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Abstract

Background: Biotelemetry has become a key tool for studying marine animals in the last decade, and a wide

range of electronic tags are now available for answering a range of research questions. However, comparatively,

less attention has been given to attachment methods for these tags and the implications of tag retention on study
design, especially when designing a comparative study looking at multiple species. Here, we reported our findings
on acoustic tag retention rates for juveniles of two species of marine turtle: the green sea turtle (Chelonia mydas) and
the hawksbill sea turtle (Eretmochelys imbricata). We captured both species twice annually (spring and fall) from 2012
through 2017, as part of a capture—mark-recapture study at Buck Island Reef National Monument, St. Croix, U.S. Virgin
Islands. We assessed tag retention rates using physical recaptures of turtles previously outfitted with an acoustic tag.

Results: We deployed 72 acoustic tags on 60 juvenile greens and 37 acoustic tags on 29 hawksbills. We estimated
the half-life for tags on greens to be 150 days (95% Cl 117-188 days), whereas the half-life for tags on hawksbills was
1077 days (95% CI 870-2118 days), a marked difference. We observed that tag attachment holes, drilled into the
posterior marginal scutes, migrated laterally towards the outer edge of the marginals in both species. Green turtles
tended to exhibit tear-outs, as their attachment holes wore and/or tags grew near the edge of their scutes, whereas
hawksbills tended to maintain the structure of these holes and did not exhibit these tear-outs.

Conclusions: We conclude that hawksbills can be tagged with long-battery-life acoustic tags for long-term studies
of habitat use and movement patterns, whereas greens are likely to shed their tags in the 1st year, making long-term
studies difficult. This study is the first clear evidence that tagging protocols should vary between species of hard-
shelled turtles. Furthermore, shed tags on the seafloor continue to be detected by acoustic receivers, creating a chal-
lenge in data filtering before analysis. We encourage future research into an efficient method for filtering these data
points prior to analysis.
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Background

Biotelemetry and biologging have been increasingly used
in the last decade to study marine animals [1, 2]. A vari-
ety of electronic tags are now available to record informa-
tion on an individual’s location, depth, physiology, or the
environment it experiences [2]. The value of these tags
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for both basic ecological research and conservation and
management is immense [3-5]. However, comparatively
few studies have addressed the importance of tag attach-
ment methods (but see [6, 7]). One major consideration
when using tracking technology of any kind is how long
tags will remain attached to an individual often expressed
as the proportion of tags still attached after a given time,
i.e., tag retention rate. Understanding tag retention rates
is critical for designing a study that yields informative
data, is cost effective, and minimizes any adverse effects
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on a tagged individual [8, 9]. For instance, a researcher
may be inclined to use a heavier, more expensive tag with
a longer battery life, but if the retention rate is low, they
will at best have wasted money and—worse—failed to
collect adequate data to answer their research question.
Retention rates are especially relevant when designing
a comparative study for multiple species. Differences in
tag retention rates between the species can make certain
study designs impractical depending on the timescale.

Sea turtles have been studied with biotelemetry tags
since the 1980s [10], and this research has produced
important insights about their spatial ecology. With
increasing anthropogenic threats to marine turtles
worldwide, these findings have provided information on
the efficacy of management decisions aimed at conserv-
ing remaining populations [11, 12]. Recent advances in
marine tracking technology have greatly expanded the
amount and accuracy of location data recorded as well as
environmental information associated with those loca-
tions. A range of biotelemetry tools have been used to
study sea turtles, including radio transmitters, Argos sat-
ellite tags, GPS tags, acceleration data loggers, and acous-
tic transmitters [10, 13—15].

Acoustic telemetry can provide continuous, fine-scale
location data for numerous individuals over extended
periods of time (i.e., years) [2, 16]. Acoustic tracking can
be active, where researchers follow a tagged animal with
a directional hydrophone, or passive, where an array of
fixed, omnidirectional receivers record tag transmissions.
Large, collaborative networks of passive acoustic receiv-
ers are now increasingly popular around the world [17].
Passive acoustic technology is particularly well-suited for
post-oceanic juvenile sea turtles, including greens (Chelo-
nia mydas) and hawksbills (Eretmochelys imbricata). Like
other sea turtles, greens and hawksbills exhibit ontoge-
netic shifts over long lifespans, wherein they utilize both
oceanic and coastal environments [18]. After spending
a variable number of years foraging at or near the sur-
face in drifting oceanic weed lines during the ‘lost years,
juvenile greens and hawksbills actively recruit to neritic
habitats, where they typically remain resident until sexual
maturation [18, 19]. The relatively shallow depth profile
of these foraging habitats and limited home range of indi-
viduals makes favorable conditions for passive acoustic
receiver arrays [16]. However, as with any technology,
there are drawbacks and challenges that need to be fully
understood before utilizing fixed passive telemetry to
study juvenile green and hawksbill spatial ecology.

Few studies have utilized passive acoustic arrays to
investigate either juvenile green or hawksbill spatial
ecology [20-22]. Other studies have targeted adults or
utilized other tracking techniques, and no research has
specifically investigated acoustic tag retention rates for
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those species. Here, we outlined and evaluated Vemco
V16 and V13 acoustic tag retention rates for juvenile
green and hawksbill sea turtles tagged concurrently in a
coastal Caribbean environment. Although tag retention
was not the focus of the original study, our sample sizes
and ample recapture rates provided sufficient informa-
tion to quantify tag retention rates for these species.

Methods

We began capturing and tagging juvenile green and hawks-
bill sea turtles at Buck Island Reef National Monument
(BIRNM) in the spring of 2012 as part of a capture—mark—
recapture study. BIRNM is a no-take marine protected
area 2.4 km northeast of the island of St. Croix, U.S. Vir-
gin Islands, that encompasses 73.4 km? and is managed
by the National Park Service (NPS). We partnered with
NPS to deploy a small passive acoustic receiver array to
investigate the movement and residency patterns of these
turtles. In September 2011, six Vemco VR2W receivers
(Vemco Amirix Systems, NS, Canada) were installed, and
by 2016, the array had grown to a maximum of 141 receiv-
ers through collaborations with other academic, federal,
and local researchers interested in a variety of species.

We conducted tagging trips for 8—10 days biannually
(spring and fall). Here, we analyzed data from fieldwork
through the fall of 2017. To capture individuals, two
teams of three snorkelers swam designated transects and
pursued any observed greens or hawksbills from the sur-
face until they settled on the sea floor. One team member
would then free dive to the bottom and grasp the turtle
firmly by the carapace at the nuchal and anterior mar-
ginal scutes before slowly ascending with the turtle’s head
pointed towards the surface. We recorded morphometric
measurements, including curved carapace length to the
tip of the posterior marginal scute (CCL-t, in cm) and
mass (kg). We then tagged individuals with either Vemco
V16-4L (16 x 88 mm, 24 g in the air, 69 kHz, 152 dB, with
30-90 s delay interval) or V13-1L (13 x 36 mm, 11 g in
the air, 60-84 kHz, 147 dB, with 30-90 s delay interval)
acoustic tags, depending on the individual’s size. We
sought to deploy tags with as long a battery life as pos-
sible to provide long-term (i.e., years) detection profiles,
as long as no tag exceeded 2% of the individual’s body
weight. Post hoc analysis revealed no tag exceeded 0.8%
of an individual’s body weight in the air.

We attached acoustic tags to the flattest section of the
posterior marginal scutes (Fig. 1). The tagging area was
prepared by hand sanding off any epibiotic growth with
80 grit sand paper under a steady stream of sea water. We
placed the tag body in the slight grove between the upward
flare of the outer marginals and the rest of the carapace.
The area was then dried and cleaned with 91% isopropyl
alcohol, and a new 8 mm standard drill bit was cleaned
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with 91% isopropyl alcohol. We used the clean bit to drill ~ for a total of four holes. In this case, the most lateral holes
two holes into the marginal scutes parallel to each other, were typically 5-10 mm from the edge of the scute, and
where the front (transmitting end) of the tag would sit  this distance was consistent for the two species. Acous-
and two more holes were the back of the tag would sit, tic tags from the V13 family with plastic end cap received

Fig. 1 Acoustic tag attachment method. Acoustic tags were attached to the flattest section of the posterior marginal scutes after being cleaned

of epibionts using 80 grit sand paper and sterilized with 91% isopropy! alcohol. Two holes were drilled parallel to each other on either side of the
positioned tag at the front (transmitting end) and back of the tag through which nylon-coated 1 x 7 stainless steel leader wire with 135 Ib test was
run through (a). Devcon Marine Plastic Putty was mixed together and placed beneath the tag, after which the wire was drawn taught through two
aluminum clamps that cinched shut, and excess wire was removed (b). Tags from the V-16 family were typically attached using four holes (a, b). Tags
from the V-13 family were typically attached using only three holes (c). Finally, the remaining putty is placed around the tag with the transmitting
end left open to not disrupt acoustic signal transmission (d). We wrapped some putty around the edge of the carapace and onto the bottom of the
marginal scute (e). f Position of the tag on the turtle
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only three holes, two near the transmitting end and one
lined up with the hole in the plastic end cap. In this case,
we drilled the single hole 10-15 mm from the edge of the
scute. We ran nylon-coated 1 x 7 stainless steel leader wire
with 135 Ib test through the holes and attached aluminum
sleeves loosely to the ends (Fig. 1a). We then mixed Dev-
con Marine Plastic Putty together and placed it beneath
the tag. With the tag situated in place, we drew the wire
taught through the two aluminum clamps and cinched
them shut, and then, we removed the excess wire (Fig. 1b).
Finally, we placed the remaining putty around the tag with
the transmitting end left open to allow for unimpeded
acoustic signal transmission (Fig. 1d). We wrapped some
putty around the edge of the marginal to the bottom of
the marginal scute (Fig. 1e). All turtles were kept beneath
a clean towel cooled with seawater during the workup,
observed for signs of any extraordinary distress, and
released within an hour at the point of capture, in accord-
ance with animal care protocols.

To estimate tag retention rates, we compiled data from
recaptures of previously tagged individuals. Although
array coverage was substantial at BIRNM, it was not suf-
ficient to distinguish between tags that had been shed or
a change in the turtle’s movement pattern based on the
detection data, so tag retention rates were determined
using only the physical in-water capture events. Tag
retention was thus a latent variable, and for any given tag,
we do not know how long it remained attached. Instead,
we treated tag retention across the study as a binomial
process, and we analyzed tag retention rates using a gen-
eralized linear model (GLM, i.e., logistic regression). Our
response variable was tag retention, represented by a 0
for no and 1 for yes. We built three models to test com-
peting hypotheses about tag retention rates: (1) retention
rate depended only on time; (2) retention rate depended
on an interaction between time and species; and (3) tag
retention was constant (i.e., a null model). All analyses
were done in RStudio using R version 3.4.3 [23]. We fit
the GLM using the function “glm()’; and we performed
model selection using the function “model.sel()” from the
package “MuMIn” [24]. We used corrected AIC (AICc)
scores to rank models, and we evaluated goodness-of-fit
using the pseudo-R*> method of Nagelkerke [25]. After
selecting a top model, we used it to predict and visualize
tag retention rates for both species. To summarize our
results, we reported the tag half-life, which is the aver-
age time after which 50% of the tags were still attached,
as well as the 95% confidence interval for that estimate.

Results

We deployed 109 acoustic tags on 89 individual turtles
between March 2012 and November 2017. We deployed
72 acoustic tags on 60 individual greens and 37 acoustic
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tags on 29 individual hawksbills. Of those tags, 67 were
Vemco V16 tags (47 on greens and 20 on hawksbills), and
42 were Vemco V13 tags (25 on greens and 17 on hawks-
bills). Average juvenile hawksbill CCL-t at the initial
tagging event was 47.5 cm (SD=14.1 cm). Average juve-
nile green CCL-t was 50.6 cm (SD=10.3 cm). In-water
recapture rates over the course of the study were 41% for
hawksbills (12 recaptures out of 29 total captures) and
68% for greens (41 recaptures out of 60 total captures).
The average time between recaptures was 290 days for
hawksbills and 425 days for greens. The maximum time
a turtle was physically observed retaining a tag was 972
days for hawksbills and 181 days for greens. Many of the
hawksbills in our study were last recaptured with their
acoustic tag still attached, so this observed maximum
would presumably increase with future sampling.

Our top model showed tag retention rate depended
on an interaction between time and species. It received
100% of the model weight and outperformed the time-
only model by AAICc=128.5 (Table 1). Predictions from
the top model show that tag half-life on greens was 150
days (95% CI 116—188 days), and tag half-life on hawks-
bills was 1077 days (95% CI 869-2118 days; Fig. 2).
The estimated half-life on hawksbills was greater than
the observed maximum retention time, because more
than half of the hawksbills in our study still had their
tags attached at the time of this analysis, and thus, the
95% confidence interval is very wide out past 1000 days
(Fig. 2).

Discussion

Our observed tag retention rates have clear implica-
tions for study design and tag choice. We demonstrated
a large difference in acoustic tag retention rate between
juvenile green and hawksbill sea turtles at BIRNM, with
average tag half-life estimated to be seven times as long
for hawksbills as for greens. Thus, juvenile hawksbills can
be tagged with acoustic tags for long-term studies using
this method, whereas juvenile greens are likely to shed
their tags in the 1st year, making long-term research diffi-
cult. Previous work investigating tag retention by marine
turtles has focused either on identification tags (flipper

Table 1 Model selection table for the generalized linear
model set describing tag retention rate

Model Parameters AlCc AAICc Weight
Time x species 4 50.5 0.0 1.0
Time 179.0 128.5 0.0
Null 1 3388 2884 0.0

We found strong support for the model containing an interaction of species
with time over the time-only model. Both models strongly outperformed the
null model
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Fig. 2 Predicted proportion of tags retained for juvenile greens and hawksbills. The green solid line shows the predicted percentage of acoustic
tags retained over time (in days) for acoustic tags deployed on juvenile green sea turtles based on the results of our generalized linear model.
Dotted green lines enclose the 95% confidence envelope around the prediction. Similarly, the predicted percentage of acoustic tags retained over
time for juvenile hawksbills is shown in gold, along with its 95% confidence envelope. The upper limit of the 95% confidence interval for hawksbills
is so large, because several tags were still attached and transmitting at the time of analysis. Turtle drawings by Veronica Winter
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and internal PIT tags) for the purpose of capture—mark-
recapture studies or satellite and GPS tags [6, 9, 26]. Our
study shows that tagging protocols should be species-
specific, i.e., best practices are not necessarily the same
for all hard-shelled turtles.

We observed that as the marginal scutes grew, the
attachment holes moved closer to the edge of the scute
and, particularly for greens, tended to enlarge in diam-
eter due to wear. This wear pattern left holes near the
edge of the scute prone to tear-out (Fig. 3). Tag retention
was not the initial focus of our study, and we do not have
detailed data to tease apart the reasons for this drastic
difference in tag retention between the two species. We
hypothesized that the difference could be due to (1) dif-
ferences in behavior, (2) differences in growth rates, or
(3) differences in the composition of the carapace. As
for cause 1, it seems that the difference is not likely due
to behavior: hawksbills often wedge themselves in crev-
ices of hard physical benthic structures such as reef and
rock to rest and avoid predators, whereas greens typically
remain in more open habitats such as sea grass pastures
and low-density hardbottom [22, 27, 28]. These pat-
terns would suggest that hawksbills should have a lower

tag retention rate—the opposite pattern from what we
observed. Cause 2 (differences in growth rate) does not
seem to provide an obvious explanation, either. Stud-
ies in the region have found slightly greater growth rates
for juvenile greens than for hawksbills [29, 30]; how-
ever, variability in somatic growth rates can be due to a
number of different factors including cohort, population
density, and quality of habitat. We calculated the annual
change in straight carapace length to the notch (SCL-n)
for recaptured individuals to be 3.3 cm (SD=1.2 cm) for
greens and 3.5 cm (SD=1.6 cm) for hawksbills (THS,
unpublished data). While these summary statistics might
obscure differences in nonmonotonic growth, specifi-
cally at the tag attachment site on the posterior marginal
scutes, the differences do not appear to be large enough
to cause the observed difference in tag retention rates.
Cause 3 (a difference in shell hardness), thus, seems to be
the most likely explanation. Hawksbill shells are prized
in the jewelry trade due in part to their physical traits
and workability [31, 32]. We also observed frequent tear-
outs from green turtles (Fig. 3b, c), as their attachment
holes wore closer to the edge of the marginal scutes,
while hawksbill turtles did not tend to exhibit tear-outs
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Fig. 3 Wear and growth of attachment holes on marginal scutes. All three panels show turtles recaptured after losing an acoustic tag, with arrows
indicating the attachment holes. a Hawksbill turtle, whose attachment holes did not wear out or result in a tear-out. b Green turtle whose center
attachment holes (for a V13 cap) moved out to the edge of the scute and wore out, resulting in a tear-out. ¢ Green turtle whose inner attachment
holes wore and moved to the edge, but only one of them (right) resulted in a tear-out, while the other remained intact

(Fig. 3a). We cannot rule out a combination of these fac-
tors, such as growth rates and carapace composition, but
it is clear we have found a species-specific difference.
Our findings are, of course, specific to our tagging
method. Since we have found that the holes tend to
both wear and migrate towards the lateral edge of the
marginal scutes, an attachment method that relies
on drilling fewer holes (thus leaving more distance
to the lateral edge) might result in longer tag reten-
tion in greens. For example, researchers working on
both hard-shelled turtles (i.e., greens and loggerheads
[Caretta caretta]) and leatherbacks (Dermochelys cori-
acea) have attached satellite transmitters via tether
using just a single hole in the carapace, monofilament
line, padded tubing, and buttons made of high-density

plastic [33—35]. Alternatively, the placement of the tag
towards the center of the carapace might also improve
retention. Satellite and GPS tags are typically affixed to
turtles using a two-part epoxy in the center of the car-
apace (although this tag placement puts the tag above
the waterline when turtles surface; see, e.g., [36]).
Another important consideration when discussing
acoustic tag retention rates is dealing with data from
shed tags still in the array, often referred to as “ghost
tags” Acoustic tags shed within range of receivers
can drain receiver batteries more quickly (due to the
increased workload of recording constant transmis-
sions). Then, during data processing, more computing
power is necessary to handle the sheer amount of detec-
tion data collected and discern the biologically relevant
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detections. As of December 2018, approximately 75%
of all detections of greens at BIRNM (9,341,386 total
detections) were likely from shed tags (THS, personal
observation). Our array, such as many others, features
some overlapping receivers and has variable detection
ranges [37], and therefore, small amounts of current
and drift can result in a shed tag being detected at dif-
ferent nearby receivers over time—a pattern not imme-
diately distinguishable from a slowly moving turtle or
a turtle with a small home range. We have used a com-
bination of visual inspection of detection data in con-
junction with capture histories to manually determine
probable dates a tag was lost, but when sifting through
several million detections, this process quickly got out
of hand. We suggest that more research into automated
methods to identify shed tags still being detected in an
array.

Conclusions

The tag attachment methods outlined here are clearly
effective for long-term studies on juvenile hawksbills.
However, our results highlight the need to explore other
tag attachment techniques for juvenile greens if long-
term detection histories are desired to achieve study
objectives. This study is the first to identify the clear need
for unique tagging protocols between species of hard-
shelled turtles. Further investigation into the reasons for
the discrepancy in tag retention rates between these two
species could also provide important insight into physi-
ological, behavioral, or structural differences between
these turtles. In the meantime, tag retention is an impor-
tant consideration when designing a passive acoustic
study for any species, and shed tags within the array
remain an obstacle worth addressing in passive acoustic
studies.
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