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Abstract Few data are available on the movements and
behavior of immature Atlantic loggerhead sea turtles
(Caretta caretta) from their seasonal neritic foraging
grounds within the western north Atlantic. These waters
provide developmental habitat for loggerheads originating
from several western Atlantic nesting stocks. We examined
the long-term movements of 23 immature loggerheads (16
wild-caught and seven headstart turtles) characterizing their
seasonal distribution, habitat use, site fidelity, and the
oceanographic conditions encountered during their migra-
tions. We identified two movement strategies: (1) a sea-
sonal shelf-constrained north—south migratory pattern; and
(2) a year-round oceanic dispersal strategy where turtles
travel in the Gulf Stream to the North Atlantic and their
northern dispersal is limited by the 10-15°C isotherm.
When sea surface temperatures dropped below 20°C, neri-
tic turtles began a migration south of Cape Hatteras, North
Carolina (USA) where they established fidelity to the
waters between North Carolina’s Outer Banks and the
western edge of the Gulf Stream along outer continental
shelf. Two turtles traveled as far south as Florida. Several
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turtles returned to their seasonal foraging grounds during
subsequent summers. Northern movements were associated
with both increased sea surface temperature (>21°C) and
increased primary productivity. Our results indicate strong
seasonal and interannual philopatry to the waters of Vir-
ginia (summer foraging habitat) and North Carolina (winter
habitat). We suggest that the waters of Virginia and North
Carolina provide important seasonal habitat and serve as a
seasonal migratory pathway for immature loggerhead sea
turtles. North Carolina’s Cape Hatteras acts as a seasonal
“migratory bottleneck™ for this species; special manage-
ment consideration should be given to this region. Six tur-
tles spent time farther from the continental shelf. Three
entered the Gulf Stream near Cape Hatteras, traveling in the
current to the northwest Atlantic. Two of these turtles
remained within an oceanic habitat from 1 to 3 years and
were associated with mesoscale features and frontal sys-
tems. The ability of large benthic subadults to resume an
oceanic lifestyle for extended periods indicates plasticity in
habitat use and migratory strategies. Therefore, traditional
life history models for loggerhead sea turtles should be
reevaluated.

Introduction

The coastal and estuarine waters of Virginia and the Chesa-
peake Bay (USA) provide important seasonal developmen-
tal foraging habitat for juvenile loggerhead (Caretta
caretta) sea turtles (Lutcavage and Musick 1985; Byles
1988; Musick and Limpus 1997; Keinath 1993). As ecto-
thermic reptiles, the distribution, biology and behavior of
cheloniid sea turtles are strongly linked to the thermal
regimes of their environment (Bell and Richardson 1978;
Spotila et al. 1997). The body temperature of loggerhead
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sea turtles can only exceed ambient water temperatures by a
few degrees Celsius (Spotila and Standora 1985). Pro-
longed exposure to temperatures lower than 8—10°C may
cause “cold-stunning” or a disruption in the turtle’s meta-
bolic pathways, resulting in loss of buoyancy and an inabil-
ity to dive or swim (Schwartz 1978; Morreale et al. 1992;
Spotila et al. 1997). Sea turtles must compensate for their
inability to thermoregulate via other mechanisms including
shifting habitat use or temporal changes in activity or geo-
graphic distribution (reviewed by Zug et al. 2001).

Virginia’s estuarine and coastal waters are subject to
large variation in temperatures annually. Winter sea surface
temperatures (SST) can be as low as 1-5°C, while summer
temperatures may exceed 30°C. Due to cold winter temper-
atures, sea turtles are not physiologically capable of utiliz-
ing near-shore waters along the northeastern USA coast as
over-wintering habitat. Stranding and aerial survey data
indicate that yearly migrations north into the Chesapeake
Bay are strongly associated with vernal warming with the
greatest concentrations of sea turtles found south of the
18°C isotherm (Lutcavage and Musick 1985; Byles 1988;
Keinath 1993; Coles 1999). When SST cools in the early
fall (September to October), turtles begin a migration
southward (Lutcavage and Musick 1985; Byles 1988;
Keinath 1993). Thus, sea turtles have a limited residency
period (May through October) within northeastern USA
waters, followed by a non-residency period (November
through April).

Other oceanographic cues such as primary productivity,
sea surface height, frontal systems, and oceanic current
vectors also likely influence the movements of loggerheads
(Polovina et al. 2000; Witherington 2002; Luschi et al.
2003; Kobayashi et al. 2008) and other species of sea turtle
including green (Chelonia mydas) (Pelletier et al. 2003;
Seminoff etal. 2007). Chlorophyll concentrations are
important variables associated with habitat use and feeding
behavior among juvenile loggerheads in the Pacific (Polo-
vina et al. 2000; Kobayashi et al. 2008). Flotsam, fronts and
downwelling lines provide important habitat for posthatch-
ling, neonate Atlantic loggerheads and for Pacific oceanic
juvenile loggerheads (Carr 1986; Polovina etal. 2000;
Witherington 2002) and for postnesting green turtles in the
Pacific (Seminoff et al. 2007). In order to develop time-
sensitive management strategies within temperate regions
where seasonal thermal regimes restrict turtle residencys, it
is necessary to understand the role of oceanographic condi-
tions in the migration and distribution of sea turtles.

Juvenile loggerheads found in the Chesapeake Bay are
genetically comprised of both the northern (54%) and
southern (46%) USA loggerhead subpopulations (Norrgard
1996). The northern loggerhead subpopulation is geograph-
ically associated with nesting beaches ranging from north-
eastern Florida and Georgia, north through North Carolina
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and Virginia (Encalada et al. 1998). Some turtles hatching
from Florida’s nesting beaches occur in North Carolina’s
sounds as juveniles (Rankin-Baransky etal. 2001; Bass
et al. 2004; Bowen et al. 2004). These studies indicate
shared habitat use among juvenile turtles originating from
different western Atlantic subpopulations.

Aerial surveys conducted between 2001 and 2004 indi-
cate a 65-75% decline in the Chesapeake Bay sea turtle
population since the 1980s (Mansfield 2006). During this
period, Virginia sea turtle stranding deaths increased 200—
300% (Mansfield 2006). The observed strandings increase
may be due, in part, to changes in mortality rates, changes
in sources of mortality, and/or changes in turtle distribution
patterns as a result of recent declines in blue crab (Callinec-
tes sapidus) and horseshoe crab (Limulus polyphemus) prey
availability within the Chesapeake Bay (Lipcius and Stock-
hausen 2002; Mansfield 2006; Seney and Musick 2006).
Localized sources of mortality affecting juvenile logger-
heads will ultimately translate to population impacts among
all USA loggerhead subpopulations. Identifying and under-
standing seasonal sea turtle distribution patterns, locating
areas of high turtle density, and identifying regional winter-
ing habitat will help managers mitigate these impacts.

Few data are available (Byles 1988; Keinath 1993; Mor-
reale 1999) characterizing the movements and behavior of
juvenile loggerheads from established seasonal foraging
grounds in the northwestern Atlantic. The primary objec-
tives of this study were to: (1) characterize the seasonal dis-
tribution and habitat use of juvenile loggerhead sea turtles;
(2) identify the wintering habitat of juvenile loggerhead sea
turtles seasonally found in northwestern USA waters; and
(3) characterize the oceanographic conditions associated
with the migration and distribution of immature loggerhead
sea turtles in the northeastern USA, and northwest Atlantic.

Materials and methods
Satellite telemetry

We deployed 23 satellite tags on juvenile loggerhead sea
turtles between 1986 and 2007. Sixteen turtles were cap-
tured on their foraging grounds within the Chesapeake Bay;
seven turtles were headstarted animals (2-3 years of age)
originating from North Carolina and Virginia. Headstarted
turtles are collected on natal beaches as eggs or hatchlings
and raised in captivity for later release as larger neonates or
juveniles (Donnelley 1994; Meylan and Ehrenfeld 2000).
A short-lived loggerhead headstart program was conducted
using turtles collected from Virginia and North Carolina
nesting beaches in the late 1980s and early 1990s. Telonics,
Inc. (ST-3 ST-6, ST-14 and ST-18; n = 15), Wildlife Com-
puters (SDR-T16; n = 2), and (Sirtrack Kiwisat 101; n = 6)
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platform terminal transmitters (PTT’s) were used. We
attached tags to the turtles’ carapaces with fiberglass filler
(prior to 2000) or with a base layer of PowerFast™ two-
part marine epoxy covered by SonicWeld™ putty epoxy.
The SonicWeld™ was molded into a tear-drop shape to
create a smooth, hydrodynamic surface. Transmitters
deployed prior to 2000 had continuous duty cycles (24-h
on). All other duty cycles were set to 12-h on, 48-h off.
Transmitter data were collected and distributed by Service
ARGOS (ARGOS 1988, 1996; CLS 2007) and managed
using the Satellite Tracking and Analysis Tool (STAT;
Coyne and Godley 2005).

All turtles were measured, weighed and flipper-tagged
prior to release. With the exception of two turtles released
off of Cape Hatteras, North Carolina, turtles were released
in the lower Chesapeake Bay and Bay mouth. Using one-
way analysis of variance (ANOVA), we tested for differ-
ences in sizes (straight carapace length, or SCL) between
headstart and wild turtles, and between turtles exhibiting
different migratory strategies (McClellan and Read 2007).

Data filters

Location data were archived, filtered and summary statis-
tics were generated using STAT (Coyne and Godley 2005).
Transmitter location data were filtered to retain best quality
Location Classes (LC) 3, 2, 1, 0, and A for tags deployed
between 1994 and 2007 (Hays et al. 2001; Vincent et al.
2002, Tougaard et al. 2008) and Locator Indicator codes
(LI) —3, —2, —1 and O for tags deployed before 1994.
Location Indicator codes —3 to 0, correspond to locations
where >3 satellite messages were received (similar to LC
0-3, A). We filtered all data for likely swim speed between
locations (<5 km h™!), minimum turning angle (>3°), likely
distance between points (<50 km), and topography (<0.5 m).
Filtered data were imported into ArcView 3.2 and recon-
structed for spatial movement analyses. Tracks lasting at
least 21 days (n = 19 of 23) were used for these analyses to
ensure that tracks were not biased by small sample sizes or
behavioral biases associated with the tagging event. To
reduce spatial bias associated with autocorrelated data, we
selected daily locations for each turtle from the STAT
filtered dataset (De Solla et al. 1999; James et al. 2005a).
Location data were quantified using STAT to determine the
range in depth of the water column and mean distance from
nearest shore (Coyne and Godley 2005).

Density utilization plots

Daily location data were tallied into hexagonal area bins.
Each hexagonal area bin was larger in scale than the associ-
ated error of LC or LI (669-2,686 km? vs. approximately >4—
10 km; Brothers et al. 1998; Britten et al. 1999; Millspaugh

and Marzluff 2001; Hays et al. 2001; Vincent et al. 2002;
Tougaard et al. 2008). We linearly interpolated locations
for missing days (an artifact of tag duty cycle); distances
between observed locations were divided among missing
days (James et al. 2005a; TEWG 2007). Hexagon-binned
maps were generated using all track data as well as a
zoomed subset to identify neritic habitat use during periods
of known Chesapeake Bay sea turtle residency (May—
November) and non-residency (December—April). Each
degree is represented by either two hexagons (all track
data), where the area of each hexagon is approximately
2,686 km?, or by four hexagons (zoomed neritic residency
and non-residency maps), where the zoomed hexagon area
equals approximately 669 km?.

Movement analyses

The start of seasonal turtle migrations out of Virginia’s
waters was determined by an extended (>4 days) and sig-
nificantly directional travel path (bearing). Using the Spa-
tial Analyst and Animal Movement (AMAE) extension for
ArcView 3.2, we tested individual track data for spatial ran-
domness and orientation using circular point statistics and
the Raleigh’s z statistic; significant values were based on
P < 0.05 (White and Garrott 1990; Zar 1999; Hooge et al.
2001). Turtles released mid- to late fall that exhibited
extended (>4 days) directional movement immediately pos-
trelease (n =2) were not included in these analyses since
we could not determine if their movements were influenced
by the cold seasonal temperatures associated with a late
release. We used Monte Carlo Random Walk (MCRW)
simulations to test for site fidelity (1,000 replicates) using
AMAE (Hooge et al. 2001). Site fidelity analyses excluded
directed migratory movements. Tracks were tested for spa-
tial randomness against randomly generated walks; signifi-
cance was based on P <0.05; low > values represent
higher relative site fidelity (Hooge etal. 2001). Tracks
exhibiting site fidelity indicate that the turtles’ movements
were more spatially constrained compared to randomly dis-
tributed or dispersed movement data (Hooge et al. 2001).

Filters applied to location data help minimize errone-
ous locations in track reconstruction. The effects of loca-
tion error bias were also minimized when examining
large-scale migratory tracks or habitat use (Hays et al.
2001). Our results should be considered conservative for
smaller-scale analyses of movement within discrete near
shore or estuarine habitats. Spatial location error associ-
ated with directional movement or site fidelity analyses
tend to provide less constrained or more randomly dis-
persed results. Therefore, if location accuracy were
increased, tracks already exhibiting significant directional
movement or site fidelity would likely result in even more
significant P values.
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Oceanographic composites

We sorted all track data (2003-2007) into seasonal bins
(winter, spring, summer and fall) determined by solstice
and equinox dates within the Northern Hemisphere. We
used STAT to extract oceanographic data describing sea
surface temperature, chlorophyll content and bathymetry
for all filtered turtle locations occurring between 2003 and
2007 (n = 10 turtles) (Coyne and Godley 2005). These data
were used to determine SST encountered by individual tur-
tles the week prior to and the week following the start of
directional fall migratory behavior. Oceanographic data
prior to 2003 were not available in STAT.

We generated seasonal oceanic SST composites for the
entire Atlantic basin using MODIS 9 km SST data, and sea-
sonal coastal SST composites using MODIS 4 km SST
data. Seasonal 9 km net primary productivity (NPP) com-
posites were generated using the Vertically Generalized
Production Model (VGPM). Seasonal sea surface height
(SSH) anomaly composites were generated from Ssalto/
Duacs and Archiving Validation and Interpretation of Sat-
ellite Data in Oceanography (AVISO). Track data were
overlaid with each seasonal composite. All SSH anomaly
data and STAT-derived SST and chlorophyll data were
tested for normality using the Kolmogorov—Smirnov test
(P <0.05). We tested for differences in SST and chloro-

Fig. 1 Habitat use and move-
ments of immature loggerhead
sea turtles (n = 23; 3,535 track
days; maximum 78 days per
hexagon). The number of log-
transformed track days spent per
hexagon is represented by color.
The 200 misobath is represented
by a dashed line. Each degree is
represented by two hexagons;
the area of each hexagon is
2,686 km”
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phyll encountered by turtles exhibiting different migratory
strategies using the Mann—Whitney U test (Hawkes et al.
2006).

Results
General movements and turtle body size

Two strategies were observed: (1) neritic movements with
shelf-constrained seasonal north—south migrations (n = 17);
and (2) oceanic movement (n = 6) where turtles traveled in
the Gulf Stream to the northwestern Atlantic. Neritic turtles
remained on the continental shelf off Virginia and North
Carolina (n = 15) or moved south along the shelf to Florida
(n =2). Six turtles (three headstart and three wild) traveled
to oceanic waters, of which four continued to the northeast
Atlantic. The remaining two turtles (both headstarted)
remained adjacent to the coastal shelf; however, all oceanic
turtles remained in deep waters (mean = 4,281 m + 1,262 SD,
range = 10-5,674 m). The turtles traveling to the northern
Atlantic ranged as far east as 35°W, and between 24°N and
47°N (Fig. 1). Two of these turtles remained within oceanic
waters for more than 1-3 years (458 days and 1,167 days)
and ranged from 8 km (off of Bermuda) to 1,211 km from
shore in the north Atlantic (mean = 461 km =+ 241 SD).

300°

Days Turtles Recorded in Hexagon

5 10 50+
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Turtles in this study (mean = 64.8 cm SCL + 10.9 SD,
range = 41.9-90.5 cm) were tracked for an average of
216 days (£320 days SD, range = 7-1,415 days) (Table 1).
Wild turtles were significantly larger (mean = 68.0 cm
SCL + 9.3 SD, range = 53.3-90.5 cm) than headstarted
turtles (mean = 56.0 cm SCL =+ 9.3 SD, range = 41.9-
64.8 cm; ANOVA F|,; =7.26; P=0.014) (Table 1). Neri-
tic turtles (mean =63.5cm SCL &+ 10.23 SD, range =
41.9-80.9 cm) were not significantly larger than oceanic
turtles (mean =69.5 cm SCL £ 11.75 SD, range = 52.9—
74.2 cm; ANOVA F, =131; P=0226). Excluding
headstart animals, there were no significant size differences
among wild neritic and oceanic turtles (ANOVA
Fi15=0.98; P =0.360).

Neritic turtles (n = 17)

The area of densest occupation occurred in the Chesapeake
Bay particularly within the mouths of Bay tributaries, and
in the region immediately south of Cape Hatteras, North
Carolina (Fig. 1). High use areas during the residency

Table 1 Summary data for tracked turtles including track ID; straight
carapace length (SCL); release date; duration (days) of track; whether
turtle was headstarted (Y) or wild (N); strategy adopted by each turtle

period of spring through early fall (May through Novem-
ber) occurred in Virginia’s coastal and Bay waters south to
the North Carolina—South Carolina border (Fig. 2a). Two
turtles showed significant site fidelity (MCRW P < 0.001;
r* < 0.035) to discrete areas within the Chesapeake Bay or
near-shore waters north of Cape Hatteras. Between Septem-
ber 20 and November 15 turtles (of 17) migrated south of
Cape Hatteras (Table 1; Fig. 2b). With the exception of two
headstart turtles that spent a short period (<2 weeks) north
of Cape Hatteras along the outer continental shelf and the
western edge of the Gulf Stream during early winter, no
juvenile turtle occurred within near-shore or estuarine
waters north of Cape Hatteras during the non-residency
period (December through April) (Fig. 2b). Fall migrations
began when SST dropped below 20°C. During the week
prior to the start of the fall migration, mean SST was
19.9°C (2.4 SD, range = 17.0-24.6°C). During the week
following fall migration, mean SST was 18.8°C (£2.3 SD,
range = 13.9-27.4°C). During the winter and early spring,
eight turtles established significant fidelity (MCRW
P <0.048; * < 0.05) to the waters south of Cape Hatteras,

(S shelf-based; O oceanic); start date of fall migration; and date of Gulf
Stream dispersal if applicable

Track SCL Release Duration Headstart Shelf (S) or oceanic Start date of fall Date of Gulf
ID (cm) date (days) (Y/N) (O) strategy migration Stream dispersal
5873% 80.9 5-Oct-86 26 N S 5-Oct-86

5784 90.5 3-Dec-87 180 N (0]

4931 64.8 4-Oct-89 93 Y (0] 2-Nov-89

4932 59.9 9-Nov-89 200 N S 13-Nov-89

4933 69.6 9-Nov-89 225 N S 16-Nov-89

1228 - 18-Sep-91 26 Y (0] 25-Sep-91
1230 57.3 18-Sep-91 24 Y S

1231* 60.3 18-Sep-91 16 Y S 18-Sep-91

1233 47.5 18-Sep-91 29 Y S 26-Sep-91

12344* 41.9 18-Sep-91 7 Y S 19-Sep-91

4936 64.2 23-Oct-91 49 Y (0] 8-Nov-91

4935° 60.2 28-Oct-91 209 N S 28-Oct-91

1234b 71.8 13-Sep-01 40 N S 30-Sep-01

11583 64.5 15-Jul-03 1,415 N S/0 13-Oct-03 15-Mar-04
11993a* 76.3 17-Jul-03 15 N S

41335 66.0 22-Oct-03 36 N S 1-Nov-03

41336" 68.4 22-Oct-03 15 N S 15-Nov-03

10378 53.3 10-Jun-04 371 N S 16-Oct-04

10692 63.5 16-Nov-04 458 N (0] 22-Dec-04
10693 60.2 17-Jun-05 771 N S 10-Oct-05; 20-Sept-06

10401 76.0 17-Jun-05 225 N S 14-Nov-05

11993b 65.4 30-Aug-05 220 N S 12-Oct-05

11585 62.0 30-Aug-05 318 N S 12-Oct-05

# Directed migrational movement occurred within 1-4 days postrelease or track durations too short to include in movement analyses
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Fig. 2 Coastal habitat use and movements of immature loggerhead
sea turtles during the months of seasonal northern residency (a), and
non-residency (b) (n = 23 turtles; 3,535 track days). a Residency May
through November (n = 23 turtles; 1,980 track days; maximum 58 days
per hexagon). b Non-Residency December through April (n =13

between Cape Hatteras and Cape Fear; Fig. 3a, b) and the
western edge of the Gulf Stream near the outer continental
shelf. These turtles occurred farther offshore in association
with the western frontal system of the Gulf Stream
(Fig. 3a).

Two turtles continued migrating south along the conti-
nental shelf to Florida. One turtle traveled to the southern
tip of Florida and the Florida Keys, establishing significant
fidelity (MCRW P = 0.001; 2= 0.037) to this area prior to
tag failure. The other turtle migrated south to Cape Canav-
eral, Florida where it established significant fidelity
(MCRW P =0.001; #*=0.018) during the winter months.
By March 16, this turtle migrated north again, reaching
Cape Hatteras by May 10 (55 days later) and the mouth of
the Potomac River in the western Chesapeake Bay by May
17th where it maintained significant fidelity (MCRW
P =0.017; * = 0.045) close to where it had been captured
the year before.

In addition to the Florida migrant, four turtles that win-
tered off Cape Hatteras returned to the Chesapeake Bay
during subsequent summers. One of these turtles returned
to waters south of Cape Hatteras for a second winter,
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turtles; 1,515 track days; maximum 49 days per hexagon). The number
of log-transformed track days spent per hexagon is represented by color.
The 200 m isobath is represented by a dashed line. Each degree is rep-
resented by four hexagons; the area of each hexagon is approximately
669 km?

followed by a third consecutive seasonal migration to the
Chesapeake Bay, indicating interannual site fidelity
(MCRW P =0.002; *=0.051) to the vicinity of original
capture near the mouth of the Potomac River and the upper
Chesapeake Bay. Among the four Cape Hatteras turtles,
northern springtime migrations commenced between May
21 and June 7 when SST warmed above 21°C (Fig. 3a—d).
These turtles moved closer to shore prior to their northern
spring migrations (Fig.3b). Mean SST was 22.3°C
(£1.9 SD, range = 17.0-23.8°C) the week prior to migra-
tion, and 21.6°C (£2.1 SD, range = 13.9-22.6°C) the week
following the start of migration. Neritic turtles experienced
higher SST and a broader range of chlorophyll values dur-
ing the summer months compared to other seasons (Fig. 4a,
b). All neritic turtles remained within normally distributed
SST (Kolmogorov—Smirnov P < 0.01; KS = 0.189) ranging
from 9.0°C in the winter to 29.3°C in the summer (Fig. 4a).

Oceanic turtles (n = 6)

Six turtles ranged farther from the continental shelf than the
neritic turtles. Four turtles, including one headstart, entered
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the Gulf Stream near Cape Hatteras and moved with the
current off the shelf to the east and north. Three of these tur- T _ ‘
tles, including the headstart turtle, traveled in the current to 12 16 20 24 28

the northwest Atlantic. After a summer of Chesapeake Bay
foraging followed by a winter south of Cape Hatteras, one
wild-caught turtle (11583) traveled to northwest Atlantic
waters, remaining there for over 3 years (1,167 days). This
track is among the longest recorded satellite tracks
(n = 1,415 track days) for any loggerhead sea turtle to date.
Turtle 10692 traveled in the Gulf Stream to northwest
Atlantic waters where it moved east and south, making its
way to Bermuda waters over a year after release. None of

the oceanic turtles exhibited site fidelity to a discrete oce-
anic region.

Oceanography

All oceanic turtles remained south of where the Gulf
Stream meets the 10-15°C isotherm (Fig. 5a—d). All
oceanic turtles remained within normally distributed
(Kolmogorov—Smirnov P < 0.01; KS < 0.28) SST ranging
from 10.9 to 29.0°C (Fig. 8a). These turtles were found in
areas of high NPP and along the edges of mesoscale fea-
tures distinguished by SSH anomalies (Figs. 6a—d, 7a—d).
There were no differences (Mann—-Whitney U, |93 = 475,368;
P =0.153) in SST encountered by oceanic and neritic

CHLa (mg m™®)

Fig. 4 Fitted seasonal density distributions for neritic turtle tracks
(2003-2007; n = 8) including a sea surface temperature (°C) in the winter
(18.7°C £+ 2.8 SD, range = 9.0-21.5°C; n = 100), spring (18.6°C %+
2.3 SD, range = 13.6-24.4°C; n = 86), summer (25.5°C £+ 1.6 SD,
range = 22.9-29.3°C; n = 275) and fall (19.5°C £ 2.6 SD, range =
10.0-25.3°C; n=391); and b chlorophyll a (mg m~3) in the winter
(0.97 mg m~> £ 0.60 SD, range = 0.32-1.49 mg m~>; n = 133), spring
(1.19 mg m~> + 0.94 SD, range = 0.32-5.86 mg m>; n = 92), summer
(6.60 mg m~3 & 7.90 SD, range = 0.18-29.74 mg m~>; n = 162) and
fall (2.20 mg m~> & 7.76 SD, range = 0.17-10.67 mg m~>; n = 386)

turtles; however, higher chlorophyll values (Mann—Whitney
U, 15=384,391; P <0.001) were encountered by the neri-
tic turtles compared to the oceanic turtles. Oceanic turtles
experienced warmer SST during the summer months than
during other seasons (Figs. 5a—d, 8a); however, these tur-
tles encountered higher chlorophyll concentrations during
the spring months compared to the neritic turtles who expe-
rienced higher chlorophyll concentrations during the summer
(Fig. 8b).

Turtle 11583 expanded its range south with the north-
western Atlantic spring bloom to approximately 30°N, and
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Fig. 5 Seasonal oceanic sea
surface temperature (SST) com-
posites (2003-2007; n = 2) with (a) Winter
loggerhead track data overlaid
(purple dots). Winter (a); spring
(b); summer (c); and fall (d)
composites generated using
MODIS 9 km SST data
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Fig. 6 Seasonal oceanic net pri-
mary productivity (NPP) com-
posites (2003-2007; n = 2) with
loggerhead track data overlaid.
Winter (a); spring (b); summer
(c); and fall (d) composites gen-
erated using the Oregon State
University Ocean Productivity
VGPM Model

(a) Winter

(c) Summer

(d) Fall
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Fig. 7 Selected monthly oceanic sea surface height anomaly compos-
ites with turtle 11583 track data overlaid (black dots). Winter (a);
spring (b); summer (c); and fall (d) composites generated from Ssalto/
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Fig. 8 Fitted density distribu-
tions for oceanic turtle tracks
(2003-2007; n = 2) including

a sea surface temperature (°C) in
the winter (17.1°C % 1.36 SD,
range = 15.5-21.0°C; n = 176),
spring (18.7°C %+ 2.0 SD,

range = 12.6-26.4°C; n = 443),
summer (22.8°C %+ 2.6 SD,
range = 16.7-28.1°C; n = 251)
and fall (19.3°C £+ 3.0 SD,
range = 13.2-24.4°C; n = 192);
b chlorophyll a (mg m~3)
in the winter

(026 mgm™ £ 0.17 SD,
range = 0.11-1.01 mg m~;
n = 133), spring

(0.44 mg m~> £ 0.38 SD,
range = 0.30-2.21 mg m~%;
n =314), summer

(0.18 mg m~> £ 0.09 SD,
range = 0.02-0.70 mg m~;
n=179) and fall

(0.25 mgm™ £ 0.10 SD,
range = 0.10-0.83 mg m~%;

n = 136); and ¢ sea surface
height anomalies (cm) in the
winter (—2.82 cm + 14.53 SD,
range = —28.6-40.6 cm;

n = 177), spring

(—3.34 cm % 13.62 SD,

range = —35.7to 31.4 cm;

n =529), summer

(5.07cm £ 15.11 SD,

range = —26.1 to 40.1 cm;

n =284) and fall

(4.47 cm £ 13.97 SD,

range = —24.9 to 42.6 cm;
n=301)

(a) 16
14
12

10

Percent (%)
[o¢]

(b)

Percent (%)
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Season
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AVHRR SST (C)
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CHLa (mg m™®)

remaining north of 35°N during the other seasons (Fig. 5a—
d). This track and that of 10692, when overlaid with SSH
data, were associated with the outer frontal areas of either
positive or negative SSH anomalies (Fig. 7a—d). Mean sea-
sonal SSH data for these tracks were normally distributed
(Kolmogorov—Smirnov P = 0.01; KS = 0.064) either slightly
above zero (summer and fall) or slightly below zero (winter

and spring) (Fig. 8c).

-25.0 -12.5 0.0 12.5 25.0
SSH Anomaly (cm)

Discussion

Seasonal site fidelity

Several species of sea turtle exhibit fidelity to discrete
foraging areas including loggerheads, greens and Kemp’s
ridleys (Lepidochelys kempii) (Byles 1988; Broderick et al.
2007; Shaver and Rubio 2008; Seney and Landry 2008).
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Displaced loggerheads have been shown to return to origi-
nal capture sites within a few days or weeks of relocation,
exhibiting both homing behavior and site fidelity (Byles
1988; Keinath 1993; Ryder 1995; Musick and Limpus
1997; Avens 2003; Avens et al. 2003; Avens and Lohmann
2004; Mansfield 2006). Repeat captures of the same turtles
from Chesapeake Bay pound nets indicate strong philopatry
to specific foraging areas, both within and between years
(Mansfield 2006). Mansfield (2006) reported that over 20%
of individual loggerheads flipper-tagged (n=391) were
recaptured in study nets over 1-11 years. Similar inter-
annual loggerhead recapture rates (21%) were reported
among experimental pound nets fished in North Carolina’s
Core Sound (Sasso et al. 2006). These studies suggest that
juvenile loggerheads have strong seasonal philopatry to
foraging areas within North Carolina and Virginia waters.

In this study, seasonal philopatry to the waters of both
Virginia (summer/early fall) and North Carolina (winter/
early spring) was observed among most turtles tracked.
These observations are consistent with radio and acoustic
telemetry data observed by Byles (1988). While all neritic
turtles remained in close proximity to Virginia and North
Carolina waters immediately postrelease, few exhibited
fidelity to discrete areas within this region. This may be due
to the timing of release. Many turtles tracked in the 1980s
and early 1990s were released during the fall, possibly
coinciding with their fall migrations. Approximately half
the neritic turtles exhibited fidelity to wintering habitat
south of Cape Hatteras, North Carolina. The interannual
habitat fidelity among turtles returning to northern foraging
habitats (n = 5) is consistent with mark-recapture data from
the western Chesapeake Bay where some juvenile logger-
heads were recaptured for up to five consecutive years
(Mansfield 2006).

It should be energetically beneficial for turtles to mini-
mize migration distances between summer and winter habi-
tats (Hawkes et al. 2007). For northern foragers, the region
just south of Cape Hatteras provides the closest thermally
habitable winter environment. In this area, the continental
shelf narrows, and the Gulf Stream is located close to shore.
The western edge of the Gulf Stream provides warm waters
and possibly productive frontal zones. A recent algorithm
designed to detect chlorophyll fronts (Belkin and O’Reilly
2009) shows strong frontal zones occurring near Cape
Hatteras that may have large aggregations of prey. Aerial
surveys conducted from North Carolina to Virginia suggest
that turtles are rarely encountered in near shore waters
north of Oregon Inlet or Cape Hatteras during the winter
months (Keinath 1993; Epperly et al. 1995). Epperly et al.
(1995) found that most turtles occurred south of Cape Hat-
teras in association with the fronts of Gulf Stream eddies.
Similarly, our turtles occurred farther offshore in associa-
tion with the western frontal system of the Gulf Stream, in
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areas with warmer waters and relatively high NPP (Figs. 3,
4, 7). There may also be strong chlorophyll frontal zones off
Cape Hatteras that were not evident in this study. There are
unpublished anecdotal observations of turtles brumating in
near-shore waters during the winter months within this
region. Hawkes etal. (2007) and Hoscheid et al. (2005)
each reported one loggerhead turtle exhibiting extended
‘hibernation’ type dives, so it is possible that some turtles
remain near-shore during the winter months; however,
these observations are rare.

Ecologically, the Chesapeake Bay is highly productive
and the interannual philopatry exhibited by neritic turtles in
this study is likely an adaptive response to historically high
productivity within the eutrophic Chesapeake Bay and
northern coastal waters. Peak productivity in this region
occurs primarily during the spring and summer months
when turtles are established in their seasonal foraging
grounds (Fig. 5b). The Bay may also provide refuge against
predation from large coastal shark species which are mostly
rare or absent in the brackish Bay salinities (Musick et al.
1993).

Migratory strategies and oceanography

Tracking studies of turtles captured from Florida to Vir-
ginia suggest that loggerhead sea turtles are not randomly
distributed but are spatially limited or influenced by sea-
sonal changes in SST (Keinath 1993; Nelson 1996). Most
adult female loggerheads found nesting along the eastern
coast of the United States exhibit a seasonal north—-south
migration pattern along the coastline (Hopkins-Murphy
et al. 2003; Plotkin and Spotila 2002). Epperly et al. (1995)
and Coles and Musick (2000) examined aerial sea turtle
sightings in relation to AVHRR satellite imagery of SST.
Loggerheads were mostly observed in temperatures >11°C,
ranging up to 29°C (Epperly et al. 1995; Coles and Musick
2000). Aerial turtle sightings off North Carolina during
colder winter months suggest that favorable thermal sea
turtle habitat occurs along the western edge of the Gulf
Stream or outer continental shelf, particularly east and
south of Cape Hatteras (Shoop and Kenney 1992; Epperly
etal. 1995). Mansfield (2006) and Hawkes et al. (2007)
observed satellite tracked adult female loggerheads from
Virginia and North Carolina establish wintering habitat
along the western edge of the Gulf Stream in waters off of
both North Carolina and Florida.

Moon et al. (1997) reported that Kemp’s ridleys exhib-
ited hyperactive behavior (defined by continuous move-
ment of the fore flippers) and remained at the surface for
extended periods of time when temperatures dropped below
20°C. This suggests that one possible trigger for migration,
at least among Kemp’s ridleys, is a drop in SST (or maxi-
mum available temperature) below 20°C. Our data suggest
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that a similar 20°C temperature threshold may also apply to
juvenile loggerheads followed by sustained directional
movement at the time of migration. It is likely that these
turtles were exhibiting behavior analogous to “migratory
restlessness” or Zugenruhe. Migratory restlessness is com-
mon in migratory birds prior to seasonal migrations and is
characterized, in part, by increased activity levels and
directional orientation (Farner 1955; Helms 1963; Drickamer
and Vessey 1986; Berthold 1996).

Large numbers of sea turtles migrate north of Cape
Hatteras to forage during the warmer months (Shoop and
Kenney 1992; Morreale and Standora 1988; Plotkin and
Spotila 2002; Hawkes et al. 2007). They return south along
this migration route in the fall (Shoop and Kenney 1992;
Keinath 1993; Morreale and Standora 1988; Plotkin and
Spotila 2002). For immature loggerhead sea turtles, Cape
Hatteras acts as a seasonal “migratory bottleneck”. It is at
this juncture that four of our turtles entered the Gulf
Stream, two of which (both wild) traveled to the north
Atlantic gyre off the Grand Banks. A small number of other
studies report similar oceanic dispersal strategies among
loggerheads captured along the eastern USA coast (Byles
1988; Eckert and Martins 1989; Morreale and Standora
1988; McClellan and Read 2007). However, with the
exception of McClellan and Read (2007), these studies
have limited sample sizes or transmission days. One-third
of (n=10 of 30) wild juvenile loggerheads from North
Carolina’s waters traveled in the Gulf Stream to the north
Atlantic (McClellan and Read 2007). Approximately a
quarter (n =6 of 23) of our study animals behaved simi-
larly; and, excluding headstart turtles, one in five (n = 3 of
16) wild turtles adopted an oceanic lifestyle. Our data sug-
gest plasticity in habitat use, and show that large benthic
juveniles can resume an oceanic lifestyle for extended
periods (up to 3 years), and can switch between neritic and
oceanic habitats.

Data from this study and McClellan and Read (2007) sug-
gest that there does not appear to be a phenotypic link
between neritic versus oceanic habitat among juvenile log-
gerheads tracked from the western North Atlantic. These
results differ from Hawkes et al. (2006) where smaller postn-
esting loggerheads from the Cape Verde Islands were found
to forage oceanically, whereas larger postnesting females for-
aged coastally. Hatase et al. (2006) found that postnesting
green turtles off the coast of Japan exhibited both neritic and
oceanic foraging strategies; though, there was not a link
between size of turtle and habitat use. However, Hatase et al.
(2002) did find a size-based dichotomy in habitat use among
postnesting loggerheads off of Japan. Regardless, behavioral
and phenotypic dichotomies exist among different species
and age classes of sea turtle and our data contribute to the
arguments that classic life history models are not as simple as
once assumed (Witzell 2002; McClellan and Read 2007).

In a study that compared diving behavior between head-
start and wild turtles, Keinath (1993) reported that smaller
headstarted turtles had higher dive frequencies per 12-h
period, spent more time at the surface than larger wild tur-
tles, and exhibited surface-based behavior indicative of the
youngest age classes of loggerheads. Keinath (1993) sug-
gested that these differences were due to their oceanic (vs.
neritic habitat) selection and the relative ages of the head-
start animals (2-3 years vs. an estimated 10-18 years for
wild neritic juvenile turtles; NMFS SEFSC 2009). Prior to
release, headstart turtles were fed a gel diet to accelerate
growth in captivity. Thus, the sizes of headstart turtles were
comparable to older wild juveniles found in the Chesapeake
Bay (Coles 1999), yet the turtles were only between 2 and
3 years of age.

While none of the oceanic turtles in this study exhibited
fidelity to a discrete oceanographic region their movements
were constrained by SST to waters of >10°C. It is possible
that this lack of fidelity to a specific area may reflect, in
part, resource availability. The North Atlantic is one of the
most productive regions among the world’s oceans and is a
common foraging habitat for leatherback sea turtles (Derm-
ochelys coriacea) (Saba et al. 2008). However, the North
Atlantic’s harsh winters would restrict turtles to the warmer
Gulf Stream waters during the colder months. This suggests
that year-round oceanic foraging behavior may comprise
two strategies: (1) in the later winter/early spring through
the summer, turtles take advantage of the highly productive
North Atlantic spring bloom when prey availability is high
and SST begins to warm; and (2) during the fall and winter
months, turtles must move closer to the warmer Gulf
Stream, relying on frontal zones associated with the Gulf
Stream and near-by mesoscale eddies for prey hotspots.
Similarly, in the northeast Atlantic, Witt et al. (2007) noted
decreased leatherback sightings in the late fall and winter,
as well as a latitudinal size gradient where larger turtles
were found further north. Leatherback turtles feed exclu-
sively on gelatinous zooplankton and utilize the North
Atlantic during the spring, summer, and fall (Saba et al.
2008) but have yet to be observed over-wintering there
(James et al. 2005b) as one loggerhead did in this study.
Leatherbacks are larger and can tolerate cooler tempera-
tures (James et al. 2006) than loggerheads, yet they still
return to tropical waters every winter. This suggests that
prey associated with the northern Gulf Stream during the
winter may not be suitable for leatherbacks, forcing the
leatherbacks to migrate south for sufficient resources.

Migration associated with mesoscale eddies is not an
uncommon behavior for loggerheads. Polovina et al. (2006)
showed that juvenile Pacific loggerheads moved along
eddies, likely taking advantage of the prey aggregations
derived from both physical forcing and enhanced nutrients.
Given the small number of turtles from this study that
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adopted an oceanic strategy with mesoscale eddy use, it
appears that coastal foraging may be the more common
strategy. Coastal areas are typically more productive than
pelagic areas (Saba et al. 2008) and are closer to nesting
beaches, thus the energetic costs/benefits of utilizing
coastal areas may be more efficient.

Management considerations

While sea turtle migrations within the western Atlantic
neritic zone correspond to seasonal changes in environmen-
tal conditions (e.g., SST), it is also probable that seasonal
philopatry or site fidelity plays a strong role in determining
habitat use among immature loggerheads. These changes
may be ‘predictable’ and cyclical, driven by natural envi-
ronmental and/or resource fluctuations (e.g., the thermal
environment becomes seasonally inhospitable to the ani-
mal), or they may be due to changes in habitat quality over
time (e.g., declines in prey availability). It is possible that
observed declines in Virginia’s sea turtle abundances since
the 1980s may reflect recent declines in blue crab and
horseshoe crab prey availability within the Chesapeake
Bay, ultimately influencing sea turtle distributions (Lipcius
and Stockhausen 2002; Mansfield 2006; Seney and Musick
2006). However, more telemetry data from immature log-
gerheads within the northwestern Atlantic are needed.

Our data support the argument that the Chesapeake Bay
continues to provide important seasonal developmental
habitat for immature loggerhead sea turtles for several
years as they mature (Lutcavage and Musick 1985; Mans-
field 2006). During their seasonal migrations north or south
of Cape Hatteras, sea turtles are at risk of encountering
coastal fisheries (Epperly et al. 1995) and hopper dredge
operations. Recurring seasonal fidelity to a particular forag-
ing or wintering habitat may increase the probability of
incidental takes by fishing activities, particularly fixed fish-
ing gears, cooccurring in these regions (Mansfield 2006).
These data reinforce the importance of mitigating anthropo-
genic activities such as fishing and hopper dredging within
immature loggerhead developmental foraging, migratory,
and wintering habitat for turtles originating from both the
northern and southern subpopulations. Localized sources of
mortality (e.g., coastal fishing, hopper dredging) affecting
juvenile loggerheads in North Carolina and Virginia will
therefore ultimately affect the entire USA Atlantic logger-
head population. Special management consideration with
an effort to reduce threats to sea turtle survival, particularly
during periods of seasonal migrations, should be given to
this region.

The classic loggerhead life history model assumes that
once immature oceanic loggerheads reach a certain size, an
ontogenetic shift occurs and turtles move from oceanic to
neritic habitats (Carr 1987; Musick and Limpus 1997;
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Bjorndal et al. 2000; Snover 2002). However, our study,
along with others (Morreale and Standora 1988; Witzell
2002; McClellan and Read 2007), suggests that a propor-
tion of neritic juveniles resume an oceanic lifestyle for at
least a year (and up to three). Our study suggests that his-
toric sea turtle life history models should be reevaluated
and that a large proportion (1:3, to 1:4 or 1:5) of immature
loggerheads originating from northwestern Atlantic exhibit
plasticity in habitat use (McClellan and Read 2007). Thus,
when evaluating hazards and potential anthropogenic
impacts for specific life stages of loggerhead sea turtles,
managers must consider that larger juvenile loggerheads
from western Atlantic populations may not remain strictly
within the neritic zone.

Acknowledgments We are grateful to Virginia pound netters and
watermen for providing us with wild-caught sea turtles. We also thank
Virginia Aquarium Stranding and Research program and T. Bargo for
providing live turtles. Special thanks are due to M. Fagan, S. Fertall,
D. Keinath, A. Knowles, E. Seney, for field assistance, and to S. Sher-
rill-Mix for providing his program and expertise for our hexagon-bin
analyses. Funding was made available for this project by the Army
Corps of Engineers, Norfolk District. We also thank R. Brill and M.
Musyl for providing us with several satellite tags; and M. Coyne of sea-
turtle.org for his assistance and we acknowledge the use of the Satellite
Tracking and Analysis Tool. Our research was conducted in compli-
ance with the current laws and protected species permitting guidelines
of the United States. Oceanographic data sources. NASA’s Ocean
Color Project MODIS sensor data available from: http://oceancolor.
gsfc.nasa.gov. Vertically Generalized Production Model (VGPM) data
available from the Oregon State University Ocean Productivity
website: http://web.science.oregonstate.edu/ocean.productivity. Ssal-
to/Duacs distributed by Archiving Validation and Interpretation of
Satellite Data in Oceanography (AVISO) with satellite data derived
from TOPEX/Poseidon, Jason, and ERS-1/2, available from: ftp://
ftp.cls.fr/pub/oceano/AVISO/SSH/duacs/global/dt/ref/msla/merged/h.
Monthly images were processed, smoothed, and extracted from http://
argo.colorado.edu/~realtime/gsfc_global-real-time_ssh/.

References

Argos (1988) User’s Manual: Version 1.0, November 1988. Argos/
CLS, Toulouse, France, pp 156

Argos (1996) User’s Manual: Version 1.0, January 1996. Argos/CLS,
Toulouse, France, pp 176

Avens L (2003) Homing behavior, navigation, and orientation of juve-
nile sea turtles. PhD thesis, Duke University. Chapel Hill, North
Carolina

Avens LA, Lohmann KJ (2004) Navigation and seasonal migratory
orientation in juvenile sea turtles. J Exp Biol 207:1771-1778

Avens L, Braun JB, Epperly SP, Lohmann KJ (2003) Site fidelity and
homing behavior in juvenile loggerhead sea turtles, Caretta caretta.
Mar Biol 143:211-220

Bass AL, Epperly SP, Braun-McNeill J (2004) Multi-year analysis of
stock composition of a loggerhead turtle (Caretta caretta) forag-
ing habitat using maximum likelihood and Bayesian methods.
Conserv Genet 5:783-796

Belkin IM, O’Reilly JE (2009) An algorithm for oceanic front detec-
tion in chlorophyll and sea surface temperature satellite imagery.
J Mar Syst (in press). doi:10.1016/j.jmarsys.2008.11.018


http://oceancolor.gsfc.nasa.gov
http://oceancolor.gsfc.nasa.gov
http://web.science.oregonstate.edu/ocean.productivity
http://dx.doi.org/ftp://ftp.cls.fr/pub/oceano/AVISO/SSH/duacs/global/dt/ref/msla/merged/h
http://dx.doi.org/ftp://ftp.cls.fr/pub/oceano/AVISO/SSH/duacs/global/dt/ref/msla/merged/h
http://argo.colorado.edu/~realtime/gsfc_global-real-time_ssh/
http://argo.colorado.edu/~realtime/gsfc_global-real-time_ssh/
http://dx.doi.org/10.1016/j.jmarsys.2008.11.018

Mar Biol (2009) 156:2555-2570

2569

Bell R, Richardson JI (1978) An analysis of tag recoveries from
loggerhead sea turtles (Caretta caretta) nesting on Little Cumber-
land Island, Georgia, Florida. Mar Res Publ 33:20-24

Berthold P (1996) Control of bird migration. Chapman and Hall,
London, p 355

Bjorndal KA, Bolten AB, Martins HR (2000) Somatic growth model
of juvenile loggerhead sea turtles Caretta caretta: duration of the
pelagic stage. Mar Ecol Prog Ser 202:265-272

Bowen BW, Bass AL, Chow S, Bostrom M, Bjorndal KA, Bolten AB,
Okuyama T, Bolker BM, Epperly S, Lacasella E, Shaver D,
Dodd M, Hopkins-Murphy SR, Musick JA, Swingle M, Rankin-
Baransky K, Teas W, Witzell WN, Dutton PH (2004) Natal
homing in juvenile loggerhead turtles (Caretta caretta). Mol Ecol
13(12):3797-3808

Britten MW, Kennedy PL, Ambrose S (1999) Performance and accu-
racy evaluation of small satellite transmitters. J Wildl Manag
63:1349-1358

Broderick AC, Coyne MS, Fuller WJ, Glen F, Godley BJ (2007) Fidel-
ity and overwintering of sea turtles. Proc R Soc B 274:1533-1538

Brothers N, Gails R, Hedd A, Robertson G (1998) Foraging move-
ments of the shy albatross Diomeda cauta breeding in Australia;
implications for interactions with longline fisheries. Ibis
140:446-457

Byles RA (1988) The behavior and ecology of sea turtles in Virginia.
PhD thesis, Virginia Institute of Marine Science, College of
William and Mary, Gloucester Point, Virginia

Carr A (1986) Rips, FADS and little loggerheads. Bioscience
36(2):92-100

Carr A (1987) New perspectives on the pelagic stage of sea turtle
development. Conserv Biol 1(2):103-121

CLS America, Inc. (2007) ARGOS User’s manual: worldwide tracking
and environmental monitoring by satellite. Argos/CLS, Toulouse,
France, October 14, 2008 update. Online: http://www.argos-sys-
tem.org/manual/index.html#home.htm

Coles W (1999) Aspects of the biology of sea turtles in the mid-Atlan-
tic bight. PhD thesis, Virginia Institute of Marine Science, Col-
lege of William and Mary, Gloucester Point, Virginia

Coles W, Musick JA (2000) Satellite sea surface temperature analysis
and correlation with sea turtle distribution off North Carolina.
Copeia 2000(2):551-554

Coyne MS, Godley BJ (2005) Satellite Tracking and Analysis Tool
(STAT): an integrated system for archiving, analyzing and
mapping animal tracking data. Mar Ecol Prog Ser 301:1-7

De Solla SR, Bonduriansky R, Brooks RJ (1999) Eliminating autocor-
relation reduces biological relevance of home range estimates.
J Anim Ecol 68:221-234

Donnelley M (1994) Sea turtle mariculture: a review of relevant
information for conservation and commerce. Center for Marine
Conservation, Washington, DC, 113 pp

Drickamer LC, Vessey SH (1986) Animal behavior: concepts, pro-
cesses and methods, 2nd edn. Prindle, Weber & Schmidt, Boston,
Massachusetts, pp 411-440

Eckert SA, Martins HR (1989) Transatlantic travel by juvenile logger-
head turtle. Mar Turtle Newsl 45:15

Encalada SE, Bjorndal KA, Bolton AB, Zurita JC, Schroeder B,
Possardt E, Sears CJ, Bowen BW (1998) Population structure of
loggerhead turtle (Caretta caretta) nesting colonies in the
Atlantic and Mediterranean as inferred from mitochondrial DNA
control region sequences. Mar Biol 130:567-575

Epperly SP, Braun J, Chester AJ, Cross FA, Merriner JV, Tester PA
(1995) Winter distribution of sea turtles in the vicinity of Cape
Hatteras and their interactions with the summer flounder fishery.
Bull Mar Sci 56(2):547-568

Farner D (1955) The annual stimulus for migration: experimental and
physiological aspects. In: Wolfson A (ed) Recent studies in avian
biology. University of Illinois Press, Urbana, Illinois, pp 198-237

Hatase H, Takai N, Matsuzawa Y, Sakamoto W, Omuta K, Goto K,
Arai N, Fujiwara T (2002) Size-related differences in feeding hab-
itat use of adult female loggerhead turtles Caretta caretta around
Japan determined by stable isotope analyses and satellite teleme-
try. Mar Ecol Prog Ser 233:273-281

Hatase H, Sato K, Yamaguchi M, Takahashi K, Tsukamoto K (2006)
Individual variation in feeding habitat use by adult female green
sea turtles (Chelonia mydas): are they obligately neritic herbi-
vores? Oecologia 149:52-64

Hawkes LA, Broderick AC, Coyne MS, Godfrey MH, Lopez-Jurado
L-F, Lopez-Suarez P, Merino SE, Varo-Cruz N, Godley BJ
(2006) Phenotypically linked dichotomy in sea turtle foraging re-
quires multiple conservation approaches. Curr Biol 16:990-995

Hawkes LA, Broderick AC, Coyne MS, Godfrey MH, Godley BJ
(2007) Only some like it hot: quantifying the environmental niche
of the loggerhead sea turtle. Divers Distrib 13(4):447-457

Hays GC, Akesson S, Godley BJ, Luschi P, Santidrian P (2001) The
implications of location accuracy for the interpretation of satel-
lite-tracking data. Anim Behav 61:1035-1040

Helms C (1963) The annual cycle and Zugenruhe in birds. In: Ameri-
can Ornithologist’s Union (ed) Proceedings of the XIII interna-
tional ornithological congress, american ornithologist’s union.
Allen Press, Lawrence, Kansas, pp 925-939

Hooge PN, Eichenlaub W, Hooge ER (2001) Animal Movement 2.5.
US Geological Survey, Alaska Biological Science Center,
Anchorage, Alaska

Hopkins-Murphy SR, Owens DW, Murphy TM (2003) Ecology of
immature loggerheads on foraging grounds and adults in intern-
esting habitat in the eastern United States. In: Bolton A, Withe-
rington B (eds) Loggerhead sea turtles. Smithsonian Institution
Press, Washington, DC, pp 79-92

Hoscheid S, Bentivegna F, Hays GC (2005) First records of dive dura-
tions for hibernating a sea turtle. Biol Lett 1:82-86

James MC, Ottensmeyer CA, Meyers RA (2005a) Identification of
high-use habitat and threats to leatherback sea turtles in northern
waters: new directions for conservation. Ecol Lett 8:195-201

James MC, Meyers RA, Ottensmeyer CA (2005b) Behaviour of leath-
erback sea turtles, Dermochelys coriacea, during the migratory
cycle. Proc R Soc B 272:1547-1555

James MC, Sherrill-Mix SA, Martin K, Meyers RA (2006) Canadian
waters provide critical foraging habitat for leatherback turtles.
Biol Conserv 133:347-357

Keinath, JA (1993) Movements and behavior of wild and head-started
sea turtles. PhD thesis, Virginia Institute of Marine Science, Col-
lege of William and Mary, Gloucester Point, Virginia

Kobayashi DR, Polovina JJ, Paker DM, Kamezaki N, Cheng I, Uchida
I, Dutton PH, Balazs GH (2008) Pelagic habitat characterization
of loggerhead sea turtles, Caretta caretta, in the North Pacific
Ocean (1997-2006): insights from satellite tag tracking and
remotely sensed data. J Exp Mar Biol Ecol 356(2008):96—114

Lipcius RN, Stockhausen WT (2002) Concurrent decline of the spawn-
ing stock, recruitment, larval abundance, and size of blue crab in
Chesapeake Bay. Mar Ecol Prog Ser 226:45-61

Luschi P, Hays GC, Papi F (2003) A review of long-distance move-
ments by marine turtles, and the possible role of ocean currents.
Oikos 103:293-302

Lutcavage H, Musick JA (1985) Aspects of the biology of sea turtles
in Virginia. Copeia 38(4):329-336

Mansfield K (2006) Sources of mortality, movements and behavior of
sea turtles in Virginia. PhD thesis, Virginia Institute of Marine
Science, College of William and Mary, Gloucester Point, Virginia

McClellan CM, Read AJ (2007) Complexity and variation in logger-
head sea turtle life history. Biol Lett 3(6):592-594

Meylan AB, Ehrenfeld D (2000) Conservation of marine turtles. In:
Klemens MW (ed) Turtle conservation. Smithsonian Institution
Press, Washington, DC, pp 96-125

@ Springer


http://www.argos-system.org/manual/index.html#home.htm
http://www.argos-system.org/manual/index.html#home.htm

2570

Mar Biol (2009) 156:2555-2570

Millspaugh JJ, Marzluff JM (2001) Radio tracking and animal popula-
tions. Academic Press, London, p 474

Moon D-Y, Mackenzie DS, Owens DW (1997) Simulated hibernation
of sea turtles in the laboratory: I. feeding, breathing frequency,
blood pH, and blood gases. J Exp Zool 278:372-380

Morreale SJ (1999) Oceanic migrations of sea turtles. PhD thesis,
Cornell University, Ithaca, New York

Morreale SJ, Standora AE (1988) Early life stage ecology of sea turtles
in northeastern US waters. NOAA Technical Memorandum
NMFS-SEFSC-413

Morreale SJ, Meylan AB, Sadove SS, Standora AE (1992) Annual
occurrence and winter mortality of marine turtles in New York
waters. J Herpetol 26(2):130-308

Musick JA, Limpus CJ (1997) Habitat utilization and migration in
juvenile sea turtles. In: Lutz PL, Musick JA (eds) The biology of
sea turtles. CRC Press, Boca Raton, pp 137-163

Musick JA, Branstetter S, Colvocoresses JA (1993) Trends in shark
abundance from 1974 to 1991 in the Chesapeake bight region of
the US Mid-Atlantic Coast. NOAA Technical Report NMFS-115,
pp 1-18

National Marine Fisheries Service, Southeast Fisheries Science Center
(2009) An assessment of loggerhead sea turtles to estimate
impacts of mortality reductions on population dynamics. NMFS
SEFSC Contribution PRD-08/09-14. Miami, Florida, 46 pp

Nelson DA (1996) Subadult loggerhead sea turtle (Caretta caretta)
behavior in St. Marys entrance channel, Georgia, USA. PhD the-
sis, Virginia Institute of Marine Science, College of William and
Mary, Gloucester Point, Virginia

Norrgard JW (1996) Determination of the natal origin of a juvenile log-
gerhead turtle (Caretta caretta) population in Chesapeake Bay
using mitochondrial DNA analysis. Proceedings of the Interna-
tional Symposium on Sea Turtle Conservation Genetics, pp 129—
136. NOAA Technical Memorandum NMFS-SEFSC-396

Pelletier D, Roos D, Ciccione S (2003) Oceanic survival and move-
ments of wild and captive reared immature green turtles (Chelo-
nia mydas) in the Indian Ocean. Aquat Living Resour 16:35-41

Plotkin PT, Spotila JR (2002) Post-nesting migrations of loggerhead
turtles Caretta caretta. Oryx 36(4):396-399

Polovina JJ, Kobayashi DR, Parker D, Seki MP, Balazs GH (2000)
Turtles on the edge: movement of loggerhead turtles (Caretta
caretta) along oceanic fronts, spanning longline fishing grounds in
the central North Pacific, 1997-1998. Fish Oceanogr 9(1):71-82

Polovina J, Uchida I, Balazs GH, Howell EA, Parker D, Dutton P
(2006) The Kuroshio Extension Bifurcation Region: a pelagic
hotspot for juvenile loggerhead sea turtles. Deep-Sea Res II
53:326-339

Rankin-Baransky KC, Williams J, Bass AL, Bowen BW, Spotila JR
(2001) Origin of loggerhead turtles stranded in the northeast Atlan-
tic as determined by mtDNA analysis. J Herpetol 35:638-646

Ryder TS (1995) Daily movements and relocation of loggerhead turtles
(Caretta caretta) at Cape Canaveral, Florida. Master’s thesis, State
University of New York College at Buffalo, Buffalo, New York

Saba VS, Spotila JR, Chavez FP, Musick JA (2008) Bottom-up and cli-
matic forcing on the worldwide population of leatherback turtles.
Ecology 89:1414-1427

Sasso CR, Braun-McNeill J, Avens L, Epperly SP (2006) Effects of
transients on estimating survival and population growth in juve-
nile loggerhead turtles. Mar Ecol Prog Ser 324:287-292

@ Springer

Schwartz FJ (1978) Behavioral and tolerance responses to cold water
temperatures by three species of sea turtles (Reptilia, Chelonii-
dae) in North Carolina. In: Henderson GE (ed) Proceedings of the
Florida interregional conference on sea turtles, 24-25 July 1976,
Jensen Beach, Florida. Florida Marine Research Publication
33(1978):16-18

Seminoff JA, Zarate P, Coyne M, Foley DG, Parker D, Lyon BN,
Dutton PH (2007) Post-nesting migrations of Galdpagos green
turtles Chelonia mydas in relation to oceanographic conditions:
integrating satellite telemetry with remotely sensed ocean data.
Endang Species Res 4:57-72

Seney EE, Landry AM (2008) Movements of Kemp’s ridley sea turtles
nesting on the upper Texas coast: implications for management.
Endang Species Res 4:73-84

Seney EE, Musick JA (2006) Historical diet analysis of loggerhead sea
turtles (Caretta caretta) in Virginia. Copeia 2007(2):478-489

Shaver DJ, Rubio C (2008) Post-nesting movements of wild and head-
started Kemp’s ridley sea turtles (Lepidochelys kempii) in the
Gulf of Mexico. Endang Species Res 4:43-55

Shoop CR, Kenney RD (1992) Seasonal distribution and abundances
of loggerhead and leatherback sea turtles in northeastern United
States waters. Herpetol Monogr 6:43-67

Snover, ML (2002) Growth and ontogeny of sea turtles using skeleto-
chronology: methods validation and application to conservation.
PhD thesis, Duke University, Durham, North Carolina

Spotila JR, Standora EA (1985) Environmental constraints on the ther-
mal energetics of sea turtles. Copeia 1985(3):694-702

Spotila JR, O’Connor MP, Paladino F (1997) Thermal biology. In:
Lutz PL, Musick JA (eds) The biology of sea turtles. CRC Press,
Boca Raton, pp 137-163

Tougaard J, Teilmann J, Tourgaard S (2008) Harbour seal spatial dis-
tribution estimated from Argos satellite telemetry: overcoming
positional errors. Endang Species Res 4:113-122

Turtle Expert Working Group (2007) An assessment of the leatherback
turtle population in the Atlantic Ocean. NOAA Technical Memo-
randum NMFS-SEFSC-555

Vincent C, McConnell BJ, Ridoux V, Fedak MA (2002) Assessment
of ARGOS location accuracy from satellite tags deployed on cap-
tive grey seals. Mar Mamm Sci 18:156-166

White GC, Garrott RA (1990) Analysis of wildlife radio-tracking data.
Academic Press, San Diego, p 383

Witherington BE (2002) Ecology of neonate loggerhead turtles inhab-
iting lines of downwelling near a Gulf Stream front. Mar Biol
140:843-853

Witt MJ, Broderick AC, Johns DJ, Martin C, Penrose R, Hoogmoed
MS, Godley BJ (2007) Prey landscapes help identify potential
foraging habitats for leatherback turtles in the NE Atlantic. Mar
Ecol Prog Ser 337:231-244

Witzell WN (2002) Immature Atlantic loggerhead turtles (Caretta
caretta): suggested changes to the life history model. Herpetol
Rev 33(4):226-269

Zar JH (1999) Biostatistical analysis, 4th edn. Prentice Hall, Inc, Upper
Saddle River, p 663

Zug GR, Vitt LJ, Caldwell JP (2001) Herpetology: introductory
biology of amphibians and reptiles, 2nd edn. Academic Press, San
Diego, p 630



	Satellite tracking reveals a dichotomy in migration strategies among juvenile loggerhead turtles in the Northwest Atlantic
	Abstract
	Introduction
	Materials and methods
	Satellite telemetry
	Data Wlters
	Density utilization plots
	Movement analyses
	Oceanographic composites

	Results
	General movements and turtle body size
	Neritic turtles (n = 17)
	Oceanic turtles (n = 6)
	Oceanography

	Discussion
	Seasonal site Wdelity
	Migratory strategies and oceanography
	Management considerations

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


