod (Chatham and Wellfleet Bay,
MA), and within Delaware Bay. During the fall (Octo-
ber to November), individuals were detected over a vast
expanse from PKD Bay to Cape Canaveral, FL, as they
moved southward along the coast. Throughout the win-
ter months (December—March), individuals were detected
from Cape Hatteras, NC, south to Cape Canaveral, FL;
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some individuals were observed to spend extended peri-
ods of time within each of these regions. During spring
(April-May), sharks exhibited northward movement along
the coast, being detected from Murrells Inlet, SC, north to
Cape Cod, MA.

PSAT tags

A high degree of failure (80 %) was observed for all PSAT's
deployed throughout the study period (Table 1). Broad-
scale horizontal movement data were available from only
three tags (20 %): one reported after its scheduled pop-up
date (ST1052) and two popped-up prematurely (ST0947,
ST1057). Pop-up locations were also available for two tags
in which a memory failure precluded the retrieval of any
data logged throughout its deployment period (ST0702;
ST1019). These tags were treated as conventional fishery-
dependent recaptures and subsequently included in that
analysis.

Horizontal movements

In general, PSAT-tagged sharks exhibited relatively exten-
sive seasonal movement patterns. Two juvenile male sharks
(ST0947: 97 cm; ST1057: 104 cm) were tagged within
PKD Bay, MA, during late August and mid-September
2010 and tracked for 56 and 35 days, respectively, before
their tags popped-up prematurely (Table 1; Fig. 3). Bathy-
metric correction of light-based geolocation estimates for
shark ST0947 was problematic in the vicinity of Cape
Cod and Nantucket Shoals (areas off the Massachusetts
coast with complex bathymetry) and yielded an erratic
horizontal movement track. Consequently, the uncorrected
(i.e., light-based) track was utilized to describe horizontal
movements in this shark. Following tagging, each shark
remained within PKD Bay for several days (ST0947:
14 days; ST1057: 4 days) as temperature and depth records
were consistent with those observed in PKD Bay during
this period (Kneebone et al. 2012). Upon moving out of
the embayment, sharks swam at depths of 0—80 m in water
9.8-20.6 °C as they travelled eastward around Cape Cod,
MA, and southwestward along the shelf in southern New
England from September to October (Fig. 4). On or about
October 21, 2010, one of these sharks (ST1057) appeared
to have died; the tag was on the bottom (32 m) for 3 days
immediately prior to release. The cause of the premature
release from the other shark (ST0947) was unknown; no
anomalous data were observed immediately prior to the
tag’s release.

An extensive horizontal track was available for a sin-
gle 101-cm female shark tagged in PKD Bay, MA, on
August 30, 2010 (ST1052; Fig. 5). Examination of depth
data revealed that this tag released from the animal as
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Fig. 3 Movements of juvenile sand tigers tagged with pop-up satel-
lite archival transmitting tags. Both tags reported premature of their
scheduled release date and represent 56 day (ST0947) and 35 day
(ST1057) tracks. Colored circles represent light-based geolocation
estimates (ST0947) corrected for local bathymetry (ST1057). Gray
ellipses represent light-based geolocation error

scheduled (June 1, 2011), but remained on or near the
surface without transmitting any ARGOS messages until
June 8. It then subsequently sank and remained at depth
(48 m) until July 7 before re-surfacing. The first ARGOS
transmissions were received on July 23. As a result of this
anomalous activity, an accurate pop-up location (on June
1) was unavailable. For modeling purposes, the most prob-
able track of this shark was created without a known pop-
up location, which was subsequently estimated based on
the light-based geolocation corresponding to the initial
pop-up date (June 1).
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Following tagging, this shark remained within PKD
Bay until September 12; temperature and depth records
were consistent with those observed in PKD Bay during
this period (Kneebone et al., 2012). From this date through
early November, the shark moved eastward around Cape
Cod, MA, and then southward within coastal waters off
southern New England and the New York Bight/mid-Atlan-
tic in depths of 0-80 m and temperatures of 11.0-16.8 °C
(Figs. 4, 5). Southward movement continued during
December and early January when the shark travelled from
Cape Hatteras, NC, to central Florida at depths of 0-48 m
and temperatures of 10.8-22.2 °C. From mid-January to
early March, the shark overwintered in coastal waters (0—
16 m; 12.6-18.6 °C) from Cape Canaveral south to Stuart,
FL. Northward movement up the coast commenced dur-
ing March and was observed until the tag popped-up and
reported in the vicinity of the New York Bight on June 1.
During that period, the shark swam in depths of 0-40 m
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and temperatures of 11.0-22.0 °C. Collectively, the track
spanned 275 days during which the shark travelled approxi-
mately 5,925 km (21.5 km day ™).

Vertical movements and depth preferences

Due to the high number of PSAT failures and the brevity
of existing tracks, limited information was available on
vertical movements. In general, juvenile sand tigers were
observed from 0 to 80 m, on average spending 83 and 98 %
of their time in waters <20 and <35 m, respectively (Fig. 6).
Limited data precluded a thorough analysis of depth prefer-
ences over time (i.e., months); however, data from the sin-
gle extensive (275 day) track indicated that the shark was
present in deeper waters from October to February (Fig. 4).
All three sharks moved vertically to the surface (<1 m) dur-
ing the majority (ST1052: 81 %; ST0947: 91 %; ST1057:
98 %) of the days each was tracked.
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Conventional tags

Fishery-dependent recapture information was available for
a total of 16 juvenile sand tigers tagged with NMFS con-
ventional shark tags (Table 2), ten of which were tagged as
part of this study (including two PSAT-tagged sharks that
experienced tag failure; Table 1). Time at liberty ranged
from 27 to 735 days (mean £ SD = 278 £ 216 days).
An illogical capture date was reported for one individual,
thereby precluding the calculation of time at liberty. Recap-
ture locations ranged from Scarborough, ME, south to
Cape Point, NC (Fig. 7), with all but one recapture occur-
ring from July to November.

Temperature preferences

Temperature data obtained from 13 sharks tagged with
acoustic transmitters equipped with temperature sensors
(V16T) and 3 PSAT-tagged individuals indicated that juve-
nile sand tigers occupied water temperatures ranging from
9.8 t0 26.9 °C throughout all months of the year (Fig. 8). The
three PSAT-tagged sharks were most commonly observed in
waters ranging from 12 to 20 °C, spending 91 % (ST1052),
93 % (ST0947), and 99 % (ST1057) of their time within
this range (Fig. 6). These sharks also experienced relatively
wide daily temperature ranges (i.e., minimum to maximum
daily temperatures) of 0.2-8.8 °C (mean £+ SD = 2.1 £ 1.6).
Monthly water temperatures experienced by PSAT- and
acoustically tagged individuals varied throughout the year,
with distinct seasonal trends (Fig. 8). In general, sharks
experienced lower temperatures (on average) from Novem-
ber to May, with the greatest monthly temperature ranges
observed during the summer months.

Discussion

Despite their relatively small size and young age, juve-
nile sand tigers undergo extensive (up to ~2,500 km) sea-
sonal migrations along the US east coast from Maine to
as far south as central Florida. In general, two distinct
migratory periods (northward: April-June; southward:
October—December) were apparent throughout a calendar
year, when sharks moved along the coastline (in <80 m
of water) between summer and winter habitat (Fig. 9).
Clearly, these data indicate that juvenile sand tigers occur
over a broad geographic range along the US east coast
and experience a wide array of habitats and environ-
mental conditions (e.g., temperature). Furthermore, the
occurrence of a large number of individuals within New
England coastal waters of the Gulf of Maine during the
summer months warrants the extension and characteriza-
tion of NMFS juvenile EFH throughout this region.
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Fig.5 Movement of a 101-cm female juvenile sand tiger tagged
with pop-up satellite archival transmitting tag during a 275 day track.
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After parturition off the southeastern USA during Febru-
ary and March (Gilmore et al. 1983; Gilmore 1993), young
of the year (YOY; defined as those individuals <95 cm
FL; Goldman et al. 2006) sand tigers migrate northward
through the coastal waters of the mid-Atlantic and southern
New England during the first few months of life. Though
no direct tagging data were available to document this
movement, observations of numerous YOY sharks off Point
Judith, RI, within PKD Bay, MA, and various regions along
southern New England during late spring to early summer
(J. Kneebone, unpublished observations; Skomal 2007;
Kneebone et al. 2012) support this assertion. From June to
October, YOY sharks were observed from Great Bay, NJ,
north to Scarborough Beach, ME, while larger, presumably
older, juveniles (>95 cm FL; ages 1 and 2; Goldman et al.
2006) were observed from Delaware Bay north to Cape
Ann, MA; published capture records indicate that juve-
nile sharks also occur further north in the Gulf of Maine
(Bigelow and Schroeder 1953). Collectively, the available
data suggest that juvenile sand tiger EFH may be distrib-
uted continuously from Delaware Bay north to southern
Maine, though further research on specific areas of high
abundance/importance (i.e., nursery habitat) is warranted.

Acoustic detection data and information from the single
full PSAT track suggest that juvenile sand tigers occupy
coastal waters from Cape Hatteras, NC, south to central
Florida during the winter months. Throughout this broad
range, tagged individuals were observed most frequently
in the vicinity of Cape Hatteras, NC, and Cape Canaveral,
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Fig. 6 Proportion of total time spent at depth (leff) and temperature
(right) for three sharks tagged with pop-up satellite archival transmit-
ting tags. Data from two sharks (ST0947, ST1057) represent brief

FL—two areas that seemingly support a seasonal abun-
dance of sharks and, therefore, may contain nursery habi-
tat. For example, of the 64 acoustically tagged sharks
whose transmitters were still active during at least one
winter following tagging, 13 (20 %) were detected inter-
mittently within a small receiver array off Cape Hatteras,
NC, during the months of December—April, indicating
some degree of residency in this area. Six other individu-
als (9 %), as well as a single PSAT-tagged individual, were
also observed during the same months within a broad area
off central Florida. In addition, 27 individuals (43 %) were
detected briefly on receivers off Cape Hatteras, NC, either
during the fall or spring, presumably during their migra-
tion to/from overwintering grounds south of the area.
However, despite the annual observation of sharks within

tracks (56 and 35 days, respectively), while data from ST1052 are
representative of a 275 day period

these two areas, 15 individuals (23 %) were not detected
on any receiver during the winter months, indicating that
they utilized winter habitat elsewhere along the coast that
was devoid of receiver coverage during the study period.
Clearly, future research is required to identify, characterize,
and describe specific areas/habitats that may serve as win-
ter nursery habitat throughout this broad range.

The seasonal migratory behavior of juvenile sand tigers
observed in this study generally corroborates that previ-
ously described by Gilmore (1993). Interestingly, however,
Gilmore (1993) did not imply that juvenile sand tigers
occupy seasonal nursery habitat north of Cape Cod. Clearly,
the available data indicate that juvenile sand tigers do
indeed currently utilize summer nursery habitat throughout
Gulf of Maine coastal waters, despite not being historically

@ Springer



Mar Biol

Table 2 Conventional fishery-dependent tag and recapture data obtained from the National Marine Fisheries Service Cooperative Shark Tagging

Program from 1998 to 2012

Sex FL (cm) Tagging Recapture Days at liberty
Date Location Date Location
F 94 10/15/2004 S of Shinnecock Inlet, NY 3/10/2006 Cape Point, NC 511
F 120 7/12/2005 Great Bay, NJ 7/1/2006 Holgate Beach, NJ 354
F 91 7/11/2007 Great Bay, NJ 11/15/2007 Pamlico Sound, NC 127
F 91 9/30/2007 PKD Bay, MA 6/21/2008 ‘West Dennis Beach, MA 265
F 87 7/8/2008 W of Little Egg Inlet, NJ 7/22/2009 W of Little Egg Inlet, NJ 379
F 88.5 7/17/2009 PKD Bay, MA 7/1/2010 Newport, RI 349
M 86.5 7/17/2009 PKD Bay, MA 11/28/2009 Rudee Inlet, VA 134
F 91 8/3/2009 PKD Bay, MA 8/17/2011 Point Judith, RI 379
M 95 9/20/2009 PKD Bay, MA 9/25/2011 SE of Point Judith, RI 735
M 97 6/7/2010 Point Judith, RT 8/29/2010 Harwich, MA 83
M 89 6/7/2010 Point Judith, RT 7/4/2010 Scarborough, ME 27
F 125 7/6/2010 Great South Bay, NY 8/9/2010 Great South Bay, NY 34
M 99 7/12/2010 PKD Bay, MA 11/15/2011 E of Block Island, RI 491
F 125 6/5/2011 Indian River Inlet, DE 7/5/2011 Point Judith, RI 30
M 84 7/7/2011 PKD Bay, MA a S of Martha’s Vineyard, MA a
M 108 7/17/2011 PKD Bay, MA 9/12/2012 Corolla, NC 423

Estimated lengths at tagging are indicated in italics

FL fork length, DE Delaware, NJ New Jersey, NY New York, NC North Carolina, MA Massachusetts, ME Maine, RI Rhode Island, VA Virginia,

PKD Plymouth, Kingston, Duxbury

* Erroneous recapture information

encountered within this region in high abundance (Bigelow
and Schroeder 1953; Kneebone et al. 2012). The investi-
gation of factors driving the apparent increased seasonal
abundance of this species north of Cape Cod was beyond
the scope of this study, although it is possible that greater
numbers of juvenile sharks are moving further north as a
result of environmental (i.e., water temperature) or density-
dependent factors (i.e., population recovery and re-coloni-
zation of historical habitat). Regardless, the extensive use
of habitat within the Gulf of Maine suggests that this region
supports juvenile sand tiger EFH that should be described
in future NMFS juvenile EFH documents.

Acoustic and conventional tagging data suggest that
juvenile sand tigers migrate north to New England waters
up until about age two (~125 cm FL; Goldman et al. 2006).
Of the 17 acoustically tagged sharks that returned to this
region in years following tagging, 12 were putatively
age-0 (YOY) and five putatively age-1 (95-110 cm; Gold-
man et al. 2000) at tagging. Furthermore, of the 12 YOY
sharks that returned in the year following tagging, three
were also observed the following year (i.e., were present
in New England for three consecutive years). Interestingly,
other acoustically tagged individuals that were either YOY
or age—1 at tagging in New England spent extended peri-
ods within Delaware Bay during the summer months in the
year(s) following tagging. When coupled with the lack of
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observations of sharks >125 cm FL (i.e., >age—2) in New
England (current study; Skomal 2007; Kneebone et al.
2012), these data suggest that an ontogenetic shift in migra-
tory behavior likely occurs around age 1-2 years, in which
individuals cease to migrate north into Cape Cod/Gulf of
Maine waters and remain in more southern waters (e.g., RI
south to Delaware Bay).

Seasonal movement patterns observed in this study
were also consistent with those described for juvenile
sand tigers in the southwest (SW) Atlantic and South
Africa. Lucifora et al. (2002) provided some evidence of
seasonal north—south migrations of juvenile sand tigers
off Argentina in the SW Atlantic, while Dicken et al.
(2007) suggested that juvenile sand tigers undergo annual
cyclical north—south movements to and from summer
nursery habitat off the coast of South Africa. Furthermore,
Dicken et al. (2007) reported fishery-dependent recaptures
in close proximity to release locations for up to 3 years
post-release and suggested that juvenile sharks may
exhibit natal nursery homing. Indeed, the return of several
sharks to seasonal nursery habitat in PKD Bay, MA, for
up to 2 years following tagging in the current study sug-
gests that juvenile sand tigers do exhibit some degree of
inter-annual fidelity to nursery areas in the WNA, thereby
affirming the importance of this habitat as EFH. Such
behavior has also been documented in juvenile sandbar
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sharks, Carcharhinus plumbeus (Merson and Pratt 2001),
and blacktip sharks, Carcharhinus limbatus (Hueter et al.
2005).

The overall magnitude of the seasonal migration exhib-
ited by juvenile sand tigers off the east coast of the USA
is greater than that previously described for juvenile con-
specifics in other geographic regions. Data from the single
extensive PSAT track suggest that a 101-cm female shark
travelled from PKD Bay, MA, south to central Florida
from early October to early January, covering a distance of
~2,250 km in roughly 100 days. Similarly, acoustic detec-
tion data documented extensive movements of four YOY

sharks (78-89 cm FL) from PKD Bay, MA, south to Cape
Canaveral, FL in 116-172 days. Furthermore, the return
of two of these individuals to PKD Bay and/or Chatham,
MA, in years following tagging confirmed movements
in excess of 5,000 km over a 247-262 day period during
the first year of life. Interestingly, other individuals were
observed to migrate shorter distances between summer
habitat ranging from Delaware Bay north to New England
and overwintering habitat in the vicinity of Cape Hatteras,
NC—unidirectional distances of 500-1,250 km. Previous
studies on immature sand tigers (<150 cm FL) have sug-
gested that young individuals migrate shorter distances

@ Springer
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than mature individuals, traveling unidirectional dis-
tances of 100—400 km (Otway and Ellis 2011) and 653 km
(Bansemer and Bennett 2011) off eastern Australia, and up
to 268 km off South Africa (Dicken et al. 2007). In con-
trast, considering the lack of mature sand tigers in New
England waters (Bigelow and Schroeder 1953; Skomal
2007; Kneebone et al. 2012) and their documented move-
ment patterns (e.g., Gilmore 1993; Kohler et al. 1998), it
appears as though juvenile sand tigers may exhibit more
extensive annual movements off the east coast of the USA
than larger, mature individuals.

Depth data obtained in this study suggest that juvenile
sand tigers follow coastal bathymetric contours through-
out their extensive coastal migration. Though limited to a
few individuals, PSAT-tagged sharks spent a large percent-
age of time in relatively shallow water <35 m (98 %) and
rarely ventured into water >50 m. In addition, the detec-
tion of numerous acoustically tagged individuals on receiv-
ers deployed in close proximity to shore (i.e., on coastal
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navigational aids or near piers and jetties) suggests that
migration may occur, in part, in very shallow water (i.e.,
<10 m) along the shoreline. These depth preferences are
consistent with those reported for larger sand tigers off
eastern Australia (152-251 cm FL; Otway and Ellis 2011)
and South Africa (203-308 cm FL; Smale et al. 2012).
While those two studies reported greater maximum depths
(232 m in Australia and 108 m in South Africa), both sug-
gested that sand tigers spent the majority of their time in
waters <40 m. In addition, both studies suggested that
forays into deeper waters (i.e., >50 m) were linked with
migratory movement, a finding consistent with the vertical
movements observed for juvenile sand tigers in this study
during their north/south migration (Fig. 4).

The frequent observation of PSAT-tagged juvenile sand
tigers at the surface (i.e., <1 m) lends further support to
the occurrence of ‘gulping’ behavior in this species. Origi-
nally described by Bass and Ballard (1972) as a form of
buoyancy control, this behavior involves movement to the
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surface to swallow air, which is retained in the stomach to
achieve neutral buoyancy at depth. Recently, Smale et al.
(2012) reported that these gulping events occur relatively
frequently, sometimes multiple times within a given day.
In this study, PSAT-tagged individuals were found to spend
a small fraction (i.e., <1 %) of their daily time at the sur-
face, yet they ventured to the surface in >80 % of the days
during which they were tracked. Although such behavior
may also be associated with surface feeding, the relatively
brief amount of time at the surface, particularly on days
when individuals spent the majority of their time at depths
>35 m, suggests an alternative motive, such as gulping.
Temperature preferences exhibited by juvenile sand
tigers in this study were very similar to those reported for
sub-adult and adult sand tigers throughout their range.

Off the east coast of the USA, juvenile sand tigers expe-
rienced temperatures ranging from 9.8 to 26.9 °C, spend-
ing the majority of their time (91-99 %) between 10 and
20 °C. Similarly, larger conspecifics inhabited water from
9.8 to 22.4 °C off South Africa (Smale et al. 2012) and
14-26 °C off eastern Australia, spending 96 % of their
time between 17 and 24 °C in the latter region (Otway and
Ellis 2011). As noted by Smale et al. (2012), these rela-
tively large temperature ranges are due, in part, to vertical
excursions to cooler water at depth, but also are reflec-
tive of seasonal temperature fluctuations. For example, in
this study, the lowest absolute water temperature recorded
by a PSAT-tagged sand tiger (9.8 °C) was in October at a
depth of 56 m, one of the deepest depths observed. In addi-
tion, average monthly water temperatures experienced

@ Springer



Mar Biol

by juvenile sand tigers followed a typical seasonal pat-
tern with higher temperatures during the summer months
(June—September). Interestingly, the range of temperatures
experienced by sand tigers within a given month was mark-
edly higher during the summer months, potentially a result
of the greater seasonal stratification of the water column at
northern latitudes during the summer (Skomal et al. 2009).
Nevertheless, juvenile sand tigers may inhabit a more nar-
row temperature range during their seasonal migration and
within their overwintering habitat.

The high PSAT tag failure rate experienced in this study
was troubling and hindered the documentation of juvenile
sand tiger habitat use throughout their coastal migration. Of
the 15 tags deployed, only six transmitted Argos messages
(40 %), two on their scheduled date (13 %) and four pre-
maturely (27 %). In addition, three tags suffered memory
failures (20 %) that precluded the retrieval of data logged
during the deployment period. Several factors may influ-
ence PSAT failure including tag malfunction (Hays et al.
2007), aerial damage (Hays et al. 2007), scavenging by
predators (Kerstetter et al. 2004), and bio-fouling (Wilson
et al. 2006; Hays et al. 2007). Of these, bio-fouling, pos-
sibly of the satellite transmission switch (Hays et al. 2007),
was likely the factor that contributed to the high failure
rate observed in this study. Bio-fouling of external conven-
tional tags is well documented to be problematic for sand
tigers (Otway and Burke 2004; Dicken et al. 2011) and was
thought to contribute to PSAT failure in sand tigers tagged
off eastern Australia (Otway and Ellis 2011). In this study,
though no direct evidence for bio-fouling of PSATs was
observed, several conventionally tagged sharks recaptured
>1 year after tagging were observed to have significant
fouling of their external conventional tags (J. Kneebone,
personal observation). In addition, weak and intermittent
Argos transmissions received from multiple PSAT tags
immediately following their scheduled pop-up date suggest
that these tags may have experienced reduced buoyancy
upon detachment from the animal. Taken together, these
observations/findings along with the propensity for juvenile
sand tigers to inhabit shallow, light-intense waters where
bio-fouling is more prevalent, suggest that, aside from tag
memory malfunction, bio-fouling was likely the greatest
factor influencing the high PSAT tag failure rate observed
in this study.

The synergy of information from PSAT, passive acous-
tic, and conventional tagging analyses enabled a relatively
detailed documentation of juvenile sand tiger shark sea-
sonal migration and habitat use along the US east coast.
Despite minimal PSAT success, the recent expansion in
the number of coastal acoustic receiver arrays deployed
along the US east coast within the ACT Network ena-
bled the tracking of a large number of individuals over
vast distances and prolonged time periods. Overall, given
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the extensive movements and continual utilization of
nearshore (<80 m) waters exhibited by these relatively
small (<125 cm FL), young (age 0-2) individuals during
their first years of life, it is imperative that precautions be
taken to limit negative anthropogenic impacts on this spe-
cies (i.e., fisheries bycatch, coastal degradation) in an effort
to rebuild and sustain the WNA population.
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