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Simple Summary: Observing juvenile sea turtles at sea is challenging due to their small sizes and
cryptic behaviors and is compounded by the vastness of the ocean. The first phases of sea turtle life
history, commonly known as the “Lost Years”, remain enigmatic and poorly understood, despite
significant advances in animal ad ocean observation technologies. Our study focused on testing new
prototypes of microsatellite tags and analyzing their performance on 160 juvenile sea turtles of four
species in the North Atlantic. The results demonstrated that, despite challenges brought by minia-
turization, the tags proved effective. However, the tracking periods were shorter than expected,
limiting our ability to deeply study and understand the turtles’ dispersal features. We found that
tracking durations varied among species, indicating some limitations due to certain behaviors such
as neritic interactions or diving activity by young sea turtles, and revealing that some of their be-
haviors may be too strenuous for small tags. Our findings have important implications for the bio-
logging community, especially those studying marine animals such as sea turtles. Our study show-
cases recent technological advances and contributes to improving the effectiveness and durability
of miniaturized satellite tags deployed within the marine environment. Our methodologies and
findings have improved our understanding of the “Lost Years”, promise to inform ongoing future
technological advances and contribute to increasing the effectiveness of conservation efforts.

Abstract: After hatching, sea turtles leave the nest and disperse into the ocean. Many years later,
they return to their natal coastlines. The period between their leaving and their returning to natal
areas, known as the “Lost Years”, is poorly understood. Satellite tracking studies aimed at studying
the “Lost Years” are challenging due to the small size and prolonged dispersal phases of young
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individuals. Here, we summarize preliminary findings about the performance of prototype mi-
crosatellite tags deployed over a three-year period on 160 neonate to small juvenile sea turtles from
four species released in the North Atlantic Ocean. We provide an overview of results analyzing tag
performance with metrics to investigate transmission characteristics and causes of tag failure. Our
results reveal that, despite certain unfavorable transmission features, overall tag performance was
satisfactory. However, most track durations were shorter than those observed on individuals of sim-
ilar size in other studies and did not allow for detailed analyses of trajectories and turtle behavior.
Our study further suggests that tracking durations are correlated with the targeted species, high-
lighting a lack of robustness against some neritic behaviors. Unprecedented diving data obtained
for neonate sea turtles in this study suggest that the vertical behaviors of early juveniles are already
too strenuous for these miniaturized tags. Our findings will help to inform the biologging research
community, showcasing recent technological advances for the species and life stages within our
study.

Keywords: microsatellite tag; performance analysis; satellite tracking; early juvenile sea turtle; lost
years; diving behavior; North Atlantic Ocean

1. Introduction

The emergence of satellite tracking technologies has revolutionized the study of highly
migratory marine species, including birds, mammals, fish, and reptiles such as sea turtles [1].
These advancements include the ability to track animals over long distances and extended
periods of time without the need for physical recovery of the tracking device and by directly
relaying obtained data via satellites. While early tracking studies using Platform Transmitters
Terminals (PTT) were relatively short in duration [2,3], data from recent studies have demon-
strated that tracking durations may exceed one year [4]. Today, these technologies have be-
come a fundamental tool for studying the movement and spatial ecology of marine species
[5], with thousands of devices deployed each year [6]. They allow for relatively accurate long-
term tracking of marine animal migrations and can provide insights into a variety of other
knowledge gaps, including habitat use at the scale of entire oceans [7], navigation mechanisms
[8-10], and faced threats and risks [11].

While satellite technology is widely used for tracking adult and subadult sea turtles
[12,13], it remains challenging as an application for very young individuals due to their small
size and weight [13-15]. This challenge has historically resulted in a critical lack of observa-
tional data on the dispersal of neonate and small juvenile sea turtles from the time they leave
their nesting beaches until they are encountered many years later in their foraging areas or
near their natal beaches. These early years remain highly enigmatic for many sea turtle species
and are often referred to as the “Lost Years” [16]. During this developmental period, young
individuals disperse across entire oceans through various ocean currents, encounter different
ecosystems, and face myriad threats [14,17-19] that highly impact their survival at the popu-
lation level [20]. In order to implement effective conservation measures to protect entire sea
turtle populations, the “Lost Years” life stage must be prioritized for observation and increased
understanding.

Monitoring sea turtles during early developmental stages requires the use of appropri-
ately sized (e.g., tag and attachment weighing <5% body mass, limited drag to minimize hy-
drodynamic cost) [13,21-23] electronic devices. Satellite tag miniaturization efforts have
proven challenging, and manufacturers have encountered a variety of technical obstacles in
their efforts to make tags smaller and lighter [24]. Size reduction requires the integration of
diverse functionalities into a compact package, often involving limitations in terms of power
supply, data storage, and transmission capabilities [24]. Miniaturization also poses challenges
in terms of durability and robustness, as these small devices must withstand the harsh
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environmental conditions inherent to the marine environment and the movements of the in-
dividuals carrying them [4,13,14,25,26].

Challenges aside, tracking the oceanic movements and behaviors of early-stage sea tur-
tles is a burgeoning field fueled by ongoing advancements. Satellite tag miniaturization has
facilitated successful deployment of tracking devices on very young juvenile loggerhead
(Caretta caretta) and green turtles (Chelonia mydas) as small as 15 cm straight carapace length
(SCL) and juvenile Kemp's ridleys (Lepidochelys kempii) of about 30 cm SCL, with some tracking
durations spanning more than 2 months [18,19,27-29]. However, only a few telemetry studies
of very small (<10 cm) neonate juvenile leatherbacks (Dermochelys coriacea) have been reported,
all using acoustic technologies and resulting in very short tracking durations (<2 h) and rela-
tively nearshore trajectories [30-32]. No satellite-based telemetry studies of equivalently sized
juvenile leatherbacks exist within the literature.

We analyzed the performance of 164 innovative Argos-based microsatellite tags (=2-5 g)
and examined their transmission features. To test performance, 160 turtles and four passive
drifters were fitted with microsatellite tags. We investigated their tracking durations and prob-
able causes of failure, considering the influence of the type of technology used and the behav-
ior of the specific sea turtle species equipped with the tags. Our research summarized three
years of testing and significantly improved our understanding of the challenges and limita-
tions associated with tracking early juvenile sea turtles. Our findings will inform efforts to
improve the effectiveness and durability of miniaturized satellite tags deployed within the
marine environment. These results contribute to the improvement and development of future
tracking technologies and methodologies and are an important step forward in unveiling the
dispersal of juvenile sea turtles.

2. Materials and Methods
2.1. Overview of the Study

We equipped juveniles of four species of sea turtles (green [CM], leatherback [DC], log-
gerhead [CC], and Kemp's ridley [LK]) in the North Atlantic Ocean with prototypes of mi-
crosatellite PTTs (hereafter mentioned as tags) developed by Lotek Wireless, Inc. (Havelock
North, New Zealand). All individuals were either reared in captivity, wild-caught, or rehabil-
itated. Turtles from the Azores (Portugal) were either wild-caught or retrieved as stranded and
temporarily housed and/or rehabilitated. The turtles were subsequently released with the help
of local organizations from four locations: (Figure 1) Florida (USA), The Cayman Islands, Jek-
yllIsland (GA, USA) and the Azores. Upon release, we tracked the horizontal and vertical (for
individuals bearing tags equipped with a pressure sensor) movements of early-stage sea tur-
tles, with the goal of providing valuable information on their behavior and environmental
interactions (e.g., use of eddies [33,34], thermoregulatory diving activity [35,36]) during this
enigmatic life stage.
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Figure 1. Map of the North Atlantic Ocean summarizing all the release sites used since 2020 to deploy
the microsatellite tags (n = 164) analyzed in the present study.
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2.2. Capture and Husbandry
2.2.1. Florida

All juvenile turtles from Florida (leatherbacks, loggerheads, and green turtles) were ini-
tially collected as part of an unrelated study led by researchers at Florida Atlantic University
(FAU), to examine primary sex ratios. The turtles were collected upon natural emergence from
in situ nests laid along the coast of Boca Raton or Juno Beach (FL, USA), located on Florida’s
Southeastern coast. All captive-reared turtles were maintained in natural seawater, had a 12
h/12 h light/dark cycle, and were fed an in-house manufactured gel diet specific to species
until they reached 100+ grams. All these turtles were in the laboratory for approximately 3—4
months for laparoscopic sex identification; they were fully recovered and in good health and
body condition when equipped with microsatellite tags and released.

2.2.2. The Cayman Islands

Juvenile green turtles released around the Cayman Islands were obtained from the Cay-
man Turtle Conservation and Education Centre (CTCEC). The turtles were hatched and raised
in a captive setting, reared in various-sized concrete tanks supplied with direct unfiltered sea-
water, fed a nutritionally complete, floating, and modified extruded fish diet, and kept in
groups of like size and age until they reached the desired age class for release [37]. All turtles
were quarantined (>6 months) prior to release and were checked to ensure that they each ful-
filled requisite health and quarantine requirements for release [37]. Thus, all the released tur-
tles were designated to be in good health and body condition before the deployment of tags
and the release [37].

2.2.3. Azores

All juvenile loggerheads from the Azores were wild-caught, except for one individual
found stranded in Porto Pim beach, Faial. The wild-caught individuals were captured by hand
or with a dip net in the vicinity of the islands of Faial and Pico. One turtle was missing the left
hind foot, but the wound was well healed. All wild-caught turtles were maintained in natural
seawater in the Porto Pim Aquarium, operated by Flying Shark, Lda., and subject to a natural
light:dark cycle. The turtles were maintained for a period ranging from 8 to 166 days (median
=37 days) prior to release. The one stranded turtle was maintained in the same circumstances
for a period of 213 days prior to release. All individuals were in good condition at the time of
release.

2.2.4. Jekyll Island

Juvenile Kemp’s ridley turtles released off Jekyll Island (GA, USA) were collected while
stranded and cold-stunned (hypothermia) off the coast of Cape Cod (MA, USA). All these tur-
tles were diagnosed with bacterial pneumonia and were rehabilitated at the New England
Aquarium and other facilities in Massachusetts (USA). Upon recovery the turtles were trans-
ported to the Georgia Sea Turtle Center (GSTC) on Jekyll Island, where they received extensive
diagnostics, and, if necessary, additional treatments until the waters warmed and they were
ready to be released. One juvenile loggerhead was recovered from a nest on Jekyll Island that
had been invaded by fire ants. This turtle was rehabilitated at the GSTC until its release almost
15 months later. All individuals were in good condition at the time of release.

2.3. Turtles’ Sizes and Growth Curves

We recorded carapace length for each turtle prior to release (Tables A1-A4, Appendix A).
The Straight Carapace Length (SCL) and/or Curved Carapace Length (CCL) were measured
using several standard methods (notch-to-notch, notch-to-tip, averages between both) de-
pending on the release site. Within this study, measurements were combined into a single
observational dataset, independently of the measurement technique. In cases where the SCL
was missing, it was computed from the CCL through empirical conversion relationships from
a sample of captive juvenile loggerheads (n =26) and green turtles (n = 12), for which SCL and
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CCL were measured (Figure Al, Appendix B). Descriptive statistics of sizes per species are
presented in Table 1.

Table 1. Descriptive statistics of straight carapace length of telemetered sea turtles depending on the
species.

Straight Carapace Length [cm]

Species Mean Std. Min. Max.
Leatherback 8.78 0.59 7.14 9.65
Loggerhead 15.57 4.38 9.14 30.90

Green 32.68 11.21 9.82 51.97
Kemp's ridley 27.79 2.64 24.90 32.50

Theoretical growth curves were used for each species to estimate the potential growth of
each released individual during the tracking duration and investigate the potential impact of
carapace growth on tag attachments. All the growth curves follow von Bertalanffy equations
with parameters specifically estimated for leatherback [38], loggerhead, Kemp's ridley and
green turtles [39].

2.4. Tag Specifications

The satellite transmitters used in our experiments were designed by Lotek Wireless Inc.
(Havelock North, New Zealand), a manufacturer of fish and wildlife monitoring systems. The
tags were designed to be extremely light in weight (e.g., #2-5 g), suitable for sea turtles weigh-
ing in the range of 100-150 g, in accordance with the <5% standard [13,21-23]. Novel technol-
ogy, materials, batteries, and transmission strategies were utilized in order to achieve light
weights and small “footprints” for the transmitters.

The microsatellite transmitter maximizes the benefits offered by the Argos-3 network.
Argos-3 is a quadrature phase shift keyed (QPSK) modulation scheme that implements a Dig-
ital Video Broadcasting (DVB) type convolutional encoding. Convolutional encoding offers a
theoretical 3 dB gain through the transmission channel, which in turn means that transmit
power can be halved for the same amount of data throughput and error rates. The Argos-3
specification also allows a so-called PTT-ZE message, which is an ultra-short transmission
containing transmitter ID information without sensor data. This further reduces the average
power consumption of the transmitter. The above-mentioned benefits result in a reduced
power requirement for the transmitter, thereby enabling the use of smaller batteries, which
are often the largest and heaviest part of a satellite transmitter design.

In these experiments, 3 different models were used: the K4H 132A model, the K4H 130B
model and the K4H 130B Dive model (Figure 2). Each model is constructed using an external
housing machined from lightweight foam, which, when filled with the electronics and fully
potted using epoxy, is capable of withstanding depths of 200 m. The K4H 130B and the K4H
130B Dive model each have solar harvesting capabilities, which may extend the life of the tags.
Alternative tags built by Lotek using the same harvesting technology have achieved >2 years
of deployment life in other applications [40]. The K4H 130B Dive model additionally offers a
pressure sensor, allowing for individual dive records, daily summaries, and depth histogram
data to be collected and compressed on-board the tag for eventual transmission through the
Argos network. A whip antenna is used to transmit to the Argos satellites such that a trans-
mission is attempted only when the tag detects that the antenna is clear of the water via a
saltwater switch (or wet-dry switch).

All tags featured an accurate real-time clock. This allowed for the programming of intel-
ligent scheduling of tag transmission during a time when satellites were predicted to be over-
head. It also allowed for the implementation of “off-days” programming, i.e., days when the
tag was scheduled not to transmit. This type of programming can act to further extend the
expected lifetime of the tags.

Hereafter, the K4H 132A model will be referred to as non-solar (NS) tag and the K4H
130B and K4H 130B Dive models will be referred to as solar (S) tag.
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Figure 2. Juvenile loggerhead (a), Kemp's ridley (b), leatherback (c) and green (d) turtles equipped with
prototypes of solar (a) and non-solar (b—d) microsatellite tags. Images provided by Emily Turla (a,d),
Jekyll Island Authority (b) and Jay Paredes (c).

2.5. Optimization of Transmission Schedules

Tag programming enables users to adjust the transmission schedule for the tracking pe-
riod. On such miniaturized transmitters, it is fundamental to optimize tag transmissions in
order to save battery and extend their lifetime. In this regard, optimized transmission sched-
ules were determined to limit their transmissions to times when it was expected that satellites
would be overhead. Depending on the expected dispersal area around the different release
sites, we estimated the satellite coverage hours from Argos website data and fitted the trans-
mission schedule to those coverage hours. To maximize transmissions prior to potential tag
failure (e.g., tag attachment or operation failure), most of the non-solar tags were programmed
to transmit more often during the first month of deployment.

2.6. Attachment Methods

For all species, the attachment site was washed with cotton gauze soaked in antimicrobial
soap and chlorhexidine gluconate solution (0.25%). Any remaining loose scales or scute mate-
rial was removed via light buffing with a terry cloth towel. The site was then rinsed with fresh
water and dried with a clean towel. Tag attachment was species-specific from this point for-
ward.

Two attachment methods were used for green turtles. With the first method, hereafter
designated as Green 5200 (or CM5200), after cleaning, loose keratin was removed by gently
sanding using 400 grit sandpaper, taking care to avoid abrasion of the underlying integument.
The site was wiped clean with 70% isopropanol wipes and allowed to dry. A thin bed of 3M™
Marine Adhesive Sealant 5200 Fast Cure (3M, Saint-Paul, MN, USA, hereafter, 3M 5200 FC)
was applied to the base of the tag and the tag attachment site, then the tag was attached to the
turtle. An additional 3M 5200 FC was applied around the edges of the tag, avoiding the salt-
water switches, to secure and shape the attachment. The adhesive surface was smoothed using
an ice cube. When dry, a thin layer of black 3M™ 5200 Marine Adhesive Sealant (3M, Saint-
Paul, MN, USA, hereafter, 3M 5200) was applied to the attachment for camouflage. The second
method, hereafter designated as Green Epoxy (or CMEPO), was used with larger juveniles.
After cleaning the carapace with soap and water, 80 grit sandpaper was used to lightly
roughen the attachment site. Care was taken to avoid damaging the underlying integument.
The site surface was wiped with fresh water and then thoroughly dried with a towel. The area
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was then cleaned with rubbing alcohol (70% isopropanol) and dried with a towel/allowed to
air dry. A two-part epoxy (Superbond™, Superclear, Saint Petersburg, FL, USA) was applied
to the tag attachment site and the base of the tag and then the tag was attached to the turtle.
Epoxy was smoothed around the tag, avoiding the saltwater switches.

Leatherback tag attachments varied slightly between the years. In year 1, the site was
wiped clean with 70% isopropanol and allowed to dry. A neoprene (wetsuit material) pad was
cut into strips and attached to the clean shell with Perma Rite #1 Plus (On Rite, Fort Lauder-
dale, FL, USA) cosmetic adhesive positioned immediately lateral to the mid-dorsal carapacial
ridge to create a platform for the tag. The tag was attached to the neoprene with Perma Rite #1
Plus adhesive. The tag was anchored to the adjacent ridges and to the neoprene pads with a
5-0 PDS (Polydioxanone) suture. 3M 5200 FC was applied to cover the tag base, neoprene, and
to form a fairing that was smoothed with an ice cube. Care was taken to avoid the saltwater
switches. After the adhesive was no longer tacky, a thin layer of black 3M 5200 was applied to
the attachment for camouflage. Hereafter, this method will be referred to as the Leatherback
Year 1 (or DC1) method. In year 2, there were two changes to this attachment. PDS II 3-0 suture
anchor was attached between the tag’s anterior corners through the neoprene and the two
lateral ridges. There were no posterior suture anchors. Otherwise, the attachment was the
same as in the previous year. Hereafter, this method will be referred to as the Leatherback Year
2 (or DC2) method. Two further changes were made in year 3. These included the elimination
of the neoprene pad and substitution with an elastane fabricpad. PDS II 3-0 suture was used
to form a continuous loop anchoring the tag to the ridges in 4 points and passing through the
front and back channels in the tag housing. Hereafter, this method will be referred to as the
Leatherback Year 3 (or DC3) method.

The attachment methods for small juvenile loggerhead and Kemp’'s ridley’s followed a
previously published method for 100-800 g neonates [15]. Briefly, after washing the carapace
with an antimicrobial solution, loose scute material was sanded smooth with 320, then 400 or
600 grit sandpaper, taking care to not abrade the integument. The site was wiped clean with
70% isopropanol. The scute material was stabilized with a thin layer of manicure acrylic. A
neoprene pad (wetsuit material) was cut into strips and attached to the acrylic layer with
Perma Rite #1 Plus cosmetic adhesive to create a platform for the tag along or between cara-
pacial spines or keels. Once dry, Aqueon™ (Aqueon, Franklin, WI, USA) nontoxic aquarium
silicone adhesive was used to attach the tag and form a fairing around the tag base and sides.
The adhesive sealant was not applied to saltwater switches. The adhesive was smoothed using
an ice cube. Hereafter, this method will be referred to as the Loggerhead/Kemp’s Ridley (or
CC/LK) method.

Tag attachments to passive drifters were similar except as noted here. Bucket drifters had
four holes drilled into the buckets at the tag attachment site in the approximate shape and size
of the tag. The fishing line was threaded through the drilled holes and through the tag’s anchor
holes and tied as an initial attachment to the bucket. Then, the protocol for tag attachment to
bucket drifters and manufactured drifters was the same: the bucket surface was sanded with
400 grit sandpaper and wiped clean with acetone and allowed to dry. A thin bed of 3M 5200
FC was applied to the base of the tag and the tag attachment site, then the tag was secured to
the drifter. More 3M 5200 FC was applied to the tag and the attachment site to secure the
attachment. The application of adhesive sealant was carefully avoided on the saltwater
switches. Hereafter, these methods will be referred to as the Bucket Drifter (or BD) and the
Manufactured Drifter (or MD) methods.

2.7. Release Methods

A total of 164 prototype microsatellite tags were equipped on sea turtles (n = 160) and
drifters (n = 4), released off Florida, off Grand Cayman (Cayman Islands), within the Azores
archipelago, and off Jekyll Island. All release events were conducted by universities and local
organizations listed below in collaboration with Upwell for logistics and with FAU assisting
with tag attachment methods.
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2.7.1. Florida

Since 2020, nine release events involving turtles reared at FAU have been organized by
Upwell and completed within the Gulf Stream plume east of Florida (two in 2020, three in
2021 and four in 2022). These release events included juvenile leatherbacks (n =54) (Figure 3a),
juvenile loggerheads (n = 13) (Figure 3b), juvenile green turtles (n = 6) (Figure 3c), and drifters
(n = 4) (Figure 3d). The turtles were released with non-solar (n = 54) and solar tags (n = 19),
including some with dive sensors (n=9). The drifters were fitted with non-solar tags. For each
release event, possible release sites were determined between West Palm Beach (FL, USA) and
West End (Grand Bahama, Bahamas) to ensure that the turtles were advected into the Gulf
Stream to examine the influences of the current (velocity and direction) on initial dispersal
orientation, swimming speed, and behavior in further studies. Microsatellite tag attachment
was completed 12-36 h prior to release and then turtles were transported during the day by
boat to the release locations and held in closed insulated coolers during transport to prevent
dehydration and hyperthermia. The release of green turtles was conducted at night for oppor-
tunistic reasons (boat availability).

73°W  68°W  63°W  58°W  53°W  48°W  43°W

—2000

~——— Loggerhead (n = 13)

53°W  48°W  43°W ~3000

Depth [m]

—4000
41°N

37°N —5000
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29°N |y +

] 78°W  73°W  68°W  63°W  58°W  53°W 48° 43°W

—— Drifter (n = 4)

] 78°W  73°W  68°W  63°W  58°W  53°W 4B°W 43"W

Figure 3. Trajectories of (a) leatherbacks, (b) loggerheads, (c) green turtles and (d) drifters obtained
from Florida, superimposed with the bathymetry from General Bathymetric Chart of the Oceans
(GEBCO) dataset [41].
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2.7.2. The Cayman Islands

Three release events took place in the Cayman Islands in 2022 and were facilitated by
the CTCEC, Upwell, and the University of Maryland. During these release events, juvenile
green turtles (n = 50) (Figure 4) were equipped with non-solar (n = 20) and solar tags (n =
30). Forty tagged green turtles were released by boat off the coast of Grand Cayman (n =
40) in two release events. The first release events occurred 10 km north of Rum Point (n =30
turtles) and the second occurred 10 km south of Spotts Beach (n = 10 turtles) [37]. The re-
maining 10 turtles were released within an artificial lagoon in Grand Cayman in order to
observe tagged sea turtles interacting with their environment and other sea turtles.

T, 1 —ro
—— Green (n = 50) .~ — —
24°N| - Cayman Islands
Gulf of Mexico = 1 B L _1000
21°N ),
-2000
18°N €
~3000 £
S
[oX
15°N a
—4000
12°N ‘
-5000
9°N

88°W  84°W  80°W  76°W

Figure 4. Trajectories of green turtles obtained from Cayman Islands, superimposed with the ba-
thymetry from General Bathymetric Chart of the Oceans (GEBCO) dataset [41]. Countries around
the area are indicated: Mexico (MEX), Belize (BLZ), Guatemala (GTM), Honduras (HND), El Salva-
dor (SLV), Nicaragua (NIC), Costa Rica (CRI), Panama (PAN), Colombia (COL), Cuba (CUB), and
Jamaica (JAM).

2.7.3. Azores

Since 2021, four release events have been performed within the Azores archipelago
(one in 2021 and three in 2022), orchestrated by Upwell, the Institute of Marine Research
(IMAR), Flying Sharks, and the Okeanos Institute of the University of the Azores. During
these release events, wild-caught juvenile loggerheads (n = 30) (Figure 5) were equipped
with non-solar (n = 20) or solar tags (n = 10). Tags were attached 12-36 h prior to release.
Turtles were transported during the day by boat to the release locations and held in sepa-
rate boxes protected from the sun to prevent dehydration and hyperthermia. The turtles
were slowly acclimated to the seawater temperature before release. The release locations
were selected based on a combination of factors, including prevailing weather conditions,
tidal flows, sea state, and proximity by vessel to Horta, Faial. The first three release events
were located in offshore waters to the north of the Faial-Pico channel, while the last one
was located south of Pico Island.
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Figure 5. Trajectories of loggerheads obtained from the Azores, superimposed with the bathyme-
try from General Bathymetric Chart of the Oceans (GEBCO) dataset [41].

2.7.4. Jekyll Island

During 2022, Upwell and the Jekyll Island Authority’s GSTC organized a release
event off Jekyll Island. During this release event, juvenile Kemp’s ridleys (n =7) (Figure 6)
equipped with non-solar tags were split into 2 groups. Some turtles (n = 4) were released
by boat 10 miles offshore, east of Jekyll Island, and the others (n=3) were released directly
off the oceanic beach on Jekyll Island.

—— Kemp's Ridley (n = 7) 0
-1000
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Figure 6. Trajectories of Kemp’'s ridley turtles obtained from Jekyll Island, superimposed with the
bathymetry from General Bathymetric Chart of the Oceans (GEBCO) dataset [41].

2.8. Tag Performance Metrics

The following diagnoses were computed from technical data directly relayed by the tags.
Individual values were averaged per tag to compare the inter-individual variability of each
feature and per group of tags, combining species and tag types. Eight groups were formed:
non-solar tags equipped on Kemp's ridleys (NS-LK), on green turtles (NS-CM), on logger-
heads (NS-CC), on leatherbacks (NS-DC) and on drifters (NS-drifter), and solar tags equipped
on green turtles (S-CM), on loggerheads (S-CC) and on leatherbacks (S-DC). To calculate the
average of specific data described below, for each group of tags, all the measurements trans-
mitted by the tags in that group have been averaged together. As a result, a tag operating
longer than others will have a greater influence on the average. This choice was made to ana-
lyze the data during the “normal” operation of the device and to avoid biasing the average
with devices that suffered early failures.
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2.8.1. Transmission Features

Analyzing the transmission features in satellite-tracking systems is crucial for under-
standing the resulting performances. Two transmission features were investigated in this
study to characterize tag functioning;: transmission current and transmission power. These key
parameters, among others, play a pivotal role in directly impacting the transmission efficiency,
battery life, and data quality of satellite tags.

Transmission current, expressed in milliamperes (mA), indicates the current drawn from
the cell to produce the transmission pulse. Since this information is directly relayed by the tag,
a transmission current value is regularly provided (every 5th transmission) and then averaged
per group of tags, as indicated previously. Conversely, transmission power is not directly re-
layed by the tag but can be approximated with another relayed information, best level. The
best level, expressed in decibels (dBm), represents the highest power level received by the sat-
ellite from the tag during one satellite pass. As indicated previously, a value of the best level
is provided for each satellite pass and then averaged. Data from tags that have not relayed
enough measurements (n < 30) of each transmission current and best level were discarded.

2.8.2. Transmission Performances

The ultimate goal of these experiments was to obtain trajectories that allow for detailed
studies of juvenile sea turtle dispersal and their behavioral responses to oceanic conditions. To
achieve this goal, state-space models (SSMs) are commonly used to process the trajectories,
enabling regular sampling despite location errors and data gaps [42]. However, in order to
reduce uncertainties, the raw trajectories need to be as accurate and regular as possible.

The accuracy of the transmissions was investigated from the relayed location error ra-
dius. The location error radius represents the radius of the circle having the same surface as
the error ellipse calculated by the Argos system. This number has the advantage of embodying
a common value to all locations (e.g., regardless of the angle or the width of the ellipse), thus
allowing a global comparison of the accuracy of all the received locations. Finally, in the case
of multiple received locations for the same tag on a given day, only the best location (i.e., with
the lowest error radius) was kept in this diagnosis to quantify the accuracy of received loca-
tions. The regularity of the transmissions was assessed with the Transmission Regularity Ratio
(TRR), defined as follows:

NgTp

TRR = (1)

NgTp

with nsm, the number of scheduled transmission days (STDs), representing the number of
days when transmissions are scheduled depending on optimized transmission schedules, and
nem the number of effective transmission days (ETD), representing the number of STDs when
atleast 1 consistent location (with error radius < 100 km) was received. This diagnosis is a good
indicator of the transmission frequency, considering the programmed transmission schedules
and showing that the higher the ratio, the fewer STDs are missed and, therefore, the fewer
gaps are present in the trajectories. To compute this TRR, tags that have not transmitted long
enough (number of STDs < 10) were discarded. Finally, the lifetime of the tags was computed
simply by calculating the time difference between the release of the tag and the last received
transmission.

2.9. Tag Failure Investigations
2.9.1. Software Issues

On non-solar tags attached to leatherbacks and deployed in 2020 (n=17), a software issue
was detected, leading to early tag failures. The problem was revealed through transmissions
occurring outside of the programmed transmission schedule, which caused failures after only
a few days after the release. All of the failures from these tags were directly attributed to a
software problem. This problem was resolved in 2021 and, hence, tags deployed in 2021 and
afterward were not affected by this issue.
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2.9.2. Battery Exhaustion

Non-solar tags have limited batteries, which deplete over time. Their voltage levels can
be approximated via the battery voltage data, which are recurrently relayed by the tags. A
significant drop in this voltage, down to a critical level (3.3 V according to the manufacturer
specifications), is a clear sign of battery exhaustion. If this drop is not identified or the number
of received data does not allow its identification (n < 10), the battery exhaustion can also be
detected through the count of the number of sent transmissions, which is also occasionally
relayed by the tags. Depending on the transmission current (mA), the battery is designed to
send a defined number of transmissions. Thus, from the mean transmission current of the tag,
and only for those relaying enough transmission current measurements (n = 10), it is possible
to calculate a limit number of transmissions above which it is reasonable to conclude that the
battery is exhausted. If the data do not show that this limit has been exceeded or if the data do
not allow this excess to be identified, then it cannot be concluded that the battery is exhausted.

Unlike non-solar tags, solar tags are equipped with a solar panel, allowing solar harvest-
ing and battery extension. However, fouling of the solar panel can rapidly appear and alter
the solar harvesting capacity of solar tags. When this occurs, the tag cannot recharge, and the
battery will exhaust. In the case of solar tags, a significant drop in battery voltage just before
the last transmission is sought first. If this drop is not identified or the number of data do not
allow its identification (n < 10), it cannot be concluded that the battery is exhausted. The iden-
tification of an alteration of the solar harvesting is needed to complete this diagnosis and to
conclude to a battery exhaustion. To do so, the difference between the minimum and the max-
imum values of instantaneous battery voltage from the previous day is computed to estimate
how much solar energy the tag was harvesting. If this quantity is dramatically decreasing at
the end of the records, solar harvesting capacity alteration can be concluded and, associated
with the significant drop of the battery voltage, it can be concluded that the battery is ex-
hausted.

Solar tags equipped with diving sensors have the same features as solar tags but do not
relay data of instantaneous battery voltage. Instead, these tags prioritize the relay of dive data.
Therefore, solar harvesting capacity alteration cannot be diagnosed, and battery exhaustion
cannot be concluded.

2.9.3. Tag Damages and Stranding

Juvenile sea turtles, such as the Kemp's ridleys and the larger green turtles released in
this study, were recruited to neritic waters, where they likely interacted with rocks, reefs, and
sea bottom in shallow waters. Behavior such as scratching the carapace against substrate or
structure can significantly damage the attached tag by breaking the antenna or the housing,
or by directly removing the tag by damaging its attachment [25].

In the present study, no technical data were relayed to identify or inform on this kind of
tag failure; instead, it was investigated by comparing the last position from each trajectory
with the associated bathymetry from the General Bathymetric Chart of the Oceans (GEBCO)
dataset [41]. It was assumed that if the last position from a trajectory was identified within a
10 km range from an area where the depth was 30 m or less, the tag was potentially damaged
by interaction with the environment. We chose a radius of 10 km around the last received
position to consider the potential movement of the animal during the day following this last
transmission. In fact, by definition, when the last transmission was received, the tag was still
working, and a new transmission window should occur in the next 24 h. If the tag was no
longer transmitting during the next transmission window, it failed during this period. Also,
the chosen critical depth (30 m) was set based on diving data (see Section 3.4). These data
showed that even the smallest (<15 cm SCL) sea turtles of the current study can actually dive
to this depth range.

Ocean conditions can also cause the stranding of a sea turtle or a drifter and in this case,
the tag can also be damaged or buried, causing the transmissions to stop. In this study, it was
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assumed that if the last position from a trajectory was identified on land, the tracked individ-
ual was stranded and thus, its failure was associated with tag damage.

2.9.4. Biofouling (Saltwater Switch Fail)

Tags can only transmit their data when they are out of the water, so they are equipped
with saltwater switches to indicate if the tags are submerged (transmission not allowed) or dry
(out of the water, transmission allowed). This reduces transmission inefficiencies by ensuring
that tags only attempt transmission when conditions are favorable. In the marine environ-
ment, biofouling (accumulation of organic matter) can result in a malfunction with the salt-
water switch, indicating that the tag is underwater when it is not and blocking the tag from
transmitting data.

To investigate possible tag failure from biofouling, we compared individual tracking du-
rations with the time of appearance of biofouling on tags reported in the literature. Recent
studies show that biofouling was rarely the main cause for tag failures and appeared only after
relatively long tracking durations [4,15,18,19,25,26]. In accordance with these studies and con-
sidering that the tags used in this study are miniaturized and probably more rapidly affected
by biofouling than the other larger tags, the critical time for a saltwater switch failure was set
to 150 days in this study. In other words, if the tracking duration was recorded to be longer
than 150 days, we assumed that biofouling could have occurred and stopped the transmission
ability of the tag.

2.9.5. Tag Detachment Due to Turtle Growth

Growth rates of juvenile turtles are relatively rapid, especially for leatherbacks [38]. In
this context, the tag attachment is severely tested since turtle carapaces are extending signifi-
cantly, making the tag attachment very fragile and more likely to come off [26] under any kind
of force (e.g., breaking waves, vigorous swimming or diving and surfacing movements).

Tag attachments are likely to fail when SCL growth reaches or exceeds 2 cm [43]. Hence,
for each released individual, the critical time required for a 2 cm growth of the carapace from
its release size was computed and compared to the tracking duration for that individual. If the
tracking duration was between this critical time and 150 days (i.e., biofouling criteria), we as-
sumed that the tag could have detached due to turtle growth.

Based on data from leatherbacks reared in the FAU laboratory, it takes 30 days for neo-
nates in the range of sizes of the released individuals in our study to reach a 2 cm growth of
SCL in water at 22-24 °C [44]. In the absence of in-lab data for the other species used within
our study, the critical time to reach a 2 cm growth of SCL was computed with the release sizes
and growth curves previously detailed.

2.10. Statistical Analyses
2.10.1. Statistical Comparison

To determine whether or not certain technical factors have an impact on lifetimes, we
performed Kolmogorov-Smirnov tests. Kolmogorov—-Smirnov tests, applied to two samples
of data, are statistical tests that determine if the two samples are drawn from the same distri-
bution, based on the maximum difference between their empirical cumulative distribution
functions [45]. For these tests, we used a 95% confidence interval, implying that if the resulting
p-value is greater than 0.05, the defined null hypothesis (i.e., equality of distributions) cannot
be rejected.

In this study, we investigated the potential impacts that tag types and attachment meth-
ods could have on tracking durations. We tested tracking durations for solar (n =69) and non-
solar (n = 95) tags, attachment on green turtles with the Green Epoxy (n = 25) and the Green
5200 (n = 31) methods, and the Leatherback Year 2 (n =24) and the Leatherback Year 3 (n =12)
methods for leatherbacks turtles. Tags attached on leatherbacks with the Leatherback Year 1
method were discarded due to the aforementioned software issues.
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2.10.2. Tracking Duration Analysis

With tags for which the failure cause remained unidentified, a statistical analysis of life-
times was performed in order to understand which failure type was likely responsible for the
cessation of transmission. We performed a parametric statistical analysis, fitting reliability
functions (number of working tags over time) with a Weibull distribution and investigating
the associated failure rate functions. Weibull distribution is now a basis for lifetime studies
thanks to its versatility to fit an important number of reliability functions [46] and being used
in a large range of engineering fields such as the wind power industry [47] and material sci-
ences [48,49].

From a sample of N systems associated with failure times, t, we defined R(t), the reliabil-
ity function as:

cardit; <t
N
and the associated instantaneous failure rate:
1 dR(b)
A = RO Tt 3)

It can be difficult to analyze the instantaneous failure rate since its signal, being derived
from empirical data, is highly noisy and variable from one timestep to another. To simplify
the analyses, the reliability function described in Equation (2) can be fitted with the reliability
function of a Weibull distribution with the following form:

t(X

R (t) = e B¢ )

with a, the scale parameter and 3, the shape parameter, specific to each function to be fitted.
In this case, the reliability function is easy to derive and its continuity and absence of
noise makes it easier to analyze. However, above the visual analysis of the failure rate function,
the shape parameter, 3, is decisive in the analysis and enables the identification of failure type.
Depending on the value of {, the failure rate, A, evolves differently and can be associated with
one of the phases of the bathtub curve [50], typical for engineering systems [51]:

e If <1, the failure rate is decreasing, typical of the “burn-in” period. This kind of failure
rate indicates an “early failure” and is typically associated with systems with manufac-
turing defects;

e If B =1, the failure rate is constant, typical of the “useful life” period. This failure rate
indicates a uniform failure probability in time and is typically associated with “random
failures”;

e If 3>1, the failure rate, is increasing, typical of the “wear-out” period. It clearly indicates
that the failure probability increases with time and is typically associated with “fatigue
failures”.

3. Results
3.1. Transmission Features

The analysis of transmission power distribution in relation to transmission current (Fig-
ure 7a) revealed the presence of two distinct groups, effectively separating the non-solar tags
from the solar tags. In general, non-solar tags demonstrated lower transmission currents and
power levels compared to solar tags. This difference between non-solar and solar tags in terms
of transmission power was mainly due to an antenna detuning issue. This issue, not observed
in solar tags, consists in a difference in impedance between the tag and its antenna, related to
the absence of a ground plane on such small devices and to the configuration of the tag (e.g.,
orientation of the board and battery, presence of solar panel or not, capacitive coupling of the
circuitry to its surroundings). As a consequence, we observe a significant decrease in transmis-
sion current (approximately 1.4 times lower). Transmission current and power are closely
linked, therefore, the decrease in current directly resulted in a reduction in transmission power
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(approximately 1.6 times weaker). Specifically, the average transmission current for non-solar
tags was recorded at 78.14 mA, while the solar tags exhibited a higher average of 109.59 mA.
Similarly, the average power level for non-solar tags was measured at -131.3 dBm, whereas
the solar tags displayed a higher average of —129.3 dBm.

This important difference in transmission features was also observed among individuals
of every species equipped, except for Kemp’s ridleys, which did not transmit enough data
(Figure 7b). For loggerhead, leatherback, and green turtles, all equipped with either solar or
non-solar tags, solar tags exhibited better transmission performances. Strikingly, green turtles
showed the lowest and highest average power levels, depending on the tag type. Non-solar
tags attached to green turtles measured an average power level of only -133.7 dBm. In con-
trast, solar tags reached an average power level of -119.6 dBm (Figure 7c).
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Figure 7. Combined analysis of the mean transmission current and the mean best level from tags
with at least 30 measurements of each (n = 70). Panel (a) shows the mean best level as a function of
the mean transmission current. On panels (b,c), tags are gathered by groups combining species (CM:
green turtles; CC: loggerheads; DC: leatherbacks; and Drifters) with tag types (NS: non-solar; S:
solar). They show, respectively, the mean transmission current (b) and the mean best level (c) per
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group of tags. The columns indicate the number of tags included in the average computation and
the thin vertical black dashed line separates NS from S tags. For all diagnoses, markers indicate the
type of tag and colors indicate the species.

3.2. Transmission Performances
3.2.1. Location Error Radius

In total, 16,382 locations were received during all experiments. In selecting only the best
daily position (n = 3439) for each tag, the average error radius was 2.71 km. Most of these
locations exhibited a small error radius (Figure 8a), with 94.8% of these “best daily” locations
having an error radius smaller than 7 km and 82.8% having an error radius smaller than 2 km.

Solar and non-solar tags were relatively similar in performance (Figure 8b), with er-
ror radius values of 2.39 km and 3.11 km, respectively. However, the interspecies variabil-
ity was significantly different. Tags attached to drifters and loggerheads provided loca-
tions with mean error radii smaller than 2 km (0.83 and 1.66 km, respectively), while tags
attached to leatherbacks and green turtles provided less accurate locations (mean error
radii 3.20 and 5.61 km, respectively). Tags attached on Kemp’s ridleys showed the least
accurate locations, with the highest mean error radius being greater than 10 km.
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Figure 8. (a) Cumulative number of best daily positions (n = 3439) as a function of their error radius
and (b) the mean error radius of these best daily positions gathered by groups combining species
(LK: Kemp’s ridleys; CM: green turtles; CC: loggerheads; DC: leatherbacks; and Drifters) and tag
types (NS: non-solar; S: solar). Columns indicate the number of positions included in the average
computation, the thin vertical black dashed line separates NS from S tags, markers indicate the type
of tag and colors indicate the species.
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3.2.2. Transmission Regularity Ratio

On average, the deployed microsatellite tags relayed locations on 76% of the sched-
uled transmission days. However, important differences were observed between solar and
non-solar tags, with solar tags exhibiting a higher level of transmission regularity com-
pared to non-solar tags (as indicated by the mean TRR, Figure 9). On average, solar tags
relayed locations on 85.2% of the scheduled transmission days, while non-solar tags did
so on only 62.9% of the scheduled transmission days.

Differences were also observed among different species and with non-solar tags. While
the TRRs were all beyond 70% for species equipped with solar tags, variability was observed
for species equipped with non-solar tags, with some having ratios near 50% or less and oth-
ers having ratios around 90%. Thus, non-solar tags attached on Kemp’s ridleys, green turtles
and loggerheads showed the lowest mean TRR (38.5%, 50.3% and 57.3%, respectively),
whereas non-solar tags attached on leatherbacks and drifters showed a high mean TRR,
around 90%.

Regardless of the tag type, a hierarchical pattern emerged among tags attached to
green turtles, loggerheads, and leatherbacks. Tags attached to green turtles had the lowest
TRR, whereas tags attached to leatherbacks had the highest TRR, and tags attached to
loggerheads exhibited an intermediate TRR.
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Figure 9. Mean transmission regularity ratio (TRR) per group of tags (n = 106) combining species
(LK: Kemp's ridleys; CM: green turtles; CC: loggerheads; DC: leatherbacks; and Drifters) and tag
types (NS: non-solar; S: solar). Markers indicate the type of tag, colors indicate the species, columns
indicate the number of tags included in the average computation and the thin vertical black dashed
line separates NS from S tags.

3.3. Tag Lifetime
3.3.1. Tracking Duration

The overall average tracking duration of the tags deployed in these experiments was
quite low, at only 27.2 days. The minimum tracking duration was 0.26 days, and the max-
imum was 192.3 days.

Notable variability emerged among the different species tracked regarding tracking
durations and their reliability function (i.e., how the number of working tags changes with
time) (Figure 10). On average, the shortest mean tracking durations were observed for tags
attached to leatherbacks (mean: 9.1 days + 7.1 SD). This was followed by tags attached to
Kemp’s ridleys (mean: 13.0 days + 2.9 SD) and tags attached to green turtles (mean: 17.6
days + 15.6 SD). In contrast, tags attached on loggerheads and drifters showed dramati-
cally longer tracking durations, (respectively, mean: 62.6 days + 37.1 SD and mean: 50.6
days + 10.8 SD). Of note, there was an important dichotomy observed for green turtles.
The smallest individuals (n = 6), with sizes ranging from 9.82 to 10.81 cm, exhibited much
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longer tracking durations (mean: 54.5 days + 13.1 SD) than the largest individuals (n = 50),
with sizes ranging from 25.58 to 51.97 cm (mean: 13.2 days + 8.3 SD).

Kolmogorov-Smirnov tests showed that tag types and tag attachment methods did
not have a significant impact on tag lifetimes (p-values > 0.05). Comparisons of tracking
durations of solar and non-solar tags (KS = 0.210, p-value = 0.068), tags attached on green
turtles with the Green Epoxy and the Green 5200 methods (KS = 0.186, p-value = 0.679),
and tags attached on leatherbacks with the Leatherback Year 2 and the Leatherback Year
3 (K5=0.292, p-value = 0.434) methods did not differ.
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Figure 10. Attrition curves depending on group of tags combining species (LK: Kemp's ridleys; CM:
green turtles; CC: loggerheads; DC: leatherbacks; and Drifters) indicated by colors, and tag types
(NS: non-solar; S: solar) indicated by line styles (solid or dashed lines).

3.3.2. Identification of Failure Causes

Analysis of diagnostic results to identify causes of tag failure revealed that only 45%
(n =74) of the failures could be explained from our methodology (Figure 11), while 55%
(n = 90) remained unexplained. The distribution of these failures varied among species.
All failures on tags attached to Kemp’s ridleys (n = 7) and drifters (n = 4), as well as the
majority (66%, n = 37) of failures on tags attached to green turtles, could be attributed to a
possible cause of tag failure using our methodology. However, only 37% (n = 20) of fail-
ures on tags attached to leatherbacks and 14% (n = 6) of failures on tags attached to log-
gerheads could be attributed to specific causes from our diagnoses.

The primary cause of failure that could be determined in this study was damage to
the tags, accounting for 65% (n = 48) of the attributed failures. This failure type affected
all the tags attached to Kemp’s ridleys (n=7) and the majority (63%, n=235) of tags attached
to green turtles. However, this failure was minor in the smallest green turtles (<10 cm SCL,
n = 6), affecting only one individual (17%), two loggerheads (5%) and three leatherback
sea turtles (6%).

The second most common cause of failure was software issues leading to early tag
failures. As previously noted, a software issue was detected in non-solar tags deployed on
leatherbacks during 2020. All failures from these tags (n = 17) were attributed to the soft-
ware problem, accounting for 10% of all the failures.

Further analysis revealed that only 5% (n = 8) of the failures were associated with
battery exhaustion. While this was a minor cause of failure for all tags attached to sea
turtles, it was a significant factor for tags attached to drifters, with 75% of failures at-
tributed to battery exhaustion. Out of the four tags attached to drifters, three failed due to
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battery depletion, while the remaining tag was damaged when the drifter washed ashore
on the coast of North Carolina.

We also observed an exception: one non-solar tag attached to a juvenile loggerhead,
measuring approximately 12 cm SCL, exhibited the longest lifespan, being tracked for
192.3 days before ceasing data transmission. Interestingly, there were no indications of
battery exhaustion or interactions that could have caused tag damage. This tracking du-
ration is longer than the critical time, for this individual, allowing for a 2 cm growth in
carapace length calculated as about 139 days. In addition, it is also longer than our criteria
associated with the potential occurrence of biofouling on the wet-dry switch (150 days).
Therefore, the suspected causes for this particular failure were either tag detachment due
to the growth of the carapace or a saltwater switch failure caused by biofouling.

Tag Failure Distribution

ALL

Figure 11. Histogram showing tag failure distributions depending on the equipped species (ALL:
all four species; CC: loggerheads; DC: leatherbacks; CM: green turtles; LK: Kemp’s ridleys; and
Drifters).
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For the remaining unidentified tag failures (55% of all deployed tags), the statistical
analysis using Weibull distributions (Figure 12) revealed that the three reliability curves
(one per species) could be fitted with Weibull laws of different parameters (R? > 0.95).
Overall, these results indicated different failure rates depending on the species. However,
in all three cases the shape parameter, 3, was superior to 1 (foc = 1.4; Bcem = 2.9; Bcc =2.2),
and indicated an increasing failure probability with time, typical of the “wear-out” period
of an engineering system (Figure 12a). They clearly indicate that, regardless of the species,
the main failure cause for these tags was associated with a fatigue process. Although the
failure rates all increased over time, differences were notable in the way they increased
with time. Indeed, for tags attached to leatherbacks, the failure rate rose very rapidly dur-
ing the first week before failures increased a little more slowly over the following days.
For tags attached to green turtles, it was almost the opposite. The failure rate increased at
a slower rate during the first week, then rose sharply throughout the entire tracking pe-
riod. Finally, for tags attached to loggerheads, the failure rate increased slightly and gently
throughout the tracking period (Figure 12b).
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Figure 12. Reliability functions (a) and associated predicted failure rates (b) per species only, includ-
ing tags for which the failure cause remains unidentified. On panel (a), reliability curves from data,
R, are plotted as a scatter plot with one marker on each failure event. The fitted reliability curves
from the Weibull approximation, Rfit, are plotted as solid lines. On panel (b), predicted failure rates
functions, calculated from the Weibull approximation, are plotted as solid lines and until the last
failure event.

3.4. Diving Data

Overall, out of the nine tags equipped with dive sensors and attached to young (SCL
<11 cm) green (n = 3), loggerhead (n = 3) and leatherback (n = 3) turtles, eight transmitted
dive data that could be analyzed in the current study (Figure 13). One tag attached to a
green turtle did not transmit data. While all the species spent most of their time (>60%)
under the surface, species-specific differences were observed. The green and the logger-
head turtles spent, on average, all their time (100%) within the first 10 m below the surface,
with occasional dives that were deeper and short in duration. Despite these deeper dives
that could go down to 15 m for green turtles and over 50 m for loggerhead turtles, these
two species reached an average maximum daily depth of 7.82 m and 7.04 m, respectively.
In contrast, the leatherback turtles observed in the present study went slightly deeper,
spending 96% of their time within the first 10 m below the surface and 4% of their time at
depths of 10-20 m. Dives deeper than the first 10 m below the surface are recorded daily,
making the average maximum daily depth deeper than for the other species, at 22.50 m.
The deepest recorded dive for these leatherback turtles was at 33 m.
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Figure 13. Diving data from three sea turtles tagged with solar microsatellite tags, equipped with
dive sensors. Each figure is labeled with the tag ID, the equipped species, and the straight carapace
length (SCL) of the individual. On each, two panels indicate the daily fraction of the day spent un-
derwater (top) and the daily dive histogram (bottom), with the fraction of the time spent underwater
spent in each 10 m depth bin. Red crosses indicate the daily maximum reached depth.
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4. Discussion
4.1. Good Transmissions Despite Unfavorable Features Due to Miniaturization

Our analyses overall revealed that the microsatellite tag prototypes transmit at very
low power levels. These weak signals pose challenges for satellites to detect, as they are
more susceptible to various sources of perturbations affecting Argos transmissions. These
perturbations may arise from technical or environmental factors, such as spatially de-
pendent interferences (ambient noise), alignment issues between the tag and the satellite
(transmission geometry), adverse weather conditions (heavy rain, cloud cover), or physi-
cal obstructions (waves, mats of macroalgae, dense vegetation, mountains, buildings) be-
tween the tag and the satellite. This situation is particularly pronounced for non-solar tags,
as they suffer from antenna detuning, leading to a significant decrease in transmission
current and power. Consequently, non-solar tags are more sensitive to the aforementioned
perturbations.

Despite these challenges, the tags performed satisfactorily, regularly providing accu-
rate locations. Compared to typical Argos location errors (<250 m to =2 km), the location
errors generated by our tags were relatively large but within an acceptable range given
limitations such as low transmission current and power. Over 80% of the best daily loca-
tions fell within an error radius range of 2 km or less.

The overall transmission regularity was satisfactory, providing consistent locations
on 3 scheduled transmission days out of 4. However, there was substantial variability ob-
served between tag types and species. Solar tags had better performance in terms of trans-
mission regularity compared to non-solar tags, and this trend was mirrored in the trans-
mission power hierarchy between the two types. Similarly, non-solar tags attached to
leatherbacks showed better performance compared to non-solar tags attached to logger-
heads, and non-solar tags attached to loggerheads showed better performances compared
to non-solar tags attached to green turtles. This trend was also mirrored in the transmis-
sion power hierarchy between the species.

The variability in transmission regularity could also have been influenced at a smaller
scale by either the dispersal area or specific turtle behaviors. Individuals of some species,
like larger green turtles and the Kemp’s ridleys we tagged, exhibited neritic behaviors
such as potentially spending more time at depth and less time at the surface compared to
epipelagic oceanic turtles, and remaining close to the coast where obstructions such as
onshore high vegetations or reliefs may have hindered transmissions [52]. Additionally,
external disturbances, such as ambient noise from other electronic devices or radio signals,
might further degrade transmission quality and disrupt signal reception. These factors
could contribute to slightly better transmission performance in certain, more remote re-
gions. For instance, the environmental electromagnetic noise in Argos frequency bands
might be higher along the densely populated US east coast than in the vicinity of the
Azores archipelago. Considering this, it was not surprising that tags attached to logger-
heads, which exhibit epipelagic oceanic behavior and mainly disperse from the Azores,
outperformed tags attached to Kemp’s ridleys or green turtles, which tend to have neritic
behaviors and disperse in the Western Atlantic. Similarly, the better performance of tags
equipped on surface drifters was not surprising, as they transmit at relatively higher
power levels compared to other non-solar tags. It could also be attributed to their passive
surface drifting behavior and the tag being kept out of the water for longer periods com-
pared to small turtles that actively swim, dive, and submerge, voluntarily or not.

Opverall, the transmission power of the tags remained the main factor affecting trans-
mission regularity, resulting in a significant number of lost transmissions for the low-
powered tags. However, other factors like turtle behavior and geographical distribution
could also have influenced the performance of the tags.
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4.2. Abnormally Short Tracking Durations, Which Do Not Allow for Correct Trajectory
Analyses

The tracking durations observed in our experiments varied greatly depending on the
species tagged. This supports that the behavioral habits of each species highly influence
the functioning of the tag and, combined with the different species-specific attachment
methods, its ability to last over time.

Drifters are passive, unable to control their own direction and speed independent of
larger physical influences such as ocean currents, and all associated failures with drifters
could also be classified as “passive”. Indeed, one drifter washed ashore, likely damaging
the tag, or burying it in the sand, and the other three drifters experienced battery exhaus-
tion. The passive nature of drifters distinguishes them from sea turtles, which subject the
tags to different challenges based on the specific behavioral habits of each turtle and spe-
cies (e.g., interactions with the environment, habitat selection, swimming, and diving be-
haviors). For tags attached on sea turtles, battery exhaustion is not a major cause of failure
(3%), as they primarily stop functioning before it occurs.

Tracking durations of loggerheads were relatively long (average 62.6 days + 37.1 SD)
in comparison with other species in this study, and on the same order of magnitude as
those observed for turtles of similar sizes (mean: 67.2 days + 45.7 SD) in previously pub-
lished studies [18,28]. While our diagnostics may not account for the majority of failures
occurring on tags attached to loggerheads, the failures they do explain are primarily
linked to passive failures, such as battery exhaustion, potential biofouling, or tag detach-
ment due to turtle growth, which are more likely to occur during extended tracking peri-
ods such as observed in our study.

In contrast, tracking durations of tags attached on Kemp's ridleys, green turtles, and
leatherbacks were relatively short and well below the expected results. Although
equipped with different types of transmitters (i.e., microsatellite tags), tracking durations
observed in our study were quite short (<20 days) compared to tracking durations of sim-
ilarly sized Kemp’s ridleys (mean: 114.4 days = 91.7 SD) [27,29] and smaller green turtles
(mean: 65.9 days + 30.6 SD) [19]. This rapid decrease in the number of functioning tags
attached to Kemp’s ridleys and green turtles could be explained by the limited capacity
of our miniaturized tags and their attachment to withstand neritic “carapacial cleaning”
and possibly biting of tags by conspecifics. In the current study, all tags attached to
Kemp’s ridleys and the majority of tags attached to green turtles experienced failures as-
sociated with tag damage in shallow waters. This observation aligns with expectations
considering that neritic Kemp’s ridleys and green turtles could exhibit significant envi-
ronmental interactions, scratching their carapace against rocks, reefs, or the seafloor, and
thereby exposing tags to significant damage to antennas, housings, or attachments [25].
Observations of other, non-released juvenile green turtles in the artificial lagoon of the
CTCEC support this hypothesis, with a large number of interactions recorded between
green turtles and rocks, as well as with other individuals, resulting in damaged tag anten-
nas (Figure 14a), and damaged tag housings [53]. One of the juvenile green turtles released
to the wild, offshore of Grand Cayman, had a tag that stopped transmitting but the turtle
was found in good health about 10 days after the last transmission, with the upper part
(tag upper housing and antenna) missing (Figure 14b). These observations confirm that
the tagged juvenile turtles that reside in neritic rather than pelagic habitats can cause sub-
stantial damage to the tags, which could lead to early tag failures. The smallest tracked
green turtles (=10 cm) used epipelagic habitats and their tracking durations were dramat-
ically longer and on the same order of magnitude as those observed for turtles of similar
sizes [19]. These turtles are less likely to locate hard structures that can dislodge or damage
the tags and likely can generate less force should an at-sea structure be available. This
finding corroborates our observation that the microsatellite tags are challenged by neritic
interactions when on larger turtles but can tolerate the movements and behaviors of
smaller individuals.
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Figure 14. Observations of tag damages on green turtles from Grand Cayman. Picture (a) shows the
remaining part of the tag with a missing superior part (housing + antenna) from the turtle found in
the inlet channel a few days after the transmission ceased. Picture (b) shows a swimming turtle in
the artificial lagoon of Grand Cayman with a broken antenna. The photographs were provided by
Francesca Casella.

Tracking the duration of leatherbacks was the shortest and the most surprising. This
is the first satellite tracking of very early stage (~3 months) leatherback turtles of this size
class (~100-150 g). We hoped for longer tracking durations, at least equivalent to those of
the smaller loggerheads and green turtles from other published studies [18,19,28]. On the
contrary, the average tracking time for small leatherbacks did not exceed 10 days, and the
longest trajectory obtained was barely a month. While the short tracking durations of
Kemp’'s ridleys and green turtles could mainly be explained by the behavior of these spe-
cies in shallow waters, leatherbacks exhibit different behaviors, being more pelagic and
thus exposed to limited opportunities to interact with hard substrate [54]. The at-sea be-
havior of small leatherbacks, particularly vertical movements and time spent submerged,
also differs from that of loggerheads, Kemp’s ridleys, and green turtles, therefore making
it difficult to diagnose whether stresses on the tag or the attachment accounted for such
early failures [55].

Although natural predation may have certainly played a role in the loss of some de-
ployed tags, potentially impacting the turtle’s escape capability, it would be surprising if
it were the main cause. In our study, loggerhead turtles were tracked for substantially
longer durations than leatherback turtles of similar size despite being released in the same
area, off Florida. Tags deployed on leatherbacks rarely lasted more than two weeks, and
those deployed on green turtles rarely lasted more than a month. This rate of loss is far too
high to be mainly due to predation and is inconsistent with the estimated sustainable sur-
vival rate for a given population, which would be around 25% after the first year at sea [56].

From a statistical perspective, our results demonstrate that predation has only a mi-
nor role compared to other causes of tag failure. In fact, the probability of being hunted
and consumed by a predator is highest for the youngest and smallest individuals and
decreases over time as the turtle grows (the bigger, the safer!) and its swimming and es-
cape abilities improve. If predation played a major role in the loss of our tags, the failure
rates would have decreased over time. For the important remaining fraction of tags for
which the failures are still unexplained (65%), the statistical analysis demonstrated that
regardless of the species, the failure rate increases with time, clearly indicating a tag fa-
tigue process as a primary cause.

Overall, the main type of failure affecting the tags deployed in our experiments was
a fatigue mechanism, regardless of the species. For some tags, failure rates developed in
different ways depending on the species, showing that the cause of fatigue had variability,
and could be dependent on behavioral habits specific to each species. This, however,
leaves the question of what specific behavioral differences among leatherbacks, logger-
heads, and green turtles could have caused these variable failure rates.
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One possibility is dive behavior, as it is known that juvenile leatherbacks are inher-
ently good divers [57,58]. Moreover, the diving data obtained from young juvenile logger-
heads, leatherbacks and green turtles during this study show that, at a similar size, young
leatherbacks dive much deeper compared to green turtles or loggerheads. Although logger-
head (and potentially green) turtles are capable of occasional relatively deep dives (>30 m) at
small sizes (=10 cm), they spend almost all their time in the first 10 m of the ocean. In contrast,
leatherback turtles spend much more time deeper and regularly dive deeper than 20 m. Alt-
hough the deepest recorded dive in the present study was performed by a loggerhead turtle,
recent observations suggest that early-stage leatherbacks are capable of much deeper dives
than observed within this dataset [59].

This marked difference in diving behavior, along with observed variability in tag
function and duration between species, leads us to hypothesize that the deep and repeti-
tive dives of leatherback turtles may be a cause of early failures. Dives can potentially
degrade the housing on the tags due to increased pressures, leading to water infiltration
and permanent tag damage. However, tags are exposed to a triangle pressure profile dur-
ing their design phase, being subjected to five cycles of rated pressure (i.e., 20 bars —equiv-
alent to a depth of 200 m) and 1000 cycles of half-rated pressure (i.e., 10 bars—equivalent
to a depth of 100 m) at an applied rate of 4 m/s. Additionally, tags experience 24 h of
exposure to a static pressure 1.5 times the rated pressure (i.e., 30 bars—equivalent to a
depth of 300 m) [60]. These rigorous pressure chamber tests, conducted by the manufac-
turer on all tags prior to deployment, would likely suggest that the pressure is not the
primary factor causing early failures. A possible hypothesis about a relationship between
turtle dive behavior and tag failures could be that the drag associated with alternating
positive and negative diving speeds experienced by a turtle on its dive ascents and de-
scents could have a fatiguing effect on the antenna integrity, potentially leading to break-
age and therefore to tag failure. We also observed corrosion on the printed circuit board
(PCB) of returned tags, initially intended to be deployed on birds. This corrosion was
mainly due to moisture being trapped in the tag housing, but marine tags should not suf-
fer from this effect, being solidly encased in epoxy and hypothetically impenetrable to
moisture. In response, a new cleaning process has been implemented during tag manu-
facture and further results are needed to study its impact on tracking durations. It is also
possible that early tag failures could be attributed to faulty attachment methodologies. We
cannot definitively rule out this hypothesis, but it seems highly unlikely, since most tags
attached to leatherbacks ceased transmitting before the predicted attachment component
failures. Indeed, tag attachment methods used for leatherbacks employ “hybrid” attach-
ment techniques (i.e., suture anchors, various adhesives) and each has a different failure
time. In-lab tests showed that the cosmetic adhesive lasts more than 4 months when at-
taching the tag to spandex and lasts until the scales are shed during turtle growth (about
30 days here). Further, the combination of suture anchors that supplement the cosmetic
adhesive should last at least 3 weeks [61] based on lab observation of the integrity of the
components.

While the deeper diving behavior of juvenile leatherbacks might result in malfunc-
tion or strain for deployed microsatellite tags, the shallower dives of juvenile loggerhead
turtles should not have had these same issues. Instead, the fatigue process for loggerhead
tags demonstrated a much more gradual increase over time. As the smallest green turtles
in our study exhibited diving behavior and tracking durations similar to those of the log-
gerheads, they are likely to have a similar fatigue process. However, older green turtles
have more pronounced and deeper dive behavior [62,63], potentially resulting in similar
issues as the leatherbacks with the integrity of tags or their attachments. Additionally, the
neritic, shallow spatial use of the larger green turtles of Grand Cayman in our study [37]
could have resulted in some initial damage to tags that is then compounded when they
venture into deeper oceanic areas where the tag fatigue process could speed up, leading
to an increased failure rate over time.
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5. Conclusions

We investigated the performances of prototypes of microsatellite tags for tracking
neonate to juvenile sea turtles, with the aims of (i) assessing the performance of novel
microsatellite tags and (ii) gaining insights into turtle behavior during this critical life his-
tory period. Our research confirmed that tag miniaturization for these small and highly
mobile denizens of the marine realm poses real and ongoing technological challenges, im-
posing strong design constraints on the tracking devices. Tags for small sea turtles must
be compact and lightweight to minimize any potential impacts on mobility and behavior.
This constraint limits the space available for sensors, batteries, and other components, re-
quiring careful selection and optimization of each element to ensure proper functionality
and longevity. Miniaturized tags must be robust enough to endure the harsh and corro-
sive marine environment and to withstand the physical stresses imposed by the vigorous
behaviors (e.g., diving, swimming, benthic foraging, carapace scraping, nipping) of young
sea turtles, some of which subject the tags to continuous wear. The miniaturization pro-
cess necessitates the use of smaller batteries to power the tags, which impacts both oper-
ational lifespans, as smaller batteries have reduced energy storage capacity, and the trans-
mission power. Striking the right balance between battery, transmission power, robust-
ness, size, and weight is a delicate task that requires extensive testing and optimization.

Our research findings revealed that the deployed microsatellite tag prototypes oper-
ate with very low transmission power. These low transmission powers induce weak sig-
nals, making them more susceptible to various sources of perturbations that can affect
Argos transmissions. The impact of these unfavorable transmission features is particularly
noteworthy on non-solar tags, which face an antenna detuning issue leading to a signifi-
cant decrease in transmission current and power and rendering them more sensitive to
the aforementioned perturbations. Despite these challenging transmission features, our
experiments have yielded encouraging results in terms of transmission regularity and quality.
The deployed microsatellite tags demonstrated commendable transmission regularity, with
relatively few missing transmission windows, especially for solar tags. This is a crucial factor
for obtaining accurate and consistent tracking data. Furthermore, the location error radius,
which indicates the accuracy of the obtained locations, has proven to be low, underscoring the
ability of our tags to provide reliable location information despite their weak signals.

One of the substantial findings of our research is that the main weakness of our mi-
crosatellite tags is not their battery capacity (as is documented for tags on adult sea turtles
[4]), as they stop transmitting before battery exhaustion occurs. Instead, their primary lim-
itation lies in their lack of robustness. The tags are too fragile and are unable to withstand
the physical constraints encountered by individuals occupying neritic habitats, especially
when deployed on large (>20 cm) juvenile green turtles and Kemp’s ridleys, which fre-
quently interact with the sea bottom, rocks, and reefs. Juvenile sea turtles, especially those
exhibiting neritic behavior, engage in various activities that expose the tags to significant
wear and potential damage. Green turtles and Kemp’s ridleys, in particular, are known to
scratch their carapaces against rocks, reefs, and the seafloor, which subject the tags to intense
forces and abrasions, resulting in damage to the tag’s antenna, housing, or its attachment.
Consequently, these physical threats to the tags on neritic turtles lead to a rapid decrease in
the number of functioning tags attached to green turtles and Kemp's ridleys.

The lack of robustness in the microsatellite tags presents a significant challenge for
applications for actively diving oceanic turtles, such as neonate leatherbacks. The insights
gained from our diving data have been groundbreaking, providing the first reported
longer-term (greater than 3 days) observations of horizontal and vertical movements of
small juvenile leatherbacks, loggerheads, and green turtles. Our diving data clearly illus-
trate the stark differences in diving behaviors among these sea turtle species. Small juve-
nile leatherbacks exhibited a distinctive pattern of more frequent and deeper dives com-
pared to loggerheads and green turtles of similar sizes. These intense and repetitive dives
likely subject the tags to high levels of stress and fatigue, potentially compromising the
integrity of the tag or its attachment to the turtle. The vertical movements of small
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leatherbacks during these deep dives continuously subject the tags to pressure extremes
that likely contributes to tag fatigue, resulting in water infiltration and degradation of the
tag’s housing and antenna. The lack of robustness in our microsatellite tags is not only an
issue for neritic individuals. It also poses significant challenges for diving oceanic sea tur-
tles, particularly very young leatherbacks.

Our study underscores the need for a new phase of design and testing to address and
overcome the existing constraints on the development of microsatellite tags. We have
identified low transmission power and lack of robustness against neritic and diving be-
haviors as key challenges, and overcoming these limitations will require further innova-
tion and technological advances. In order to improve the performance and durability of
the tags, comprehensive design modifications and rigorous testing remain requirements.
The current tags are well suited for continued research on small pelagic stage loggerheads
and green turtles, as these species exhibited the longest tracking durations, consistent with
previously published results [18,19,28]. These tags hold tremendous promise for revealing
the vertical habitat use of very early-life stage leatherback turtles but they could be greatly
enhanced through the innovations described here. Our overall aim is to optimize data
collection efforts by concentrating on proven successes with the miniature tags and to
continue to gather valuable insights into behaviors and movements during early sea turtle
life history. As we embark on a new phase of design and testing, we must continue to
approach the challenges with a multidisciplinary approach, drawing on expertise from
biologists, engineers, ocean physicists, and conservationists. Collaborative efforts will be
crucial to refine and enhance the tracking technology, ensuring its effectiveness in diverse
marine environments and sea turtle species.

Despite challenges and limitations in data capture, retrieval, and analysis, our research
efforts have achieved significant milestones in understanding the movements and behaviors
of various sea turtle species. We successfully acquired the first reported longer-term hori-
zontal and vertical tracking data leatherbacks at 70-100 day-old and early-stage captive-
reared (Florida) and wild-caught (Azores) loggerheads. These groundbreaking results have
addressed knowledge gaps surrounding the life histories of different sea turtle populations,
particularly shedding light on the enigmatic “Lost Years” period in sea turtle life history.

Our learnings throughout the research design and implementation process have laid
the foundation for refining satellite tracking efforts not only on early-stage sea turtles but
also juveniles of other marine species, particularly those exhibiting complex life histories
and ontogenetic changes. The insights gained from our research on microsatellite tags
could have broader implications for the bio-logging community, extending beyond sea
turtles to encompass a wide range of marine species. The challenges we have addressed,
such as miniaturization, transmission power, and robustness of the tag and its attachment,
are shared across various taxa inhabiting marine environments, such as fishes, marine
mammals or even seabirds [13,14].

We have benefited from a unique interdisciplinary collaboration involving many sci-
entific experts, including sea turtle biologists, oceanographers, physicists, electrical engi-
neers, software engineers, and tag designers. Our multidisciplinary approach and collab-
orative efforts exemplify the importance of cross-disciplinary cooperation in advancing
tracking technology for the benefit of marine conservation and ecological research.
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Appendix A

Table Al. Data summary of sea turtles released from Florida (USA). Abbreviations are used in this
table for tag types (NS: Non-Solar, S: Solar, SD: Solar with dive sensor), attachment methods (DC1:
Leatherback Year 1, DC2: Leatherback Year 2, DC3: Leatherback Year 3, BD: Bucket Drifter, MD:
Manufactured Drifter, CC/LK: Loggerhead/Kemp’s Ridley, CM5200: Green 5200) and species (DC:
Leatherbacks, CC: Loggerheads, CM: Green turtles).

Attachment Straight
Release Date TagID Tag Type Species Carapace Weight [g]
Method
Length [cm]

202984 NS DC1 DC 8.69 112
202985 NS DC1 DC 9.04 122
202986 NS DC1 DC 8.70 109
202987 NS DC1 DC 9.13 116
31 August 2020 202988 NS DC1 DC 9.36 130
202989 NS DC1 DC 8.69 108
202990 NS DC1 DC 9.03 116
202991 NS DC1 DC 8.60 111
202993 NS DC1 DC 927 117
202981 NS DC1 DC 9.07 105
202982 NS DC1 DC 8.85 114
202992 NS DC1 DC 875 108

203078 NS DC1 DC 8.38 99
18 September 2020 203079 NS DC1 DC 9.41 123
203080 NS DC1 DC 8.73 108
203081 NS DC1 DC 9.15 117
203436 NS DC1 DC 9.11 107
203437 NS DC1 DC 9.04 112
214066 NS DC2 DC 8.82 123
214067 NS DC2 DC 9.09 126
214068 NS DC2 DC 8.98 130
214070 NS DC2 DC 8.78 126
214071 NS DC2 DC 8.03 109
214073 NS DC2 DC 9.62 155
3 August 2021 214074 NS DC2 DC 9.01 133
214075 NS DC2 DC 8.45 107
214076 NS DC2 DC 9.11 131
214078 NS DC2 DC 8.90 127
214079 NS DC2 DC 927 132
214080 NS DC2 DC 8.74 128
202981 NS DC2 DC 9.65 138
202982 NS DC2 DC 8.57 127
202983 NS DC2 DC 8.90 117
202984 NS DC2 DC 9.02 145

202986 NS BD Drifter - -

202987 NS BD Drifter - -
23 August 2021 202988 NS DC2 DC 8.67 133
202989 NS DC2 DC 9.41 136
202990 NS DC2 DC 9.58 132
202991 NS DC2 DC 8.85 118

202992 NS BD Drifter - -
214072 NS DC2 DC 9.04 150
203437 NS DC2 DC 8.82 117

212838 NS MD Drifter . .
22 September 2021 212839 NS DC2 DC 921 117
212840 NS DC2 DC 9.08 129
236284 NS DC3 DC 8.52 117

236285 NS DC3 DC 8.56 99

236286 NS DC3 DC 8.07 93
10 August 2022 236287 NS DC3 DC 8.96 120
236293 s DC3 DC 7.14 70

236294 S DC3 DC 7.32 68
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236295 S DC3 DC 7.26 70
236299 s DC3 DC 8.43 108
236302 SD DC3 DC 7.47 75
236305 SD DC3 DC 8.90 126
236310 SD DC3 DC 7.42 79
212848 NS CC/LK cC 11.61 265
212849 NS CC/LK cc 11.35 268
236288 NS CC/LK cc 11.80 268
236289 NS CC/LK cc 11.36 249
236292 NS CC/LK cc 11.45 274
236296 s CC/LK cc 9.58 156
22 September 2022 236297 S CC/LK ccC 9.43 143
236298 5 CC/LK cc 9.84 185
236301 s CC/LK cc 9.45 143
236303 SD DC3 DC 9.47 138
236306 SD CC/LK cc 9.44 137
236308 SD CC/LK cc 10.08 192
236309 SD CC/LK cc 9.14 136
29 October 2022 212844 NS CC/LK cC 19.30 1069
235356 S CM5200 CM 9.82 146
236290 NS CM5200 cM 10.81 168
236291 NS CM5200 cM 10.08 167
15 November 2022 236300 5 CM5200 cM 10.18 150
236304 SD CM5200 cM 10.40 161
236307 SD CM5200 M 10.23 157

Table A2. Data summary of sea turtles released from the Cayman Islands. Abbreviations are used
in this table for tag types (NS: Non-Solar, S: Solar), attachment methods (CM5200: Green 5200,
CMEPO: Green Epoxy) and species (CM: Green turtles).

Attachment Straight
Release Date TagID Tag Type Species  Carapace Weight [g]
Method
Length [cm]

202985 NS CMEPO M 30.24* 5300
203080 NS CMEPO M 41.10* 12,800
203084 NS CM5200 M 30.24* 4300
203086 NS CMEPO M 41.10* 15,200
203087 NS CMEPO CM 42.66 * 17,200
203089 NS CMEPO M 48.09 * 22,700
203403 S CMEPO M 48.87 * 23,300
203404 S CMEPO M 41.10* 12,900
203405 S CMEPO M 47.31* 22,600
203406 S CMEPO M 49.64 * 19,500
203407 S CM5200 M 30.24* 5600

22 January 2022 203408 S CMEPO M 28.69 * 4200
203409 S CMEPO CM 51.97 % 29,400
203410 S CM5200 CM 28.69 * 4300
203411 S CMEPO CM 46.54 * 20,400
203412 S CMEPO M 46.54 % 24,900
203436 NS CMEPO M 32.57* 6300
212837 NS CMEPO M 49.64 * 29,500
212845 NS CMEPO CM 49.64* 29,400
212846 NS CMEPO M 28.69 * 4300
212847 NS CMEPO CM 41.10* 14,800
212862 NS CMEPO CM 43.43* 20,400
212866 NS CMEPO CM 43.43* 13,600
212867 NS CMEPO CM 41.10* 14,200
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214069 NS CM5200 M 32,57 * 6800
214081 S CMEPO M 35.67 * 9600
214082 S CMEPO M 38.00 * 11,600
214083 S CM5200 M 31.01 * 4800
214085 S CMEPO M 31.01 * 5000
228045 S CMEPO M 49.64 * 31,800
236018 NS CM5200 M 26.36 * 3460
236019 NS CM5200 M 25.58 * 2860
236020 NS CM5200 M 26.36 * 3220
236021 NS CM5200 M 25.58 * 2920
236022 NS CM5200 M 27.13 * 3800
19July 202230003 S CM5200 M 26.36 * 3260
236024 S CM5200 M 28.69 * 3820
236025 S CM5200 M 25.58 * 2960
236026 S CM5200 M 25.58 * 2980
236027 S CM5200 M 25.58 * 2980
229669 S CM5200 CcM 30.24 * 5300
229670 S CM5200 M 31.01 * 6400
229671 S CM5200 M 32.57 * 6300
229672 S CM5200 M 30.24 * 5100
229673 S CM5200 M 29.46 * 5300
20July 2022 5674 S CM5200 M 31.01 * 5700
229675 S CM5200 cM 30.24 * 5000
229676 S CM5200 M 29.46 * 4900
229677 S CM5200 M 31.79 * 5220
229678 S CM5200 M 29.46 * 4800

* SCL computed from CCL measurements.

Table A3. Data summary of sea turtles released from the Azores (Portugal). Abbreviations are used
in this table for tag types (NS: Non-Solar, S: Solar), attachment methods (CC/LK: Logger-
head/Kemp’s Ridley) and species (CC: Loggerheads).

Attachment Straight
Release Date Tag ID Tag Type Species Carapace Weight [g]
Method
Length [cm]
212871 S CC/LK cCc 18.30 1027
212872 S CC/LK cc 12.30 331
19 November 2021 212873 S CC/LK CcC 19.70 1272
212874 S CC/LK cCc 19.30 1441
212875 S CC/LK CcC 17.00 811
214084 S CC/LK CcC 30.90 5494
212851 NS CC/LK cC 18.04 * 1032
212855 NS CC/LK CcC 17.52 % 840
3 May 2022 212857 NS CC/LK cc 17.60 * 940
212860 NS CC/LK CcC 17.60 * 987
212868 NS CC/LK ccC 16.73 * 851
212869 NS CC/LK cc 17.78 * 935
212850 NS CC/LK CcC 18.74 % 941
24 May 2022 212852 NS CC/LK CC 19.97 * 1349
212853 NS CC/LK CcC 19.97 % 1605
212859 NS CC/LK cCc 18.39 * 1108
235357 S CC/LK cCc 16.20 * 800
235358 S CC/LK CcC 1542 % 831
23 June 2022 235359 S CC/LK CcC 17.43* 981
235360 S CC/LK cCc 14.10* 559
235361 S CC/LK ccC 16.82 * 861
235364 S CC/LK CcC 1717 % 1028
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235365 S CC/LK CcC 16.29 * 856
235366 S CC/LK CC 12.79* 436
235367 S CC/LK CC 10.78 * 246
235368 S CC/LK CcC 16.03 * 891
235371 S CC/LK CC 17.60 * 1141
235372 S CC/LK CC 21.89* 1747
235374 S CC/LK CC 16.90 * 971
235375 S CC/LK CcC 16.47 * 816

* SCL computed from CCL measurements.

Table A4. Data summary of sea turtles released from Jekyll Island (GA, USA). Abbreviations are
used in this table for tag types (NS: Non-Solar), attachment methods (CC/LK: Loggerhead/Kemp’s
Ridley) and species (LK: Kemp's ridleys).

Release Attachment Straight
Tag ID Tag Type Species Carapace Weight [g]
Date Method
Length [cm]
212854 NS CC/LK LK 24.90 2500
212856 NS CC/LK LK 25.00 2250
212858 NS CC/LK LK 28.45 3450
17 May 2022 212861 NS CC/LK LK 29.30 3850
212863 NS CC/LK LK 27.40 2900
212864 NS CC/LK LK 32.50 4600
212865 NS CC/LK LK 26.95 2550
Appendix B
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Figure A1. SCL-CCL measurements (dots) and linear regressions (solid lines) for captive logger-
head (SCL¢¢ = 0.772 X CCL¢c + 15.1860) and green turtles (SCLey = 0.772 X CCLgy + 15.1860).
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