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Where the leatherbacks roam:
movement behavior analyses
reveal novel foraging locations
along the Northwest
Atlantic shelf
Mitchell J. Rider1*, Larisa Avens2, Heather L. Haas3,
Joshua M. Hatch3, Samir H. Patel4 and Christopher R. Sasso5

1Rosenstiel School of Marine, Atmospheric, and Earth Science, University of Miami, Miami, FL, United States,
2Southeast Fisheries Science Center, National Oceanic & Atmospheric Administration (NOAA) Fisheries,
Beaufort, NC, United States, 3Northeast Fisheries Science Center, National Oceanic & Atmospheric
Administration (NOAA) Fisheries, Woods Hole, MA, United States, 4Coonamessett Farm Foundation, East
Falmouth, MA, United States, 5Southeast Fisheries Science Center, National Oceanic & Atmospheric
Administration (NOAA) Fisheries, Miami, FL, United States
Leatherback sea turtles (Dermochelys coriacea) migrate along the east coast of the

United States, traversing the South and Mid-Atlantic Bights (SAB and MAB) while

traveling to and fromwell-known northern foraging areas off Southern New England

(SNE) and Nova Scotia. However, there is limited information on leatherback

movement behavior in these regions. To identify leatherback movement patterns,

we fit hidden Markov models (HMMs) to satellite transmitter data from 52

leatherbacks tagged between 2017 and 2022 off the coasts of Massachusetts and

North Carolina to estimate locations of area restricted searching (ARS) and transient

behaviors. Depth-temperature profiles were then paired to locations associatedwith

ARS behavior to understand the vertical use of the water column. We observed

leatherbacks displaying ARS behavior in SNE as expected, but also in the MAB and

SAB. The HMM results indicated that leatherbacks were primarily foraging in SNE

between Nantucket and Long Island Sound and depth-temperature plots from ARS

behavior on Nantucket Shoals implied turtles foraging throughout the entire water

column. In the MAB, ARS behavior was concentrated between Cape Hatteras, North

Carolina, and the mouth of Delaware Bay during the summer. Turtles were closely

associated with a well-defined thermocline, but still appeared to dive to deeper

cooler waters, which may be a sign of thermoregulatory behavior. There was

evidence of foraging in the SAB along the coast as well as along the continental

shelf edge. The ARS behavior we documented within the MAB and SAB is the first

published empirical evidence that both areas may be important foraging grounds.

Our results lay a path for future research to understand how leatherbacks use these

areas and the potential anthropogenic threats encountered while moving through

these regions.
KEYWORDS

satellite telemetry, leatherback turtle, movement ecology, foraging, migration, Mid-
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1 Introduction

Understanding the movement ecology of migratory species is

critical to identifying key components of their behavior that may

overlap with anthropogenic activity (Lascelles et al., 2014).

Pinpointing such overlap can be difficult, as migratory species

occupy wide geographic ranges that encompass areas where in situ

observation of an individual’s position or behavior is near impossible.

This is especially true for migratory marine species, since they move

across geographic and political boundaries (Lascelles et al., 2014).

However, recent advancements in tracking technology have

facilitated movement studies of marine species with pluriannual

migration cycles that span entire ocean basins (Lennox et al.,

2017). As tracking technology continues to develop with enhanced

battery life, finer spatial resolution, and the ability to collect ancillary

data (i.e., temperature, depth, etc.), we can begin answering more

specific questions about a species’ migration and the anthropogenic

threats encountered along the way (Hussey et al., 2015).

In the past two decades, extensive tracking efforts have

enhanced our understanding of the migration cycle of leatherback

sea turtles (Dermochelys coriacea; James et al., 2005a; James et al.,

2005b; James et al., 2005c; Eckert, 2006; Evans et al., 2021). These

turtles undertake extensive migrations that can span multiple years

(Stewart et al., 2014), traveling from subtropical and tropical nesting

beaches to temperate foraging areas where prey (gelatinous

zooplankton) tend to concentrate (Eckert, 2006; Hays et al., 2006;

Evans et al., 2021). Despite these tracking efforts, there are still

knowledge gaps in certain regions, including the Northwest Atlantic

Ocean, regarding the locations of important migratory corridors

and foraging areas.

Methods using telemetry data to differentiate between

migratory and foraging behavior have been improving. Early

studies that tracked leatherbacks along the Northwest Atlantic

inferred foraging and migratory behaviors through residency

patterns (James et al., 2005b; Dodge et al., 2014). Recently, studies

have been employing the use of state-space models to infer behavior

based on speed and turning angles (e.g., Sasso et al., 2021). While

these methods have proven useful in identifying areas of high use,

identifying foraging behavior in leatherbacks can be difficult as they

can forage while moving with directional persistence (Wallace et al.,

2015). The ability to resolve foraging vs. migratory behavior using

telemetry data for leatherback turtles would therefore require

collecting additional data, such as dive metrics, along with

advanced modeling techniques that can infer latent behavioral

states from geolocations and diving information (McClintock and

Michelot, 2018). While such approaches already exist and have been

used to infer latent behaviors of loggerhead sea turtles (Caretta

caretta; Chimienti et al., 2020), these methods have yet to be applied

to leatherbacks, specifically those in the Northwest Atlantic.

Based on previously used methods involving residency and

state-space models incorporating speed and turning angles, several

potential foraging areas in the Northwest Atlantic have been

suggested. Leatherbacks migrating from nesting beaches in the

Caribbean Sea and the Southeastern United States displayed high

residency and area-restricted searching behavior along the Gulf

Stream (Chambault et al., 2017) and continental shelf (Dodge et al.,
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2014). Along the Gulf Stream, it was suggested that leatherbacks

target ephemeral patches of prey (Hays et al., 2006), while turtles

traveling along the continental shelf target specific areas with

annual blooms of prey (James et al., 2005b). While foraging

behavior along the Gulf Stream has only been inferred based on

movement behavior, studies involving extensive survey efforts,

multi-year tracking, and animal-borne surveillance give strong

evidence that primary foraging areas along the shelf exist in

Southern New England (SNE; Dodge et al., 2014; Dodge et al.,

2018), and Nova Scotia (James et al., 2005a; James et al., 2005b;

James et al., 2005c; Wallace et al., 2015). In addition to the known

continental shelf foraging locations, existing tagging data hints at

other potential foraging areas along the United States coastline.

According to several studies, post-nesting leatherbacks from Florida

were observed exhibiting high use of the South Atlantic Bight (SAB)

and Mid-Atlantic Bight (MAB; Eckert et al., 2006; Turtle Expert

Working Group (TEWG), 2007). These findings, combined with

observations of leatherbacks tagged off Massachusetts and Nova

Scotia occupying the SAB and MAB during the overwintering

period (James et al., 2005a; James et al., 2005b; James et al.,

2005c; Dodge et al., 2014), suggest that the SAB and MAB may

serve as foraging areas for Northwest Atlantic leatherbacks.

However, analyses of telemetry data elucidating specific

movement behaviors (i.e., foraging and migrating) within each of

these regions have not been conducted.

The purpose of this study is to integrate geolocation and dive

data into behavior models to identify migratory corridors and

potential foraging areas used by leatherbacks along the East Coast

of the United States. We affixed satellite transmitters to leatherbacks

off Massachusetts in the summer and North Carolina in the spring

and compared subsequent diving and movement patterns. Tracking

leatherbacks from a known foraging area off Massachusetts allowed

us to observe their post-foraging migrations to determine secondary

foraging areas and over-wintering areas along the continental shelf.

Tracking turtles captured off North Carolina enabled us to assess

diving and movement behavior along migratory routes and identify

subsequent foraging areas. We used both multivariate hidden

Markov models (HMMs) and depth-temperature profiles to

identify whether track segments were associated with searching/

foraging or transient behavior. We predicted that in addition to

known foraging areas off SNE and Nova Scotia, both the SAB and

MAB contain important corridors and foraging areas that are

exploited by leatherbacks migrating annually along the

continental shelf. Identifying key areas is critical to informing

successful conservation management strategies considering the

myriad of anthropogenic threats leatherbacks face across the

Northwest Atlantic.
2 Methods

2.1 Ethics statement

All procedures and methods were reviewed and approved by the

National Marine Fisheries Service’s Atlantic Institutional Animal

Care and Use Committee (IACUC). NOAA Fisheries reviewed and
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approved the animal study. All work was conducted under ESA

permits 21233 issued to the National Marine Fisheries Service

Southeast Fisheries Science Center.
2.2 Tag deployments

Tagging took place between 2017 and 2022 in two locations

along the east coast of the United States: Cape Cod, Massachusetts

and Cape Lookout, North Carolina. The waters off Cape Cod

correspond to a known foraging ground for leatherbacks

migrating along the continental shelf in Southern New England

(SNE; Dodge et al., 2014; Dodge et al., 2018). Tagging efforts took

place between August and October and were concentrated along the

eastern and southern boundary of Cape Cod Bay (2017-2019) and

along Nantucket Shoals (2022; Supplementary Figure S1). Cape

Lookout hosts several leatherback nests per year (Rabon et al.,

2003), but primarily serves as a migratory “bottleneck” for turtles

migrating to northern foraging grounds during the late spring.

Tagging took place in May either within Cape Lookout Bight or off

its western shore (Supplementary Figure S1).

Leatherback capture and tagging methods were based on those

used by Sasso et al. (2021) and the National Marine Fisheries Service

(NMSF) Southeast Fisheries Science Center (SEFSC) (2008). A

spotter aircraft was used to locate turtles and direct a capture

vessel to them. Using a 2-m breakaway hoop net, turtles were

captured and promptly lifted onto a small inflatable craft for the

workup which consisted of measurements and tagging. Both curved

carapace length (CCL) along the ridge and width (CCW) were

recorded, and the CCL measurement was used to classify turtles as

adults (CCL >130 cm) or late-stage juveniles (<130 cm) (Avens

et al., 2020). For all adults, we determined sex based on the tail

length. If not already present, a metal flipper tag was inserted onto

both rear flippers, and a passive integrated transponder (PIT) tag

was inserted into the shoulder musculature. Last, a satellite

transmitter (MK-10AF, Wildlife Computers, Redmond, WA,

USA) was attached to the caudal peduncle via a monofilament

tether (Sasso et al., 2021). Once measurements and tagging were

complete, turtles were released back into the water. The whole

workup for each individual took place within 30 minutes.

The satellite transmitters communicated both Argos- and

Fastloc GPS-derived locations via the Argos satellite system.

While there was no limit to the number of Argos locations

transmitted per day, we programmed transmitters to relay four

GPS locations per day. Fastloc GPS locations were subsequently

determined using the Wildlife Computers’ DAP processor.

Transmitters recorded dive information via pressure and

temperature sensors with resolutions of ± 0.5 m and ± 0.05˚C,

respectively. Within 6-hour intervals starting at 0:00 GMT, the

proportion of time and the number of dives were recorded within

preprogrammed depth bins (0, 2, 5, 10, 25, 50, 100, 200, 300, 400,

500, 750, 1000, and >1000 m). Similarly, the number of dives within

preprogrammed duration bins (0.5, 1, 2, 3, 4, 5, 10, 15, 20, 25, 30, 35,

40, and >40 minutes) were also recorded. A dive was recorded if the

turtle surpassed a depth of two meters for more than 30 seconds.

Additionally, transmitters measured temperature and depth
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summary data henceforth referred to as ‘PAT-style Depth-

Temperature Profiles’ (PDTs). The PDT summary data contained

the minimum and maximum temperatures recorded at different

depth intervals (8-m resolution) during each 6-hour interval. To

conserve battery life, transmitters were duty-cycled to relay

information every four days.
2.3 Migratory routes and connectivity

In order to examine migratory routes and connectivity, we

filtered the location data and reconstructed the tracks. Argos

location data were calculated using the Kalman Filter algorithm

provided by the CLS-Argos service (Lopez et al., 2013), which

provided location-specific error ellipse information for all Argos

positions. Using error ellipse information can often provide a better

accounting of location measurement error than the traditional

location quality class (e.g., location quality class 3 estimated error

radius of <250 m, etc.; McClintock et al., 2015). Fastloc GPS

locations were assumed to be within approximately 50 m of a

turtle’s true position as 95% of GPS locations are accurate to ± 55 m

(Bryant, 2007). Following standard guidelines for tracking marine

animals, GPS locations were kept and used for analysis only if they

were detected by six or more satellites and had a residual error less

than 30 m (Witt et al., 2010; Dujon et al., 2014).

Prior to reconstructing tracks, both Argos- and GPS-reported

locations were filtered to exclude erroneous locations, including

those on land or with a location class of Z (due to their lack of

estimation error). Any locations that yielded travel rates above 5 km

h-1 were also excluded (James et al., 2005c) using a speed filter from

the R package argosfilter (Freitas et al., 2008). Additionally, data

were filtered to exclude instances in which a transmitter

prematurely detached from the turtle and continued to float and

transmit. Premature detachment was assumed if the total time at

depth deeper than two meters equaled and stayed equal to zero for

the remainder of the deployment period. In those instances, all data

leading up to the tag detachment were retained. The first 24 hours of

each deployment were also excluded from analyses to reduce any

potential change in movement behavior that resulted from the

capture and tagging procedure.

Interpolating transmitter data becomes challenging when there

are large gaps in data, which can be common with Argos positions.

This is especially true when gaps last weeks to months, as a lack of

data can lead to unlikely location predictions within those gaps

(Vogel et al., 2021). Thus, gaps were defined if missing data

persisted for more than 10 days. Missing data gaps required

tracks to be split into sub-tracks, with those sub-tracks being

analyzed separately. If a sub-track contained less than 15

locations, then it was removed prior to track reconstruction. We

excluded sub-tracks with less than 10 days or 15 locations because

they would not be sufficient to estimate positions or behavior.

Remaining data were re-projected into an oblique Mercator

projection centered at 35˚N and 75˚W corresponding to the East

Coast of the United States (Hatch et al., 2022).

After prefiltering and splitting tracks, the remaining data were

used to reconstruct the most likely path for each leatherback by
frontiersin.org
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employing a continuous-time correlated random walk (CTCRW)

state-space model using the R package aniMotum (Jonsen et al.,

2023). The CTCRW state-space model allowed us to account for the

uncertainty of locations and irregular time series of the Argos and

GPS positions (Jonsen et al., 2020) and has been successfully used to

reconstruct paths of leatherbacks and other sea turtle species

(Winton et al., 2018; Asada et al., 2021). Additionally, we

predicted positions at regular intervals, checking each model for

convergence , fi t , and if assumptions were met ( i .e . ,

homoscedasticity of residuals, normality of residuals, and reduced

autocorrelation). We used an interval of 12 hours as dive data were

not available for every 6-hour time bin and using a longer interval

did not provide enough resolution in step lengths and turning

angles to properly parse out area-restricted and transient behavior.

Since dive data were recorded within 6-hour time bins, we averaged

the number of dives and dive duration across 12-hour time bins and

joined those metrics to the locations predicted at 12-hour intervals.
2.4 Searching and transient behavior

To distinguish between different types of behavior along each

leatherback’s track, we used hidden Markov models (HMMs).

HMMs associate observed behavior data, in this case the location

and dive data, with an underlying latent process that is interpreted

as the animals’ unobserved behavior (e.g., foraging and migrating).

HMMs have been used to distinguish underlying behaviors along

the migration routes of sea turtle species such as loggerheads

(Chimienti et al., 2020) and Kemp’s ridleys (Gredzens and

Shaver, 2020).

We tested models with combinations of four different behavior

states, alternative parameter distributions, and starting values using

the R package momentuHMM (McClintock and Michelot, 2018).

The state process was modeled as a function of four variables: step

length (i.e., Euclidean distance between two successive locations),

turning angles (i.e., angles between successive locations), number of

dives performed (averaged over a 12-hour period), and the average

dive duration. Step length was modeled with a Gamma distribution,

turning angles with a wrapped Cauchy distribution, number of

dives with a negative binomial distribution, and average dive

duration with a Gamma distribution.

We tested two-, three-, and four-state models each consisting of

different combinations of behavioral states corresponding to

searching and transiting behaviors. For the two-state model, the

states corresponded to area restricted searching (ARS) and transient

behaviors. To ensure model convergence with biologically relevant

results, we set initial parameters for each state to coincide with

previous observations of leatherback movement behavior in the

Northwest Atlantic. Off Nova Scotia, leatherbacks were observed to

dive less frequently and for longer durations as they transitioned

from foraging to migrating (James et al., 2005b). Initial parameters

for ARS behavior were represented by shorter step lengths (~10 km

per 6 hours), higher concentration of turns, frequent dives

(~45 dives per 6 hours), and shorter dive durations (~8 minutes),

while those of transient behavior were characterized by longer step
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lengths (~30 km per 6 hours), lower concentration of turns, less

frequent dives (~15 dives per 6 hours), and long dive durations (~24

minutes). For the three-state model, we followed methods by

Chimienti et al. (2020) and split ARS behavior into two separate

states corresponding to dive frequency and duration: High intensity

ARS (ARS-H) and low intensity ARS (ARS-L). ARS-H behavior was

represented by more frequent dives (~57 dives per 6 hours) with

shorter durations (~4 minutes), and ARS-L was represented by less

frequent dives (~35 dives per 6 hours) with relatively longer

durations (~9 minutes). Leatherbacks have been observed to

exhibit different foraging behaviors based on prey availability in

the water column. For example, turtles off SNE performed frequent

dives for shorter durations as prey were distributed throughout the

water column. In foraging areas where prey may be aggregating at

specific depths, leatherbacks displayed longer square-shaped dives

presumably feeding along a physical gradient (Okuyama et al.,

2021). By classifying different types of ARS behavior, we hoped to

account for the behavioral plasticity associated with foraging along

their migratory cycle (Hays et al., 2006). For the four-state model,

we included broad area searching (BAS) behavior that was classified

as having similar directional persistence as transient behavior, while

displaying intermediate dive frequency (~24 dives per 6 hours) and

duration (~10 minutes). Similar searching behavior has been

observed in leatherbacks traveling along the West Florida Shelf

during the fall and winter (Sasso et al., 2021). We selected the most

appropriate model based on both Bayesian information criterion

(BIC) and how well the state dependent distributions were

biologically interpretable (McClintock et al., 2020). We employed

the use of BIC as it penalizes models with more parameters with

consideration for the sample size (Neath and Cavanaugh, 2012).

Goodness-of-fit of the preferred model was quantified using

pseudo-residuals (Zucchini et al., 2017).

Finally, we used multiple imputations to account for the

location error from the CTCRW state-space model using the

MIfitHMM function in the momentuHMM package (McClintock,

2017; McClintock and Michelot, 2018). This method consists of

repeatedly fitting the preferred HMM to 50 realizations of the

position process drawn from the CTCRW state-space models and

pooling the estimated parameters. Pooled estimates were plotted on

a map by year to identify regions of dense area restricted behavior

along the continental shelf. We also averaged the number of days

spent within each behavioral state across SNE, Mid-Atlantic Bight

(MAB), and Southern New England (SAB). These three regions

were defined by the neritic zones along the continental shelf from

the most eastern part of Nantucket Shoals to Hudson Canyon (i.e.,

SNE), Hudson Canyon to Cape Hatteras (i.e., MAB), and Cape

Hatteras to Cape Canaveral (i.e., SAB; Supplementary Figure S1).
2.5 Searching behavior in relation to
depth-temperature profiles

To gain insights into leatherback association with vertical

water-column features (i.e., thermocline), we examined PDT data

within specific regions of interest characterized by dense zones of
frontiersin.org
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ARS behavior. PDT data were filtered to match locations associated

with both ARS behaviors then averaged across all individuals. Using

the R package RchivalTag (Bauer, 2020), the average between the

minimum and maximum recorded temperatures per 6-hour bins

were calculated across all 8-m intervals, then linearly interpolated to

generate continuous temperature profi les. Interpolated

temperatures from the profiles were then used to estimate the

depth of the thermocline (methods outlined in Bauer et al., 2015).

Subsequently, the time-at-depth (TAD) data were used to compute

the average depth of each leatherback turtle for every 6-hour bin.

These values were then averaged across individuals within the

specified areas of interest. The derived estimates of thermocline

and average leatherback depths were superimposed onto the

average PDTs by region and year.
3 Results

3.1 Tag deployments

Between 2017 and 2022, a total of 54 leatherbacks were captured

and released with satellite transmitters off Cape Cod, Massachusetts

(n = 26) and Cape Lookout, North Carolina (n = 30; Supplementary

Table S2). Based on curved carapace and tail lengths, 38 turtles were

considered adult females (MA: n = 15; NC: n = 23), 14 were

considered adult males (MA: n = 9; NC: n = 5), and two were

unidentifiable to sex and classified as sub-adults (NC: n = 2;

Table 1). We successfully tracked 52 of these leatherbacks

between 15 and 302 days (Mean ± SD = 159.1 ± 72.3 days) and

the total track lengths were between 675 and 13,715 km (Mean ±

SD = 6,003 ± 3,259 km; Table 1).
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3.2 Migratory routes and connectivity

Leatherbacks tagged off Massachusetts and North Carolina

displayed broadly similar movement patterns, as most individuals

traveled to locations along the continental shelf before transitioning

off the shelf and into deeper waters (Figure 1). Along the shelf,

turtles from each tagging site spent time in the Mid-Atlantic Bight

(MAB), Long Island Sound, Vineyard Sound, Nantucket Shoals, or

Georges Bank (Figure 1). Some turtles tagged off North Carolina

continued farther north along the continental shelf, spending time

in the northern portion of the Gulf of Maine and along the southern

coast of Nova Scotia. Most leatherbacks tagged off Massachusetts

either moved directly south or followed the shelf towards the

southern portion of the MAB, and few continued south towards

Southern New England (SNE) or the South Atlantic Bight (SAB).

Once in the Gulf Stream, leatherbacks from both groups traveled

east for varying periods of time before diverging and migrating

south towards Caribbean nesting beaches, the middle of the North

Atlantic Ocean, or back to the SAB.

Despite similarities in movement patterns between the

leatherbacks tagged off Massachusetts and North Carolina, there

were interannual variations. Leatherbacks tagged off North Carolina

consistently used the MAB every year, but in 2019, none of the

tagged turtles left the shelf waters. Instead, they predominantly

traveled along the continental shelf towards the SNE or SAB regions

(Supplementary Figure S3). Interestingly, in that same year,

individuals tagged in both locations spent time in Long Island

Sound, a behavior not observed in other years. Additionally,

leatherbacks ventured into the northern part of the Gulf of Maine

exclusively in 2022. In 2018 and 2021, they were observed along the

southern coast of Nova Scotia. While turtles occupied Georges Bank
TABLE 1 Summary of tracking information for 52 leatherbacks equipped with Wildlife Computers MK-10AF satellite transmitters off Massachusetts
and North Carolina between 2017-2022.

Tagging location
Year N

CCL
(cm)

CCW
(cm)

Track
Distance (km)

Track
Duration (days) Nesting Beach

Massachusetts 2017 1 149.7 113.0 4,608 67

2018 1 152.0 112.0 6,366 160

2019 9 144.3 ± 7.0 109.6 ± 9.5 6,738 ± 3,908 174.1+/-79.5 Trinidada

2022b 11 155.9 ± 6.1 112.4 ± 2.8 5,5387 ± 3312 132.9+/-81.2
Panama*, Colombia*, Puerto

Rico†, Trinidad†a

Total 22 150.7 ± 8.2 111.2 ± 6.4 5,949 ± 3,401 147.9+/-79.3

North Carolina 2018 7 151.3 ± 10.8 104.4 ± 9.0 5975 ± 1,701 170.0 ± 47.6 Floridaa

2019 11 150.7 ± 13.6 113.2 ± 11.0 3,783 ± 1,876 130.5 ± 54.9 Panama†, Trinidad†

2021 2 144.1 ± 24.1 105.1 ± 18.4 9,755 ± 5,431 238.7 ± 88.7 Trinidada

2022 10 148.4 ± 8.2 96.4 ± 30.6 7,834 ± 3,347 191.4 ± 72.6

Total 30 149.6 ± 11.5 105.0 ± 20.3 6,043 ±3,210 167.2 ± 67.0
† Leatherbacks with prior nesting beach tags.
*Nesting beach determined by satellite tracks.
aLeatherbacks caught on nesting beaches after satellite transmitter ceased reporting.
bLeatherbacks tagged on Nantucket Shoals versus in Cape Cod Bay (as in previous years).
Curved carapace length (CCL), curved carapace width (CCW), Track distance, and track duration are reported as mean ± standard deviation.
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in most years, it was more pronounced in 2022 for all leatherbacks,

especially those tagged off Massachusetts.

Males exhibited similar movements to females. Males caught off

Massachusetts traveled farther along the Gulf Stream, with most

venturing east beyond 60˚W, whereas those caught off North

Carolina did not travel past 65˚W (Supplementary Figure S4).

Males caught in either location were observed overwintering in

the South Atlantic Bight. Notably, one (ID MA19.08) moved

southeast towards 12˚N and 45˚W but then turned back before

reaching mating areas adjacent to nesting beaches. The movements

of the two sub-adults were quite similar, as they migrated directly

from North Carolina to either Georges Bank or Nova Scotia. Both

traveled south through pelagic waters, followed a westward curve,

and arrived in the South Atlantic Bight before their transmitters

stopped reporting.

We inferred connectivity between tagging locations and nesting

beaches through flipper tags and recaptures. Of the leatherbacks

tagged off Massachusetts, two females had been previously tagged

on nesting beaches in Trinidad (ID MA22.10) and Puerto Rico (ID

MA22.06), two were recaptured on Trinidad (IDs MA19.06 and

MA22.04), and two were tracked to beaches in Panama (ID

MA22.01) and Colombia (ID MA22.05). Two females caught off
Frontiers in Marine Science 06
North Carolina had been previously tagged on nesting beaches in

Panama (ID NC19.04) and Trinidad (ID NC19.09), and two were

recaptured on beaches in Florida (ID NC18.04) and Trinidad (ID

NC21.01). We observed a few males traveling to and spending some

time off possible nesting beaches prior to and during the nesting

season (i.e., late January through April). Three males tagged off

Massachusetts traveled to coastal waters off Grenada (IDMA22.07),

South Carolina (ID MA22.08), and Anguilla (ID MA19.04), and

one male tagged off North Carolina traveled to coastal waters of

Florida (ID NC22.03).
3.3 Searching and transient behavior

Considering the BIC values (Table 2), successful convergence,

and alignment with previously observed leatherback behavior, only

the parameterization for the four-state model was selected and

presented here for leatherbacks from tagged in each location. For

the four-state model, we tried different initial values for each

parameter of each state, but each resulted in the same estimated

HMM. The estimated parameters from the HMMs were mostly

consistent with the initial values used to inform the models
B

C

A

FIGURE 1

Reconstructed satellite tracks of leatherbacks tagged off Massachusetts in the summer (A) and North Carolina in the spring (B) between 2017 and
2022. Locations recorded along the Mid Atlantic Bight and Southern New England are in the black box in (A) and enlarged in (C) Colors correspond
to the latent states predicted by the hidden Markov model: Area restricted search with high dive intensity (ARS-H), area restricted search with low
dive intensity (ARS-L), broad area search (BAS), and transient.
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(Figure 2). The estimated parameters for dive frequency and dive

duration in in the broad area searching (BAS) behavioral state as

well as the step length in the transient state did not converge near

the initial values.

The distinction between each type of area-restricted searching

(ARS) behavior was similar for leatherbacks tagged in

Massachusetts and North Carolina. While step lengths and

directional persistence were similar, area-restricted searching with

high intensity diving (ARS-H) behavior consisted of more dives,

and a shorter dive duration compared area restricted searching with

low intensity diving (ARS-L) behavior (Figure 2; Table 3).

Although, there were larger variations in the dive duration and

frequency during the ARS behavioral states of leatherbacks tagged

off Massachusetts compared to those of tagged off North Carolina.

Compared to both ARS behaviors, transiting leatherbacks from

both tagging locations performed longer step lengths, more

directional persistence, less dives, and longer dive durations.

The comparisons of BAS behavior to the other three states

varied between tagging locations. Leatherbacks tagged off

Massachusetts exhibited intermediate step lengths and directional

persistence during BAS compared to ARS and transient behaviors.

However, they had the lowest dive frequency and the longest dive

durations (Figure 2; Table 3). Leatherbacks tagged off North

Carolina engaged in BAS displayed step lengths and directional

persistence similar to ARS-H behaviors, falling in between ARS-L

and transient behaviors (Figure 2; Table 3). Dive behavior during

BAS was also intermediate when compared with ARS and

transient behaviors.

Both BAS and transient behaviors were characteristics of

movements along the Gulf Stream and migrations south towards

nesting beaches or overwintering areas (Figure 1). When migrating

south, there were a few turtles tagged in Massachusetts in 2019 and

2022 that displayed mostly BAS behavior, while the others

predominantly exhibited transient behavior (Supplementary

Figure S3). This was not the case for turtles tagged off North

Carolina, as their migrations south mostly consisted of transient

behavior with short instances of BAS behavior along the way. On

the shelf, both BAS and transient behaviors were estimated either as

leatherbacks moved between the MAB and SNE or as they moved

back onto the shelf in the SAB and during their movements back

north (Figures 3–5).

The HMMs estimated clusters of searching behavior dispersed

along the continental shelf in SNE, MAB, and SAB (Figures 3–5).

More leatherbacks tagged off Massachusetts performed ARS

behavior off SNE (Table 3). These leatherbacks exhibited both
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ARS behaviors for similar periods of time on average, whereas

those tagged off North Carolina spent more time displaying ARS-L

compared to ARS-H (Table 4). Both tagging groups concentrated

searching behavior in three areas within SNE: Nantucket Shoals,

Vineyard Sound, and Long Island Sound (Figure 3). Turtles

performed both ARS behaviors along Nantucket Shoals in 2018,

2019, and 2022 (Figure 3). Concentrations of both ARS and BAS

behavior occurred within Vineyard sound in 2018 and 2019, while

ARS behavior was only observed in Long Island Sound in 2019.

In the MAB, there were more leatherbacks tagged off North

Carolina performing ARS behavior and for longer periods of time

compared to those tagged off Massachusetts. Both groups of

leatherbacks allocated a significant portion of their time to

engaging in ARS-L and BAS behaviors (Table 4). The focal area

for their searching behavior was predominantly situated between

Cape Hatteras and just north of Delaware Bay, with a pronounced

concentration along the North Carolina coastline spanning from

Cape Hatteras to Chesapeake Bay (Figure 4). Concentrations close

to shore were observed on an annual basis. Although, in 2021,

concentrations primarily occurred between Chesapeake Bay and

Delaware Bay.

Leatherbacks caught off North Carolina displayed each type of

searching behavior in the SAB for less time compared to the MAB

(Table 4). On average, they spent most of their time performing

either BAS or transient behaviors. While fewer turtles caught off

Massachusetts displayed searching behavior in the SAB, they spent

more time conducting ARS-L behaviors and a similar time

conducting BAS behavior compared to those caught off North

Carolina. For most years, searching behavior mainly took place

along the shelf’s edge. There were several individuals that conducted

this behavior off the coast of South Carolina and Florida, but that

was mostly observed in 2022 (Figure 5).
3.4 Searching behavior in relation to
depth-temperature profiles

Based on available dive data, we constructed PDTs for the

periods of ARS behavior off Nantucket Shoals for the month of

September in 2019 (Supplementary Figure S5) and 2022

(Figure 6A). According to the ‘PAT-style Depth-Temperature

Profiles’ (PDTs), temperatures were consistently around 20 ˚C

between zero and 30 m. Leatherbacks spent most of their time

between zero and 30 m, averaging between 5 and 15 m. Even though

there was no predominant thermal gradient, a thermocline was still
TABLE 2 Model selection metrics for hidden Markov models (HMMs) with varying numbers of states. Model selection was based on Bayesian
information criterion (BIC) and carried out for each sample of leatherbacks (i.e., caught off Massachusetts or North Carolina).

Massachusetts North Carolina

States BIC DBIC BIC DBIC

ARS, Transient 93,471 3,265 144,932 4,491

ARS-H, ARS-L, Transient 91,914 1,708 142,318 1,877

ARS-H, ARS-L, BAS, Transient 90,206 0 140,441 0
front
The states corresponded to area-restricted searching (ARS), ARS high intensity (ARS-H), ARS low intensity (ARS-L), broad area searching (BAS), and transient.
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estimated to be at similar depths for most of the time as well as

deeper (Figure 6A).

PDTs and average leatherback depth in the MAB were similar

across all four years of the study (Supplementary Figure S6;

Figure 6B). Average leatherback depth appeared to be closely

associated with the depth of the thermocline which was estimated

between 10 and 20 m in June and July and appeared to shift towards

30 m in August and September. The average leatherback depth was

also associated with temperatures around 20 ˚C.

We synthesized average PDT plots from two individuals that

displayed ARS along the coast of South Carolina in 2019 as well as
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from multiple individuals along the shelf’s edge in 2022 and 2023

(Supplementary Figure S7). Given the lack of a thermal gradient, the

depth of the thermocline was not estimated for 2019 and 2023. In

2022, the thermocline was estimated to be around 100m deep. Off the

coast of South Carolina in June, leatherbacks spent their entire time

above 15 m and in waters above 25 ˚C. In September and October of

2022, leatherbacks that moved along the shelf’s edge averaged depths

of above 10 m in water’s above 25 ˚C. However, they were also

occasionally observed to travel deeper than 300 m to waters colder

than 15 ˚C. We observed different behaviors between February and

April of 2023, as leatherbacks occupied depths up to 50 m and
FIGURE 2

The estimated probability distributions for step length, turning angle, number of dives, and dive duration for the four-state (“ARS-H”, “ARS-L”, “BAS”,
and “transient”) model for Massachusetts (first column) and North Carolina (second column) leatherbacks are plotted along with histograms of these
data streams. The vertical lines represent the initial parameters used for the mean values of step length, dive frequency and dive duration. We did not
include a vertical bar for turning angle as the initial parameter for the mean was set to zero for each state.
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averaged around 10 m. The area they displayed ARS behavior was

characterized by relatively cooler temperatures (15 to 20 ˚C).
1 Rogers, R., Choate, K., Crowe, L. M., Hatch, J. M., James, M., Matzen, E., et

al. Investigating leatherback surface behavior using a novel tag design and

machine learning. In review.
4 Discussion

In the present study, we used geolocation and dive data derived

from satellite transmitters to characterize the movement patterns

and behaviors of leatherbacks during different stages of their

migration cycle on the continental shelf along the U.S. coastline.

Previous research has documented the presence of leatherbacks in

Southern New England (SNE), Mid-Atlantic Bight (MAB), and

South Atlantic Bight (SAB) regions (James et al., 2005b; Eckert et al.,

2006; Dodge et al., 2014). However, empirical evidence of foraging

behavior in U.S. waters is only available for coastal Massachusetts

(Dodge et al., 2014; Dodge et al., 2018). Our findings not only

suggest foraging behavior within each region with an emphasis on

SNE and the MAB, but they also highlighted connectivity patterns

between nesting beaches and foraging areas as well as novel

movement patterns by male leatherbacks.

Results from the hidden Markov models (HMMs) build upon

findings from previous studies to demonstrate consistent use of the

SNE coast as a primary foraging area. Further, our results indicate

that the waters along Nantucket Shoals provide the most consistent

foraging habitat. Turtles tagged in both Cape Cod Bay and Nantucket

Shoals were observed displaying high concentrations of ARS behavior

in this area on an annual basis. This SNE region is highly productive

(Skjoldal and Sherman, 2002) promoting gelatinous zooplankton

blooms that leatherbacks exploit on an annual basis (Dodge et al.,

2014; Dodge et al., 2018). Additionally, the water column off

Nantucket Shoals, is well-mixed from the surface to the bottom

(Limeburner and Beardsley, 1982), which could cause an even vertical

distribution of prey. Indeed, the ‘PAT-style Depth-Temperature

Profiles’ (PDT) plots from each year showed little variation in the

temperature from the surface to the bottom (~ 30 m) as well as a

weakly-defined thermocline. This may be why we observed a higher

variation in the dive frequency and duration during each ARS
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behavior in leatherbacks tagged off Massachusetts as turtles would

target their prey at different depths. On Nantucket Shoals, we

observed both types of area-restricted searching (ARS) behavior,

which may be indicative of horizontal and vertical changes in prey

density. Leatherbacks searching for prey have been observed

performing both V-shaped and square-shaped dives (Okuyama

et al., 2021). Short, frequent V-shaped dives would allow

leatherbacks to continuously search the entire water column, while

longer, less frequent square-shaped dives would help turtles search

for prey by silhouetting them against the sunlight (Dodge et al., 2018).

Shifts between these behaviors have been observed in other foraging

areas as well (Wallace et al., 2015).

Even though we observed dense searching behavior in Vineyard

Sound and Long Island Sound, it was not consistent year to year like

the waters off Nantucket Shoals. Foraging behavior has been

previously recorded in Vineyard and Nantucket Sounds (Dodge

et al., 2018; Rogers et al. in Review1), but this is the first instance of

searching behavior recorded in Long Island Sound. There is evidence

of lion’s mane jellyfish (Cyanea capillata), a known leatherback prey

species (Dodge et al., 2011), occurring within this area during the fall

(DEEP, 2020). It is possible that leatherbacks are targeting these

blooms in Long Island Sound, but this behavior was only observed in

one year (i.e., 2019). Further tagging is required to understand the

importance of these other areas in SNE.

We inferred foraging in the MAB because ARS behavior was

prevalent throughout the southern portion of the MAB from Cape

Hatteras to the mouth of Delaware Bay for every year of tagging in

North Carolina (2018-2022). The PDT plots provided further

evidence that foraging was taking place as leatherbacks were

closely associated with the thermocline where jellyfish, which are

known leatherback prey, have been observed to concentrate

(Graham et al., 2001; Wallace et al., 2015; Hamelin et al., 2017).
TABLE 3 Maximum likelihood estimates of parameters for each behavioral state from the four-state model: Area restricted searching with high
intensity diving (ARS-H), area restricted searching with low intensity diving (ARS-L), broad area searching (BAS), and transient.

Tagging Location State
Step (km) Turning Angle (radians)

Dive Frequency (dives
per 6-hr)

Dive Duration (min)

Mean SD Mean Concentration Mean Size Mean SD

Massachusetts ARS-H 10.59 7.17 0.05 0.31 58.36 10.40 6.91 2.79

ARS-L 7.48 4.88 0.01 0.38 25.95 6.45 13.77 4.86

BAS 20.88 7.24 0.00 0.79 14.06 6.47 24.03 7.87

Transient 40.72 13.28 0.00 0.85 25.30 1.85 19.84 11.62

North Carolina ARS-H 14.29 11.80 0.05 0.49 69.15 16.02 5.39 1.79

ARS-L 8.58 5.94 0.05 0.26 43.77 111.67 9.39 1.44

BAS 12.29 7.70 0.02 0.58 26.23 41.04 15.15 3.68

Transient 30.10 14.58 0.00 0.85 14.60 3.26 25.98 9.46
Parameters for step length and dive duration were estimated using a gamma distribution, whereas turning angle and dive frequency were estimated using a Wrapped-Cauchy and negative
binomial distribution, respectively.
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This may be why we observed less variation in the dive frequency

and during for both ARS behaviors in leatherbacks tagged in North

Carolina. Since most turtles tagged in that area conducted ARS

behaviors in that area and there was a close association with the

thermocline, their dive behavior may be more consistent as they

target prey in a specific part of the water column. TheMAB has high

biomass of gelatinous zooplankton (Lucas et al., 2014); however,

there is limited information on fine-scale spatiotemporal
Frontiers in Marine Science 10
distributions of specific species across this region. There is

evidence of sea nettles (Chrysaora quinquecirrha), a common

leatherback prey (Dodge et al., 2018), blooming on either end of

the proposed foraging area. Blooms were observed to take place in

both Chesapeake Bay (Brown et al., 2002) and Barnegat Bay

(Bologna et al., 2017) during the summer when leatherbacks are

present. Additionally, Brown et al. (2002) indicated that blooms of

sea nettles occurred between 20 and 30 ˚C, which is the same range
FIGURE 3

Predicted locations of leatherbacks along the Southern New England coast in 2018 (n = 4), 2019 (n = 9), and 2022 (n = 8). Colors correspond to the
latent states predicted by the hidden Markov model: Area restricted search with high dive intensity (ARS-H), area restricted search with low dive
intensity (ARS-L), broad area search (BAS), and transient.
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of temperatures we observed between the surface and the

thermocline in the PDT plots. While our results suggest foraging

is taking place in this region, future research should aim to tag

turtles in this region with animal-borne video cameras for

further validation.

After exhibiting ARS behavior in the MAB, most leatherbacks

migrated into the Gulf Stream and continued searching behavior.

While it is unclear what causes this shift, we observed the

thermocline in the MAB region deepen towards the end of the

summer (Figure 6B). If turtles are targeting prey along this

boundary, the energetic cost of diving deeper might outweigh the

benefits of continuing to forage in these areas. Another explanation

could be a reduction in prey availability as the abundance of sea

nettles decreases at the end of the summer in Chesapeake Bay

(Sexton, 2012). Our documentation of Gulf Stream ARS and broad

area searching (BAS) behaviors aligns with prior research that

inferred foraging behavior along this oceanographic feature (Hays

et al., 2006; Chambault et al., 2017). The Gulf Stream may serve as

an intermediary foraging area for leatherbacks migrating to lower
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latitudes for the winter, as leatherbacks tagged off both

Massachusetts and North Carolina in this study and those tagged

while nesting in Panama, French Guiana, and Florida were observed

to migrate along this feature (Eckert et al., 2006; Chambault et al.,

2017; Evans et al., 2021).

Due to its proximity to Florida, there is a possibility that the

MAB serves as a primary foraging area for the Florida nesting

population. Our results add to those of genetic studies (Stewart

et al., 2013; Stewart et al., 2016) and tagging studies of Florida

nesting leatherbacks (Eckert et al., 2006; Turtle Expert Working

Group (TEWG), 2007), which observed connectivity with the MAB.

Although foraging in the MAB would be energetically beneficial for

this population given the short migration distance, the average

remigration interval for Florida leatherbacks was not shorter than

that observed for other populations with greater migratory

distances (i.e., 2.7 years in FL versus 2.2 years in Costa Rica;

Stewart et al., 2014; Evans et al., 2021). Foraging success may be

hindered by different abiotic and biotic factors such as high sea

surface temperatures and limited prey availability, respectively.
FIGURE 4

Predicted locations of leatherbacks along the Mid-Atlantic Bight in 2018 (n = 8), 2019 (n = 18), 2021 (n = 2), and 2022 (n = 13). Colors correspond to
the latent states predicted by the hidden Markov model: Area restricted search with high dive intensity (ARS-H), area restricted search with low dive
intensity (ARS-L), broad area search (BAS), and transient.
FIGURE 5

Predicted locations of leatherbacks along the South-Atlantic Bight in 2018 (n = 2), 2019 (n = 5), 2021 (n = 2), and 2022 (n = 8). Colors correspond to
the latent states predicted by the hidden Markov model: Area restricted search with high dive intensity (ARS-H), area restricted search with low dive
intensity (ARS-L), broad area search (BAS), and transient.
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B

FIGURE 6

Average depth-temperature profiles (PDT) derived from all leatherbacks that displayed area restricted searching behavior (both high and low dive
intensity) off Southern New England (SNE; A) and within the Mid-Atlantic Bight (MAB; B) in 2022. The black lines represent the mean (solid) +/-
standard deviation (dashed) depth of the turtles. The purple line is the estimated depth of the thermocline. If there was not enough of a thermal
gradient, then there was no estimated thermocline.
TABLE 4 Summary of days spent exhibiting each behavioral state in Southern New England (SNE), Mid-Atlantic Bight (MAB), and South Atlantic Bight
(SAB): Area restricted searching with high intensity diving (ARS-H), area restricted searching with low intensity diving (ARS-L), broad area searching
(BAS), and transient.

Tagging Location Region
ARS-H ARS-L BAS Transient

N Mean SD N Mean SD N Mean SD N Mean SD

Massachusetts SNE 15 17.53(0.45) 16.05 17 17.29(0.48) 17.17 20 6.95(0.33) 5.36 8 4.38(0.19) 2.50

MAB 7 4.57(0.25) 2.88 7 16.14(0.53) 18.72 7 13.14(0.42) 10.61 4 4.75(0.27) 1.71

SAB 4 12.00(0.34) 17.45 3 22.33(0.38) 30.92 6 9.17(0.58) 17.14 4 8.25(0.49) 6.18

North Carolina SNE 4 4.50(0.31) 2.65 8 10.12(0.48) 6.79 8 8.12(0.41) 9.61 6 7.67(0.50) 4.13

MAB 19 22.47(0.20) 16.34 22 34.68(0.35) 16.45 23 33.30(0.36) 18.95 22 25.09(0.33) 15.87

SAB 6 11.33(0.29) 8.64 7 10.57(0.27) 10.72 16 11.62(0.45) 20.54 23 8.70(0.69) 10.39
F
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Average proportions of time in each state are in parentheses.
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Reduced foraging success would explain why we observed

migrations off the shelf, subsequent foraging along the Gulf

Stream, and remigration to the SAB and MAB the following year.

As the number of nests in Florida drops (NMFS and USFWS, 2020),

it is essential that we further investigate the connectivity between

Florida and the MAB via tagging and genetic studies.

Our study did not reveal significant use of the SAB, but this

result may be an artifact of the relatively short transmission

duration, as most tags ceased reporting after half a year. Despite

this, we did observe some foraging behavior along the shelf edge as

well as close to shore. Leatherbacks tagged in SNE and Nova Scotia

were observed traveling into the SAB after overwintering in the

middle of the Atlantic Ocean (James et al., 2005b; Dodge et al.,

2014), with the time of arrival potentially overlapping with

significant spring blooms of cannonball jellyfish (Stomolophus

meleagris, Faulk et al., 2023). Although the SAB may not supply

enough food to serve as a major foraging area as cannonball jellyfish

have a short seasonality. According to Faulk et al. (2023), these

jellyfish occur offshore in the spring and move inshore to estuaries

at the beginning of the summer to reproduce. Biomass does not

typically increase until the fall and winter. This could explain why

we observed leatherbacks migrating to the SAB either from the

MAB in the spring or oceanic waters during the winter.

While expanding on previous tagging efforts in Massachusetts,

this study is the first to tag leatherbacks during their northward

migration off the coast of North Carolina. Our ability to perform in-

water tagging consistently each year suggests that this area serves as

a migratory corridor for leatherbacks traveling to northern foraging

areas. Interestingly, all turtles that migrated to Nova Scotia did so

from North Carolina migrating off the shelf and up to Nova Scotia

forgoing the MAB. This gives further support that the coastal area

off North Carolina may serve as a significant corridor used by

multiple foraging populations as we observed turtles traveling from

North Carolina to the MAB and SNE as well.

By conducting in-water tagging, we were able to track 14 males,

four of which were tracked to potential mating areas off the coast of

nesting beaches in Florida and the Caribbean. Most of the remaining

male leatherback tags did not transmit long enough to observe a

southward migration to nesting beaches or mating areas. However,

two males traveled to subtropical waters far offshore, immediately

turned around, and then traveled back. This behavior aligns with

females over-wintering in subtropical waters in the middle of the

Atlantic Ocean (Dodge et al., 2014), contradicting previous

conjecture suggesting males migrate between northern foraging

grounds and nesting beaches on an annual basis (James et al.,

2005a). Our results align with findings by Sasso et al. (2021) that

suggested males foraging in the Gulf of Mexico forego remigration to

nesting beaches and over-winter along the West Florida shelf. Both

males that we observed overwintering were tagged off Massachusetts.

It is possible that they were not able to accumulate sufficient energy

reserves and had to skip the mating season, similar to females.

Further investigation into male migration patterns across different

foraging areas is required to fully understand how prey availability
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might affect remigration intervals, as this will have a significant

impact on estimating adult sex-ratios and subsequent population

dynamic models in the Northwest Atlantic (James et al., 2007).

In this study, we present a four-state model to characterize the

behaviors of leatherbacks across a large area. Due to overwhelming

support for the four-state model over the two- and three-state

models, it is possible that increasing the number of states would

garner more support as it may explain more variation in leatherback

movement. However, given the temporal scale of our movement

data (i.e., 12-hour time intervals), we believed a four-state model

was most appropriate. Partitioning the states described in this study

into fine-scale behaviors would require more detailed movement

and dive metrics. This has been achieved in other species like

Atlantic cod (Gadus morhua) and horn sharks (Heterodontus

francisci) using hierarchical HMMs (Adam et al., 2019). We

suggest that future research should investigate the fine-scale

behaviors of leatherbacks at the foraging locations examined in

this study. This can be achieved by employing instrumentation that

lends itself to collecting small-scale movement metrics (i.e.,

accelerometers and animal-borne cameras) in conjunction with

hierarchical HMMs. Doing so may reveal potential interactions

with different types of human activity unique to each area.

We chose initial values that were informed from prior studies on

leatherback behavior in Nova Scotia, with parameter estimates closely

aligning with the used initial values. While the initial values were based

on past observations of leatherback behavior from Nova Scotia, this

alignment indicates the consistency in leatherback movement

behavior across the entire Northwest Atlantic shelf with some

variability. The only exceptions were observed in the parameters

related to BAS and transient states. The initial values were based on

observations of the leatherback behavior in the ARS and transient

states. Thus, there is limited knowledge on the movement metrics of

leatherbacks performing intermediate behaviors such as BAS, which

may explain why the estimated parameters did not completely fall

between what we know of leatherback ARS and transient movement.

The discrepancies between documented migratory speeds of

leatherbacks tagged off Nova Scotia and estimated parameters of

step length in the transient state may be a result of the differences

in oceanic conditions as current direction and speed may have an

influence on leatherback migratory speeds. Compared to leatherbacks

tagged off Nova Scotia, the leatherbacks from this study take advantage

of different migratory corridors when leaving foraging grounds by

either following the Gulf Stream eastward or traveling south along the

continental shelf. The variability in oceanographic conditions on each

of these routes may explain the discrepancies between the initial and

estimated transient speeds. Despite these discrepancies, there seems to

be a semblance of consistency in leatherback behavior across the

continental shelf. This consistency holds significance when devising

conservation management strategies aimed at mitigating interactions

between turtles and humans.

The results of this study provide new insights into our

understanding of leatherback movement ecology along the

Northwest Atlantic shelf. We identified important areas in SNE,
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MAB, and SAB that support different stages of the migration cycle.

Our results give further evidence that a primary foraging area exists

in SNE, as well as suggest possible foraging areas in the MAB and

SAB that serve post-reproductive and overwintering leatherbacks,

respectively. Moreover, the findings from this study highlight the

diverse movement behaviors exhibited across these regions. In SNE,

leatherbacks predominantly concentrated along Nantucket Shoals

during the late summer and early autumn, where they exhibited

searching behavior throughout the entire water column. This was

different from leatherbacks in the MAB, which conducted searching

behavior over a substantially larger area between Cape Hatteras and

Delaware Bay during the summer, where they concentrated along

the thermocline. While more information on leatherback behavior

in the SAB is needed to elucidate specific foraging strategies, turtles

executed ARS behavior over a relatively large area along the shelf

edge and coastline during every season. Overall, these data should

be used as a baseline for comparison with future behaviors under

changing environmental conditions such as climate change and the

construction of offshore windfarms. The construction of windfarms

is of particular interest as most leasing areas are located along the

MAB and SNE (BOEM, 2021). Conservation managers should

consider these regional variations in movement behavior when

devising strategies aimed at mitigating potential threats and

minimizing their impact.
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