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The poorly understood movements of sea turtles during the “lost years” of their early

life history have been characterized as a “passive drifter” stage. Biologging technology

allows us to study patterns of dispersal, but the small body size of young life stages

requires particular consideration that such tagging does not significantly impede animal

movements. We tested the effect of instrument attachment methods for mobile acoustic

tracking of hatchling sea turtles, including a design that would be suitable for leatherback

turtles (Dermochelys coriacea). We obtained 8-week-old hatchery-reared green sea

turtles (Chelonia mydas) (n = 12 individuals) and examined the effect of attaching

Vemco V5 acoustic tags. Each animal’s swim speed, swimming depth, and stroke

frequency were determined under three scenarios: control, direct Velcro® attachment to

the carapace, and harness attachment, to determine if there was a significant difference

amongst treatments. Turtle swimming speed was significantly slower during the middle

period of the trial for the harness attachment compared with the control. No significant

change in swim speed was observed when the tag was attached directly with Velcro®,

and no significant change in dive depth was observed for either treatment compared to

the control. Stroke frequency was significantly greater compared to the control at the end

of the trial for the Velcro® attachment only, although there was no corresponding increase

in swimming speed. This information can be used to design effective approaches for

actively tracking free-ranging hatchling sea turtles to understand dispersal and survival

of these vulnerable marine species.
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INTRODUCTION

Effective conservation efforts for marine species are hindered by a lack of knowledge regarding
movements and habitat utilization (Bowen and Karl, 2007). Highly migratory marine species,
such as sea turtles, pose additional complexities for management as they traverse large distances
and cross international boundaries throughout their life history (Hays and Scott, 2013). Young
life stages, notoriously difficult to track, can even undergo these long migrations (Bolten, 2003;
Hazen et al., 2012; Shillinger G. et al., 2012). The “lost years” of sea turtles are an enigmatic period
of unknown distribution and developmental habitat after hatchlings leave natal beaches. This

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
http://www.frontiersin.org/Marine_Science/editorialboard
https://doi.org/10.3389/fmars.2017.00225
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2017.00225&domain=pdf&date_stamp=2017-07-20
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:george_shillinger@yahoo.com
https://doi.org/10.3389/fmars.2017.00225
http://journal.frontiersin.org/article/10.3389/fmars.2017.00225/abstract
http://loop.frontiersin.org/people/438249/overview
http://loop.frontiersin.org/people/421339/overview
http://loop.frontiersin.org/people/438251/overview


Hoover et al. Comparing Acoustic Tag Attachments

oceanic period of sea turtle life history has been increasingly
studied in recent years as sea turtle conservation efforts
expand beyond terrestrial zones. These investigations of at-sea
movements during early life stages have been made possible
by advances in biologging technology (e.g., Mansfield et al.,
2014; Scott et al., 2014; Thums et al., 2016). Threatened and
endangered species with unknown life history patterns, including
highly vulnerable sea turtles (Lascelles et al., 2014), have been
a research focus to advance conservation and management
strategies (Hamann et al., 2010).

Information about sea turtle dispersal and behaviour during
the “lost years” has been gained through modelling approaches
(Hays et al., 2010; Shillinger G. L. et al., 2012; Putman et al.,
2013; Casale and Mariani, 2014), telemetry (Nagelkerken et al.,
2003; Witherington et al., 2012; Mansfield et al., 2014; Scott et al.,
2014), and other emerging technologies, such as stable isotopes
(Bowen and Karl, 2007; Reich et al., 2007; Snover et al., 2010;
López-Castro et al., 2014). Due to a lack of information on active
dispersal capacity, modelling efforts rely heavily on classifying
young turtles as “passive drifters,” with little influence on their
environment (Hays et al., 2010; Gaspar et al., 2012; Shillinger
G. L. et al., 2012; Putman and Mansfield, 2015). Biophysical
models can be strengthened and verified by incorporating
behavioural data, such as swim speed and orientation (Putman
et al., 2012, 2013; Kobayashi et al., 2014; Briscoe et al., 2016),
as both swim behaviour and ocean currents control young sea
turtles’ directionality and influence dispersal outcomes (Gaspar
et al., 2012; Putman and Mansfield, 2015; Briscoe et al., 2016).
Behavioural data can be collected by deploying instruments to
track turtle movements (Putman et al., 2012; Thums et al., 2013;
Mansfield et al., 2014; Scott et al., 2014).

Reduction or elimination of tag effects when examining sea
turtle early life stages is of high importance in order to maximize
field data integrity and minimize negative impacts on tagged
individuals (Jones et al., 2013). Acoustic tags are lighter and
smaller than satellite tags, but appropriate methods of attaching
these tags to turtle hatchlings are still under development and
lacking for many species (Hazen et al., 2012; Shillinger G. et al.,
2012). Small turtles experience a higher drag ratio compared to
larger, more frequently-tracked adult turtles, resulting in higher
transport costs of attachments. Impacts on turtle movements
and behaviour are presumed to be negligible when below
the colloquial 3% tag-to-body-weight threshold. Hatchling sea
turtles tagged with miniature acoustic tags generally meet this
requirement (Thums et al., 2013, 2016; Scott et al., 2014), but
the influence of tag attachments on animal behaviour should still
be carefully considered prior to field studies on threatened and
endangered species (Vandenabeele et al., 2012). An examination
of movement metrics, such as speed and diving depth, should
be undertaken prior to deploying transmitters on wild turtles to
ensure that the tracking process is unlikely to decrease fitness or
survival, whilst providing biologically representative information
(Casper, 2009; Mansfield et al., 2012; Jones et al., 2013). A
direct attachment method on the plastron has been developed
for flatback (Natator depressus), green (Chelonia mydas), and
loggerhead (Caretta caretta) hatchlings (Thums et al., 2013, 2016;
Scott et al., 2014). However, we sought a design that would be

suitable for leatherback turtles (Dermochelys coriacea), which
have a unique oily skin, and that would detach easily during
recovery to ensure the tags were guaranteed to be recovered and
removed from a critically endangered sea turtle population in
field studies. The direct attachment method would also make it
difficult to maintain visual contact with the small, dark bodies of
hatchling turtles during mobile active tracking in the open ocean.
The existing direct plastron attachment method utilized in other
studies (Thums et al., 2013, 2016; Scott et al., 2014) was therefore
not suitable and an alternative attachment design was required.

The objectives of this study were to (1) develop a protocol
for attaching miniature acoustic transmitters to hatchling sea
turtles suitable for mobile tracking of hatchling leatherbacks in
the open ocean and (2) quantify the effects of tag and attachment
materials on young sea turtle swim speed and dive behaviour.
Analysis of the stroke frequency further provided insight into
swimming performance.We tested the assumption that attaching
Vemco V5 acoustic tags would not affect post-hatchling turtle
swim speed, dive depth, and stroke frequency. We sought an
attachment design to allow for multiple means of observation
to increase the likelihood of maintaining contact in field studies
using mobile tracking and detach easily during recovery from
these at-risk species. To evaluate potential effects, this study
was undertaken with hatchery-reared post-hatchling stage green
sea turtles in Grand Cayman serving as a conservative proxy
for leatherbacks. Due to a low drag coefficient, combined with
their frontal area and carapace length, young green sea turtles
may encounter greater drag costs than other sea turtle species
(Jones et al., 2013). Therefore, this study will provide a reasonable
conservative baseline understanding of potential effects of tag
attachment methods for mobile tracking across sea turtle species.

MATERIALS AND METHODS

Tag Attachment Protocol
We conducted experiments with twelve 8-week-old hatchery-
reared green sea turtles (Chelonia mydas) at the Cayman Turtle
Farm on Grand Cayman in December 2014. The sample size (n
= 12) reflects the number of post-hatchlings available from the
hatchery at the time of the study. The turtles remained out of
public view prior to experiments. The mean weight of the turtles
was 59.9 g (range= 38.3–74.3 g), and the mean straight carapace
length notch-to-tip was 73.5 mm (range = 64.0–78.5 mm). All
weights were recorded in-air.

We tested two alternative methods for attaching Vemco V5-
180 kHz acoustic transmitters (0.65 g) (Vemco Ltd, Halifax,
Canada) to hatchling turtles. For both turtle attachmentmethods,
tags were affixed to a tether in a similar arrangement to
Gearheart et al. (2011). Attachments had braided monofilament
line (1.75m) suspending two painted floats (4.4 cm by 1.9 cm)
behind the turtles (Figure 1). The monofilament line was
doubled onto itself to mimic the weight of an anticipated longer
fieldwork attachment due to restrictions encountered by the
size of the tank. The acoustic tag was suspended 0.25m from
the second float, and the combined weight of the line, floats,
and tag was 7.5 g. There were two attachment mechanisms
tested in this experiment. The line-float-transmitter assembly
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FIGURE 1 | Acoustic transmitter Velcro® attachment method modified from

Gearheart et al. (2011). Symbols are courtesy of the Integration and

Application Network, University of Maryland Center for Environmental Science

(ian.umces.edu/symbols/).

was affixed to the turtles’ carapace by one of two methods.
For the Velcro R© treatment, a 1 cm2 Velcro R© square (1.71 g)
was directly bonded to the carapace with several drops of
VetbondTM (Jones et al., 2000; Salmon et al., 2004; Thums
et al., 2013; Scott et al., 2014) and linked to a sister piece of
Velcro R© on the line-float-transmitter assembly. Initial testing of
VetbondTM used for the Velcro R© treatment was conducted with
naturally deceased hatchlings to ensure the bonding agent would
dissolve and separate from hatchlings. The Velcro R© attachment
could be removed easily with a slight pull within a few days,
suggesting the attachment material would be shed easily under
natural conditions. For the harness treatment, the line-float-
transmitter assembly was linked to a harness (0.47 g) made
from 3MTM CobanTM, a self-sticking latex/spandex/polyethylene
compound. The harness attachment consisted of the same
braided monofilament line and float setup, slipped over the head,
and wrapped around the widest part of the turtle (Figure 2).
Trials with the Velcro R© treatment, harness treatment, and a
control treatment with no attachment were conducted with each
turtle in a randomized fashion.

We conducted trials to monitor for behavioural responses of
turtles to each treatment in a 12.25 m2 hexagonal tank filled with
seawater to 0.6m depth with a flow rate of 60 litres per minute
(Figure 3). A 25 cm by 25 cm grid was placed over the tank
to track distance travelled by each turtle for speed calculations.
Vertical distance was labelled by a pole with centimetre intervals
in the middle of the tank. Every turtle was observed individually
for 25min under each of three treatment scenarios: control,
Velcro R©, and harness. Turtles were randomly selected for each
treatment and given a minimum period of 2 days between
treatments over the 2 week study period. Movements were
recorded using two GoPro HERO 4 cameras (GoPro, Inc., San
Mateo, CA), one placed underwater near a corner of the tank and
one hoisted 5.1m centred overhead.

Our aim was to choose the least intrusive methods of
attachment to address potential concerns for animal welfare.
There were no evident injuries from the Velcro R© or harness
attachments. Permission for all procedures was obtained prior
to the experiment from the University of Maryland Center
for Environmental Science’s Institutional Animal Care and Use
Committee (Research Protocol No. S-CBL-14-14). The research

FIGURE 2 | Images of the harness design and application on Chelonia mydas

hatchlings. Footage from an underwater GoPro camera.

FIGURE 3 | Scale of the tank experiment at the Cayman Turtle Farm. The

GoPro camera hoisted 5.1m above the hexagonal tank filmed each turtle for

25min per treatment. Each square is 25 cm by 25 cm to serve as a distance

reference.

was conducted under approval of scientific study from the
Cayman Islands’ Department of Environment.

Horizontal Movement Analysis
Video was compiled with Adobe Creative Premiere Pro CC
(Adobe Systems, Inc., San Jose, CA), and turtle movements were
analysed using the Tracker Video Analysis and Modeling Tool
program, anOpen Source Physics Java framework (Brown, 2014).
Horizontal swim speed was calculated within the program as
a function of movement in the x- and y-directions. Speed was
estimated every second and averaged at 10 s intervals for each
25min trial. This 10 s interval provided a fine-scale measure of
the variability in speed without oversampling. Time was then
split into 5 min blocks, producing five time periods over each
25min trial to allow us to investigate changes in the response
across a time scale more appropriate to field conditions. Analyses
were run in the R statistical software environment (R Core Team,
2016).

A within-subjects repeated measures ANOVA with a block
on each post-hatchling was conducted to test differences in
speed using the R package “nlme” (Pinheiro et al., 2016). The
response variable of speed was square-root transformed based on
results of a Box-Cox transformation to meet model assumptions
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(package “MASS”) (Venables and Ripley, 2002). Variation in
turtles’ speed was investigated using explanatory categorical
factors of treatment (control, harness, and Velcro R©), time period
(5 min blocks), and the interaction of these variables. The best
error structure fit with restricted maximum likelihood was a
lag 1 autoregressive structure combined with a nested random
effects structure of random intercepts among treatments for
individual turtles. The autoregressive process of order 1 error
structure suggests there is a dependency in the errors between the
current value and the previous value, adjusting for correlations
among repeatedmeasures. The appropriate fixed effects structure
was determined to be the interaction of treatment with time
using maximum likelihood. The final model was refit using
restricted maximum likelihood. The appropriate ANOVA model
was chosen by the Akaike information criterion (AIC) at each
step (e.g., “drop1” in R software). The Tukey’s honest significant
difference test from the package “multcomp” was used in post-hoc
analysis (Hothorn et al., 2008).

Vertical Movement Analysis
To determine if diving behaviour was affected by transmitter
attachments, an underwater camera captured each turtle’s
movement over time for each treatment. The camera was
physically moved side to side as turtles moved throughout the
tank to ensure all turtle movements were captured. A depth
threshold of 15 cm was set to delineate time spent at the surface
vs. time spent diving. For these trials, this resulted in the
surface classified as the upper quarter of the water column
where swimming was underneath the air-water interface in
contrast to definitive diving behaviour. Diving behaviour was
measured this way because a true dive depth could not be
measured within the available tank. Only a field experiment with
a depth recorder could provide this level of estimation without
potential tank interference. This classification was a compromise
to generically categorize whether having an attachment altered
vertical movements through the water column. Water column
depth was estimated every second, and these counts of being at
the surface or below were compiled every 10 s. This provided
a proportion interval similar to the horizontal analysis. Time
spent below 15 cm vs. time spent at the surface could then be
compared amongst treatments. In a similarmanner to speed, data
were separated into 5 min blocks across the 25 min recording
time. A generalized linear mixed model with a binomial error
distribution and logit link function was applied to the response
variable of the proportion of time below 15 cm within each
10 s period (package “lme4”) (Bates et al., 2015). The categorical
explanatory variables were treatment, time in the form of 5min
periods, and their interaction. Using AIC, the best random effects
structure was initially found to be a random intercept varying
among turtles and among treatments for each turtle (Zuur et al.,
2009). To account for model overdispersion, an unstructured
random effects term of record number was included in the
model. The interaction of treatment and time was significant
for the best fixed effects structure. Therefore, the final model
was the interaction of treatment and time with 3 random
effects: among turtles, among treatments for individuals, and an
unstructured error.Model contrasts against the control treatment

were completed for each time period to provide a post-hoc test for
appropriate significance values across these levels and treatments
of the linear model.

Stroke Frequency Analysis
The stroke frequency of swimming animals is useful to
understanding behavioural changes and swimming performance
(e.g., Burgess et al., 2006; Booth, 2014; Sim et al., 2015).
Swimming speed is not correlated with stroke frequency in
green sea turtles (Booth, 2014), thus making it an independent
measurement. We calculated each stroke as the combination
of both a down-stroke and up-stroke (Davenport et al., 1984).
Strokes were counted during 10 s intervals, and counts were
divided by the time spent actively stroking to obtain stroke
frequency (Hz) (Ischer et al., 2009). Time spent gliding, dog
paddling (Salmon and Wyneken, 1987), resting, or outside the
view of the camera was not included in the analysis. As in the
previous analyses, time was divided into 5 min blocks, resulting
in 5 blocks over the 25 min recording period.

A within-subjects repeated measures ANOVA was run in
the same manner as that of speed. A Box Cox transformation
indicated the response variable of stroke frequency required a
log transformation. Explanatory variables of time (5 min blocks),
treatment (control, harness, and Velcro R©), mass (g), and the
interaction of time and treatment were examined to determine
changes in stroke frequency. The best covariance structure
allowed for variance to change per treatment combination with
the same nested random effects structure used in the prior
ANOVA. The best model was chosen at each step through AIC
and confirmed with both Bayesian Information Criterion and
AICc, which corrects for small sample sizes. Post-hoc analysis was
completed with Tukey’s honest significant difference test.

RESULTS

Horizontal Movement Analysis
There was a statistically significant interaction between treatment
and time on turtle speed (Table 1; Figure 4A). Swim speed was
not significantly different for the Velcro R© treatment compared to
the control for any time periods (Tukey’s; α = 0.05). Swim speed
was significantly reduced with the harness attachment compared

TABLE 1 | Repeated measures ANOVA results examining square-root

transformed speed (cm/s) as a function of the interaction of treatment and time as

5 min periods.

Factors numDF denDF F-value p-value

Intercept 1 4,727 512,416 <0.001*

Treatment 2 22 9,440 0.001*

Time 4 4,727 3,185 0.013*

Treatment:Time 8 4,727 5,949 <0.001*

numDF represents the degrees of freedom of the numerator for the F statistic, and denDF

is the degrees of freedom of the denominator. Statistical significance is denoted by an

asterisk at p < 0.05.
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FIGURE 4 | (A) Interaction plot of the square-root transformed speed (cm/s)

as a function of time for each treatment. (B) Interaction plot of the proportion

of time spent below 15 cm as a function of time for each treatment. (C)

Interaction plot of the log transformed stroke frequency (Hz) as a function of

time for each treatment. Minutes comprising the time periods are 1 =

(0–5min), 2 = (5–10min), 3 = (10–15min), 4 = (15–20min), 5 = (20–25min).

Error bars represent standard errors.

to the control during the middle 5-20 min of the trial, time-steps
2–4 (Tukey’s; p < 0.01; p= 0.026; p < 0.01, respectively).

Vertical Movement Analysis
Turtles spent 36% of trial time below the surface 15 cm of the
tank (Figures 4B, 5). The generalized linear mixed model did not
find significant differences in the proportion of time at the surface
amongst treatments at each of the 5 min time periods (α = 0.05;
Table 2). There is no evidence to suggest diving behaviour was
different between treatments.

Stroke Frequency Analysis
Mass was not statistically significant in the repeated measures
ANOVA (p = 0.941), but the interaction between treatment and
time was significant (α = 0.05; Table 3; Figure 4C). Across all
time periods, stroke frequency was not significantly different
for the harness treatment compared to the control (Tukey’s;
α = 0.05), and stroke frequency was significantly greater
for the Velcro R© treatment at the final time-step (at 20–25
min during the trial) compared to the control (Tukey’s;
p= 0.024).

DISCUSSION

We tested miniature acoustic transmitter attachment protocols
for efficient tagging of leatherback turtles, using green turtles
as a proxy, to minimize impediment of swimming and diving
of small sea turtles, while still providing a means of visual
contact with diving turtles. Our study suggests outfitting young
sea turtles with Vemco V5 acoustic tags will not significantly
alter their swim speed or dive behaviour with a Velcro R©

attachment configuration to the carapace, at least in controlled
lab conditions. The Velcro R© attachment approach did not result
in a significant change in the swim speed or dive behaviour of the
turtles at any point during the trials. However, this attachment
did result in a faster stroke frequency during the last 5 min block
of the trial. This suggests a possible change in the swimming
performance or swimming effort at the end of this treatment,
which may have resulted in an increase in energetic expenditure.
However, the increase in stroke frequency did not correspond
with an increase in swimming speed (Figures 4A,C). There may
have been a compensatory reduction in front flipper amplitude
during that time period (Davenport et al., 1984; Booth, 2014).
A significant decrease in stroke rate that would be indicative
of decreased swimming ability (Burgess et al., 2006) was not
observed for either attachment method.

The Velcro R© attachment was ultimately determined to be
more suitable than the harness attachment, which significantly
decreased swim speeds during the middle 15 min of the trial.
Our visual observations suggest that the harness disrupted turtle
behaviour compared to the control, possibly from constriction
of the shoulder girdle, thus reducing swimming speed. We
observed that turtles with harness attachments initially spent
time at the surface attempting to remove the harness, then
conducted a series of rapid dives, whereas the control treatments
generally had smooth transitions between the surface and depth
separations within the water column. Irritation caused by the
harness attachments make this approach less desirable for field
experiments and could increase the risk of predation at sea.
It could also alter interpretations of past studies that utilized
harness methodologies on young sea turtles over short time
frames. Based on our results, an experiment utilizing harness
attachments should allow for an acclimation period of at least
20min, while the Velcro R© attachment method does not require
acclimation. This study can help inform tagging procedures for
field studies examining movement of free-ranging hatchling sea
turtles.
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FIGURE 5 | The mean proportion of time spent below 15 cm (“Depth”) and at the surface (“Surface”) by subject and treatment over the study period. Water column

depth was measured every second over the 25min study period. Each subject is indicated by the number in the grey box. Error bars represent standard errors.

TABLE 2 | The generalized linear mixed model with a binomial error and logit link

function results for the proportion of time spent below 15 cm in relation to the

interaction of treatment and time.

Factors Estimate; SE; p-value

Intercept Velcro® Harness

Time 1 (0–5 min) −1.82; 1.06; 0.085 0.63; 1.07; 0.56 −0.71; 1.08; 0.51

Time 2 (5–10 min) −2.57; 1.06; 0.015* 0.41; 1.08; 0.71 −0.82; 1.08; 0.45

Time 3 (10–15 min) −2.38; 1.06; 0.025* 0.20; 1.08; 0.86 −0.15; 1.08; 0.89

Time 4 (15–20 min) −2.46; 1.07; 0.17 −1.95; 1.08; 0.072 −2.10; 1.09; 0.31

Time 5 (20–25 min) −1.97; 1.06; 0.064 −1.01; 1.09; 0.35 −0.73; 1.09; 0.50

Model contrasts were completed at each 5 min period. The estimate, standard error, and

p-value are reported. Minutes comprising each period in the stepwise comparison are 1=

(0–5 min), 2 = (5–10 min), 3 = (10–15 min), 4 = (15–20 min), 5 = (20–25 min). Statistical

significance is denoted by an asterisk at p < 0.05. The control treatment is the reference

level.

There are limitations to studies such as this because gaining
access to endangered species is difficult. The inability to access
at-risk sea turtles resulted in a low sample size. Mansfield et al.
(2012) utilized an ANOVA framework with smaller sample sizes
on sea turtles, and our sample size is within the generally accepted
size for this statistical test. While a larger sample size could
theoretically increase statistical robustness, this was not feasible
given available turtles at the time, and data corrections were
applied to meet all model assumptions. Speed is highly variable
and individualistic, inconsequential of sample size. Therefore,
the sample size may be low, but a larger sample size would not
guarantee a more robust statistical test given the high variability
inherent in the measured parameter.

Our approach of using a line-float-transmitter attachment was
chosen over a direct tag attachment to the plastron at the cost of
increased drag because it allows for visual tracking in the water
during mobile tracking and should prevent signal dampening or
distortion during future field experiments (Thums et al., 2013).

TABLE 3 | Results of the repeated measures ANOVA examining stroke frequency

(Hz) with the interaction of treatment and time (5 min blocks).

Factors numDF denDF F-value p-value

Intercept 1 4,546 134,058 <0.001*

Treatment 2 22 2,884 0.077

Time 4 4,546 3,451 0.008*

Treatment:Time 8 4,546 6,553 <0.001*

numDF represents the degrees of freedom of the numerator for the F statistic, and denDF

is the degrees of freedom of the denominator. Statistical significance is denoted by an

asterisk at p < 0.05.

This will also help field studies better interpret sources of signal
loss at a given location, from events such as predation, tag
malfunction, wave interference, or departure from the study site
(Thums et al., 2013). Mobile acoustic tracking is very difficult
when trying to obtain fine-scale movements through an area
when the detection range may extend to 0.25 km. Visual contact
with the tracked organism provides the means of fully tracking
an organism during a given time period. Although the tag
to body weight ratio increases with the Velcro R© attachment,
there were no significant differences from the control in the
swimming speed and diving metrics we measured. Overall, both
attachments allow for a safe, full removal from actively tracked
turtles, reducing experimental exposure time for wild turtles. Any
object placed on an organism adapted to live in its environment
may affect its natural behaviours and increase its energetic costs.
Consequently, an objective of this methodology was to provide
appropriate consideration to the development of tag attachments
for leatherback turtles that minimize these negative effects and
extend beyond controlled tank environments (Mansfield et al.,
2012; Jones et al., 2013). Given that the oily, rubbery skin of
leatherbacks could reduce adherence, we wanted to test two
attachment techniques in case there were conditions in the field
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that made a particular method less effective. A vertically attached
tag to the plastron, as used by Thums et al. (2016), would not
allow for maintained visual contact with deep-diving leatherback
hatchlings, as well as provide a very small attachment site on
oily skin that has the potential to react differently to VetbondTM.
Therefore, methods that would allow for both visual and acoustic
contact to be maintained were considered most effective for
actively tracking critically endangered leatherback turtles.

Although there was no significant difference between the
control and harness for the proportion of time spent below
the surface, this may have resulted from individuals generally
spending greater amounts of time at the surface during the
control because behavioural reactions to the attachment generally
occurred within the surface layer. Any tag attached to an
organism should theoretically increase drag, and it is possible
the turtles increased power output (e.g., swam harder) to
overcome this additional drag, something a longer temporal
study might determine (Jones et al., 2013). Stroke frequency was
not significantly related to body mass within the limited range of
sizes in our study, although such relationships have been found
in adult seabirds, pinnipeds, and cetaceans (Sato et al., 2007).
Cornick et al. (2006) found harnessed sea lions significantly
increased stroke frequency and decreased swimming speed,
resulting in overall lower swimming efficiency with reductions
in dive durations and foraging times. Further, adult leatherbacks
with satellite tags attached to their carapace had faster swimming
speeds and longer dive times than harnessed adults, suggesting
harnesses were more likely to alter swimming and diving abilities
(Fossette et al., 2008). Constraints on the experiment prevented
other fine-scale measurements of swimming performance, such
as front flipper amplitude, front flipper angle, and proportion of
time spent powerstroking, which can aid in understanding the
drag costs incurred by individuals (e.g., Davenport et al., 1984;
Booth, 2014).

Limitations in both vertical and horizontal movements may
have resulted from the experimental tank design. However, visual
observation indicated the turtles moved vertically throughout
the tank in a similar manner across all treatments, which was
supported by the results of the GLM. Edge effects of the tank
could alter turtle behaviour through more frequent changes in
direction or by seeking shelter, for example, and the depth of the
tank may have changed diving patterns. Although the tank was
shallower than the length of the attachment, time spent at depth
was usually sustained swimming around the circumference of the
tank. Therefore, it adequately provides information on whether
the attachment changed their vertical movements. We did not
provide direct estimates of swimming speed as we recognize that
the tank will potentially limit the speed capacity of the turtles, and
it would be an inappropriate comparison to other studies of this
species. The repeated measures ANOVA appropriately examined
changes in speed within individuals, which was the goal of the
analysis. Given these turtles generally swam in continuous circles
during the study period, we believe any changes in drag which
turtles experienced as theymoved throughout the tank (e.g., if the
line went slack upon changing course) was properly accounted
for in our models. A few turtles became entangled in the gear, and
untangled themselves. This was an artefact of multiple factors: the
size and shape of the tank, as well as the age and behaviour of the

turtles. In the open ocean, for which this method was developed,
this is not an anticipated concern if turtles are in a frenzied state
where swimming will be directed and continuous (Wyneken and
Salmon, 1992). Further, the short duration and controlled design
did not consider wind drift effects, which have the potential to
impact movement during longer studies utilizing these methods
(Jones et al., 2013).

Sea turtle early life histories are poorly understood, and
lack of knowledge regarding movements and developmental
habitat may impede conservation efforts. Advancement of
appropriate management strategies requires an understanding
of movement and dispersal beyond the adult stage. The “lost
years” paradigm begins upon denatant dispersal of hatchlings in
a neritic-to-oceanic migration to unknown or unclearly defined
nursery habitats. Combining miniaturized tag technology and
physical modelling efforts enables much-needed characterization
of movement, habitat utilization, behaviour, and life strategies
of young sea turtles throughout these cryptic years (Briscoe
et al., 2016). As habitats are drastically changed by anthropogenic
forces, migrations of many species may shrink or shift (Brower
andMalcolm, 1991;Wilcove andWikelski, 2008). Understanding
the mechanisms underlying these movements will improve our
ability to describe sea turtle environmental utilization, predict
population dynamics, and manage species internationally under
changing conditions (Nathan et al., 2008; Bauer et al., 2009).
The challenge thus remains to decipher movements among
ontogenetic habitats within and across species and understand
how to manage these highly migratory species throughout
multiple life stages.
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