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ABSTRACT: Understanding the ecological interactions that underlie marine ecosystem function-
ing requires sufficient data describing habitat use by mobile species. Hawksbill turtles Eretmo-
chelys imbricata are considered a key species in coral reef-associated communities, owing to
their specific foraging preferences, yet new information is still revealing details of the spatial
and temporal aspects of habitat use. We used passive acoustic telemetry to monitor the move-
ments of 18 juvenile hawksbills (minimum curved carapace length: 32.0-59.7 cm, mean + SD =
43.9 + 6.7 cm) at a developmental foraging site in a Mesoamerican barrier reef, Lighthouse Reef
Atoll in Belize (tracking duration 10-1414 d, mean + SD = 570 + 484 d). Although specific home
ranges were difficult to quantify, several turtles showed high site fidelity over timescales of
months to years, with occasional wide-ranging use of the atoll. Diel variation in the number of
detections received strongly suggest nocturnal resting. Long-term tracking data reveal 3 de-
grees of site fidelity across the atoll, based on the number of detection days near individual sta-
tions: high residency (n = 4 turtles), sequential residency (n = 5), and transient behavior (n = 4).
These variations in movement raise questions about the differentiation of foraging habitats and
degree of individual specialization within this population, as well as the influences of microhab-
itats and human disturbance.
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INTRODUCTION

With the host of anthropogenic threats that tropical
marine ecosystems are currently facing, our under-
standing of the processes that regulate biodiversity
within these ecosystems becomes increasingly impor-
tant (Gardner et al. 2003, Halpern et al. 2008). Coral
reefs are highly complex ecological communities,
hosting numerous interdependent interactions across
taxonomic levels, from sponges to mega-vertebrates,
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including sharks and marine turtles (Paulay 1997,
Moberg & Folke 1999). The decline of coral reefs ulti-
mately affects populations of these mobile species,
some of which are already threatened by direct ex-
ploitation (Jones et al. 2004, Pratchett et al. 2011,
Humber et al. 2014). In some cases, marine protected
areas (MPAs) have been successful in safeguarding
biodiversity, or at least in preventing the decline of
some reef-associated communities that have been de-
graded by human exploitation (Halpern 2003, Mora
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2008, Selig & Bruno 2010). However, implementation
of conservation measures such as MPAs depends on
sufficient knowledge of how mobile organisms inter-
act with their habitats and how this behavior may
change over time.

The hawksbill turtle Eretmochelys imbricata is a
circumtropically distributed species that recruits to
coral reef systems after an oceanic post-hatching
phase. In the Caribbean, this ontogenetic shift
generally occurs at 20 to 35 cm carapace length
(Boulon 1994, Bolten 2003). Juveniles are thought
to show high site fidelity within these develop-
mental habitats, maintaining a small home range
for extended periods, with individuals selecting
different microhabitats depending on size or onto-
genetic stage (van Dam & Diez 1998, Blumenthal
et al. 2009a, Wood et al. 2013). Although their
feeding ecology remains poorly understood, hawks-
bills are known to feed on a range of reef-associ-
ated invertebrates, with sponges forming a major
part of the diet of older juveniles and adults (Carr
& Stancyk 1975, Meylan 1988, Le6n & Bjorndal
2002). Such specialization suggests that hawksbill
foraging ecology plays a critical role in shaping
coral reef systems, since the species preferred by
these turtles have the potential to outcompete
corals without top-down control (Meylan 1988, Hill
1998, Ledén & Bjorndal 2002). As the largest spon-
givore in most Caribbean reef systems, hawksbill
populations will likely be impacted by shifts in
coral reef assemblages and sponge mortality events
(Lessios 1988, Meylan 1988, Hughes 1994, Wulff
2006).

In recent years, a wide range of techniques have
been used in coral reef environments to begin to
describe the ecology of hawksbills. These have
ranged from engaging recreational divers (Williams
et al. 2015) and photo-identification (Dunbar et al.
2014) to using towed underwater video (Walcott et
al. 2014). Tracking technologies have included radio
telemetry (Berube et al. 2012), active acoustic tele-
metry (van Dam & Diez 1998, Scales et al. 2011),
and passive acoustic telemetry (Blumenthal et al.
2009b, Okuyama et al. 2010, Hart et al. 2012).
Active acoustic telemetry, in which focal animals
are repeatedly located using a small vessel-based
directional hydrophone system, has previously
revealed that juvenile hawksbill turtles inhabiting
Lighthouse Reef Atoll, Belize, have more extensive
home ranges than those inhabiting other develop-
mental sites in the Caribbean (Scales et al. 2011),
although the nature of data acquisition necessitated
short tracking durations (<25 d). Passive acoustic

telemetry is a technique by which focal animals can
be tracked using a fixed array of hydrophones, pre-
viously used extensively with marine mammals
(e.g. Soldevilla et al. 2014, Miller et al. 2015),
where animals are detected from their vocalizations,
and fish, where animals are equipped with individ-
ualized transmitters that are detected by receivers
(Heupel & Hueter 2001, Rhodes & Tupper 2008,
Rowell et al. 2015). Although it can be costly in
terms of the initial financial input for receivers and
transmitters, and the routine maintenance of equip-
ment, this long-term monitoring enables the continu-
ous collection of data not influenced by survey effort
or observer presence (Lowe et al. 2006, Cooke
2008, Zeh et al. 2015).

Here, we aimed to further elucidate use of this
major Caribbean developmental site by describing
medium- to long-term movement patterns of juvenile
hawksbill turtles. More specifically, our tracking
study aimed to (1) evaluate evidence of long-term
site fidelity and (2) discern the scale and pattern of
movement among individuals.

MATERIALS AND METHODS
Study site

Lighthouse Reef Atoll (LRA), located approxi-
mately 70 km from mainland Belize, is the most
remote of the country's 3 offshore atolls (Fig. 1). Five
cayes and 2 MPAs (Blue Hole Natural Monument,
BHNM, established in 1996: 4.1 km? total area; and
Half Moon Caye Natural Monument, HMCNM,
established in 1982: 39 km? total area) are within the
reef-fringed atoll. BHNM and HMCNM are year-
round no-take zones, forming part of the Belize Bar-
rier Reef UNESCO World Heritage Site established
in 1996 (Cho 2005). The outer edge of the atoll is spur
and groove forereef, which gradually leads to a verti-
cal wall of coral reef, with the shallow lagoon area
consisting mostly of sand and patch reef (Perkins &
Carr 1985).

As in other coral reef systems (Pilcher et al. 2015),
hawksbills, green turtles Chelonia mydas, and log-
gerhead turtles Caretta caretta are found in a mixed-
species aggregations at LRA, with hawksbills the
most commonly sighted species. Sightings and cap-
ture data extending over several years have sug-
gested that the atoll is an important developmental
site for juvenile hawksbills and perhaps a stopover
foraging site for breeding females (Scales et al. 2011,
Graham et al. 2015).
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Fig. 1. Study site, Lighthouse Reef Atoll, Belize (17°19'44" N,
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protected areas (Blue Hole Natural Monument, BHNM, and
Half Moon Caye Natural Monument, HMCNM)

Turtle capture

Hawksbill turtles were captured on the southwest-
ern forereef of LRA and close to Stns 6, 7, and 8, with
the exceptions of turtles C and Q, which were cap-
tured and released near Stns 5 and 9, respectively
(Fig. 1). This area was chosen for its abundance of
turtle sightings during transect surveys and because
weather and sea conditions limited capture effort on
the eastern side of the atoll (Scales et al. 2011). Tur-

tles were typically sighted at the surface of the water
by snorkelers, who then alerted 1 to 2 free divers des-
ignated as turtle catchers. Once a turtle was cap-
tured, it was brought aboard an 8 m panga for meas-
urements and transmitter attachment. Data recorded
at time of capture included GPS location (Garmin
GPS 72H), and water depth (m) (hand-held depth
sounder, Hawkeye H22PX). Minimum curved cara-
pace length (CCL,,;,, Bolten 1999) was measured, as
was mass (using either a 20 or 50 kg spring scale and
a mesh net). All turtles were tagged with metal
Inconel tags on both front flippers.

Acoustic tracking

Suitable turtles (mass >5 kg) were fitted with
Vemco V16-6H 69 kHz coded transmitters (16 mm
diameter, 17.3 g weight in water, 162 dB power out-
put, 1850 d battery life). Each tag emitted a unique
series of 8 pings at random intervals so that individu-
als could be identified when in range of a receiver
within the array, along with date and time informa-
tion. Transmitters were attached to the posterior mar-
ginal scutes of the carapace to minimize drag and
maintain submergence even when the turtle was at
the surface. The application site on the carapace was
first cleaned using a metal paint scraper and coarse
sandpaper to remove epibionts and provide a clean
surface for attachment. The site was wiped with ace-
tone to remove excess oils and dirt, then allowed to
dry. A 2-part marine epoxy (Goop Marine Fix Fast 2
Epoxy Paste, Power Fastners Pure2k) was used to
attach the receiver to the carapace. The turtle re-
mained on the boat while the epoxy set, and was then
released near the site of capture. Total time between
capture and release was less than 2 h.

Eighteen Vemco VR2W Single Channel receivers
(69 kHz) were placed at locations throughout LRA,
with 16 placed along the forereef perimeter and 2
within the lagoon area inside the BHNM (Fig. 1). Re-
ceivers were non-overlapping, and average distance
between receivers was 5.5 km (SD + 2.9, range =
0.2-12.2 km). Receivers were removed briefly (<24 h)
at least every 6 mo throughout the study period for
battery changes and data retrieval.

Data analysis
To evaluate the scale of movement by turtles, 2 dis-

placement measurements were calculated based on
the stations where each transmitter was detected. We
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estimated maximum displacement using the straight-
line distance between the 2 most distant detection-
positive stations during the entire monitoring period
for each turtle. We calculated an additional measure-
ment, viz. circular displacement, to quantify displace-
ment in relation to forereef habitat, since maximum
displacements usually spanned the lagoon, i.e. habi-
tat not often used by hawksbills (Scales et al. 2011).
Circular displacement was calculated by summing
the straight-line distance between all stations between
and including the 2 most distant detection-positive
stations. Displacement values were only produced
for individuals for which detections were recorded at
more than 1 station (n = 16). We measured diel dis-
placement for individuals detected at more than 1
station within a 24 h period (n = 4).

Effects of size

We used a paired t-test to test for differences be-
tween the 2 displacement measurements. The effects
of size (as CCL,,;, and log-transformed mass) on max-
imum displacement and circular displacement were
tested using a generalized linear mixed-effects model,
with number of tag days as a random effect to ac-
count for varying tag duration among individuals.

Residency

We specified 2 metrics for each transmitter: detec-
tion days, i.e. the number of days on which at least
one station detected the transmitter; and tag days,
the number of days between tag attachment and the
last day a detection was received from that tag. To
evaluate the proportion of time in which each turtle
was detected near each station, we calculated a
residency metric using the percentage of detection-
positive days for each station out of the turtle's total
detection days. We analyzed the relationship between
displacement and tag duration using Pearson's prod-
uct-moment correlation test.

Diel variation

Differences in detection frequencies over the day—
night cycle were assessed by calculating the average
number of detections per turtle during each hour of
the 24 h period (sunrise = 06:00 h, sunset = 18:00 h
based on local sunrise/sunset times). We then calcu-
lated a mean across individuals.

All data analyses were performed using R, with
graphs created using the ‘ggplot2’ package and
mixed effects models run using the 'nlme' package
(Wickham 2009, R Core Team 2014, Pinheiro et al.
2015). All mapping was completed using QGIS
(QGIS Development Team 2009). Unless otherwise
noted, mean results are presented with standard
deviation.

RESULTS
Monitored individuals

Twenty-two hawksbills were captured and fitted
with acoustic transmitters over 2 field seasons. Trans-
missions were received by receiving stations at LRA
for 18 of these individuals (see Tables S1 & S2 in the
Supplement at www.int-res.com/articles/suppl/n032
p309_supp.pdf). Turtles C to H were caught in 2009
over a 10 d period and turtles I to V were caught in
2010 over 24 d. All turtles equipped with transmitters
were juveniles (Witzell 1983, <65 cm CCL,;, for
juveniles), with CCL,;, ranging from 32.0 to 59.7 cm
(mean = 43.9 + 6.7 cm; Fig. 2a). Body mass ranged
from 5.7 to 34.0 kg (mean = 12.8 + 7.8 kg). The num-
ber of tag days varied from 10 to 1414 d, with a mean
number of days between first and last transmission of
570 + 484 d. Twelve turtles had transmission periods
lasting over 300 d, with 4 of those individuals trans-
mitting for over 1000 d after tag attachment (Table S3
in the Supplement).

Displacement

There was no significant difference between maxi-
mum (linear) displacement (range = 6.8-39.8 km,
mean = 19.1 + 9.7 km) and circular displacement val-
ues (range = 6.8-45.8 km, mean = 20.3 + 11.2 km) for
individuals that transmitted at more than 1 station
(n=16; t=2.08, df = 15, p > 0.05).

Turtles tended to stay within range of a single re-
ceiver for at least 24 h, although 4 animals (G, M, O,
and S) were detected at multiple stations within a
24 h period. These diel displacements (based on dis-
tances between receivers) ranged from 2.9 to 16.5 km
(mean = 8.1 £ 4.9 km). We detected no significant
effect of turtle size on the extent of spatial displace-
ment (Fig. 2b,c, Table S4).

We found marked differences between the number
of detections received during hours of daylight and
those received during hours of darkness (Fig. 3).
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Fig. 2. Size and relative distance traveled by juvenile hawksbill turtles Eretmochelys imbricata successfully monitored with

passive acoustic transmitters at Lighthouse Reef Atoll, Belize, in 2009 and 2010 (n = 18). Triangular data points signify individ-

uals that had fewer than 10 detection days. (a) Size distribution using minimum curved carapace length (CCL,,;,, cm). (b) Com-

parison of CCL;, with maximum (straight-line) displacement between stations where each turtle was detected. (c) Compari-

son of CCL,;, with circular (sum of inter-station distances) displacement. Only turtles detected at more than 1 station were
included in (b) and (c)
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vidual movements over time pre-
sented different behavioral patterns
which could be classified as (1) resi-
dents (n = 4 turtles), (2) sequential res-
idents (n = 5), and (3) transients (n = 4).

Turtles that were considered 'resi-
dents’ (G, L, M, and T) showed high
site fidelity and, although recorded
at multiple stations, spent the majority
of their time (60, 92, 96, and 100 %,
respectively) at a single location
(Fig. 4: Turtle M; Fig. S1 in the Supple-
ment). Sequential residents showed
site fidelity at multiple locations within
the atoll, spending several weeks or
months near one station before mov-
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Fig. 3. Diel variation in transmitter detections calculated as the mean (with SE)
number of detections per juvenile hawksbill turtle. Black bars denote night
time hours; white bars denote daylight hours (and dawn/dusk) based on local
times. A higher number of detections during daylight hours was most likely
due to changes in activity, with nocturnal resting leading to a significant

decrease in the number of detections

Long-term patterns of movement

Of the 18 stations, Stns 7, 8, and 9 were the most
frequently visited. These stations were all located on
the southwestern forereef at LRA, close to turtle cap-
ture locations (see Table S2 for proportion of detec-
tions at each station). For transmitters that received
more than 10 detection days, turtles tended to remain
close to the capture area, although analysis of indi-

ing to a different location and remain-
ing there for several weeks or months
(Fig. 4: Turtle K; and see Fig. 5). Indi-
viduals exhibiting transient behavior
were detected at multiple stations
within the array over several weeks,
remaining around one area for a short
period of time (days) before moving
on to another area (Fig. 4: Turtle S;
Fig. S2).

Assessing the movements of individuals between
stations over time also highlighted 3 turtles with
near-synchronous movement patterns (Fig. 5). All 3
turtles initially remained resident at the same station
(Stn 7) for several months, before they were subse-
quently detected at a different station (Stn 5) within
1 h of each other. This synchronization of movements
apparently continued between several stations (Stns 9
and 7 again) for over 800 d.
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DISCUSSION
Scale of movement

In general, we observed a consider-
able level of site fidelity to the study
site among juvenile hawksbills within
this regionally important developmen-
tal foraging habitat, yet individual-
level variation in movement patterns
was evident over time scales of months
to years. Comparison of our results with
those of previous studies that used
alternative methods for monitoring
can be challenging, largely due to con-
siderable differences in tracking dura-
tion. Most studies that have evaluated
the home range and displacement
of juvenile hawksbills tracked indivi-
duals over short periods of time (days
to weeks) and subsequently found
small home ranges and displacements
(Table 1).

Studies that have tracked individu-
als over longer durations also found
greater area utilization, suggesting
that short-term monitoring may pre-
clude true evaluation of the extent of
movements. The previous assessment
of the home range of juvenile hawks-
bills at LRA by Scales et al. (2011) sug-
gests that some turtles at this site use a
much larger area than those tracked in
other habitats.

Our findings suggest that, while site
fidelity is generally high for many indi-
viduals, movements over greater dis-
tances are not uncommon. Long-term
tracking could therefore be critical in
revealing these variations in move-
ments and habitat utilization.

Patterns of movement

Distinct diel variation in the number
of detections received is most likely
attributable to nocturnal resting under
coral ledges, where receivers are un-
able to detect acoustic signals from
transmitters (van Dam & Diez 1997,
Blumenthal et al. 2009b, Okuyama et
al. 2010, Witt et al. 2010, Hart et al.
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Table 1. Summary of results from studies analyzing home range and/or displacement of juvenile and adult hawksbill turtles Eretmochelys
imbricata at foraging sites. SCL: straight carapace length, CCL: curved carapace length, CMR: capture-mark-recapture, MCP: minimum
convex polygon, KDE: kernel density estimate, UD: utilized distribution. Gaps indicate that variable was not assessed

Turtle size (cm) Home range (km?) Displacement Time scale Method Sample Reference
(km) (d) size
28.7-35.6 (SCL) 0.15-0.55 (MCP) 15-60 Radio telemetry 6 Berube et al. (2012)
33.0-48.6 (CCL) 0.05-1.1 (MCP) 0.45-8.4 6-25 Active acoustic telemetry 19 Scales et al. (2011)
37.6-50.4 (SCL) 0.07-0.14 (MCP) 0.69-1.42 11-16  Active acoustic telemetry 3 van Dam & Diez (1998)
27.1-51.6 (SCL) 0.1-0.3 10-12 CMR 5 van Dam & Diez (1997)
20.0-56.7 (SCL) 0.0-5.22 9-1118 CMR 87 van Dam & Diez (1998)
26.4-58.4 (SCL) 0.06-2.08 11-316 CMR 21 Blumenthal et al. (2009b)
(10km,n=1)
51.9-69.8 (SCL) 9.2-21.5 (50 % KDE) 320-884 Satellite telemetry, 3 Hart et al. (2012)
passive acoustic
49.1-70.6 (SCL) 1.1-19.0 (MCP) 102-429 Satellite telemetry 6 Wood et al. (2017)
0.01-1.2 (95% KDE)
88-90 (CCL) 1.96-49.5 (MCP) 225-540 Satellite telemetry 4 Horrocks et al. (2001)
74-93 (CCL) 0.86-27.63 (90 % UD) 2.1-409.9 Satellite telemetry 11 Gaos et al. (2012)
0.06-5.86 (50 % UD)
86.0-106.5 (CCL) 225.7-2192.3 (MCP) 116-722 Satellite telemetry 15 Marcovaldi et al. (2012)
91.8-286.9 (50 % UD)

2012, R. T. Graham unpubl. data, M. G. Chevis pers.
obs.). Additionally, resting locations may have been
in areas outside the range of the receivers and away
from foraging sites, a characteristic previously found
in juvenile green turtles (Ogden et al. 1983, Blumen-
thal et al. 2010).

Turtles generally showed site fidelity to LRA and
specifically to the area close to their capture sites, but
several individuals also spent time in other areas of
the atoll. Of particular interest were individual-level
variations in movement patterns, which leads to fur-
ther questions regarding how the regional popula-
tion uses this habitat and the ecological mechanisms
underlying different behaviors. This evidence adds
to that found in other sites within the Caribbean
(Moncada et al. 2012, Revuelta et al. 2015), suggest-
ing that locally increased marine protection in the area
might positively impact this species and also lead to
hawksbills being used as an alternate umbrella spe-
cies for coral reefs (Weng et al. 2015).

Turtles showing sequential residency and ex-
ploratory behaviors exhibited periods of high site
fidelity, but also made small-scale migrations within
their overall foraging site. Small-scale movements
between sites could be linked to differences in forag-
ing preferences, strategies prompted by competition
in resources from conspecifics, differences in the
availability or quality of resources, ontogenetic shifts
in habitat, threats from predators, human distur-
bance, or even behavioral differences linked to indi-
vidual personality (Bolnick et al. 2003, Bowler & Ben-
ton 2005, Meylan et al. 2011, Wilson & Krause 2012).

Effectiveness of passive acoustic telemetry

Using a long-term acoustic array conferred several
advantages in generating an understanding of hawks-
bill spatial ecology. Although our measurements of
spatial displacement cannot be considered as equiv-
alent to the true distances traveled by turtles, since a
detection at a station meant the animal was within a
range that could span several hundred meters (Kessel
et al. 2014), these metrics have enabled comparisons
of movements among individuals within this study
and are a useful proxy for range of movement.

Many of the turtles in this study were monitored
over several years, supporting previous hypotheses
that hawksbills exhibit site fidelity to foraging areas
for substantial periods of time. However, analysis of
these data has revealed several caveats to this
methodology and specifically the setup of this array.
Although the detections from 13 individuals pro-
vided enough data to discern patterns of movement
and calculate residency, there were limited or no
detections from 9 individuals. Lack of detections
could be due to tag shedding, receiver failure, turtle
dispersal or mortality, the large distances between
receivers combined with limited range, or a combina-
tion of several or all of these factors.

Four individuals exhibited behavior characterized
as 'highly residential,” as they were detected for the
majority of their transmission period around 1 re-
ceiver. It should be noted that, since the turtles mon-
itored in this study were not visually located periodi-
cally, it is uncertain whether these transmitters were
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still attached to turtles or had fallen off within the
vicinity of a receiver and continued to transmit until
tag failure or water currents moved them outside of
the range of the receiver.

The movements of each turtle included 'gap peri-
ods' during which no receiver within the array
detected that transmitter. These gaps varied from a
few days to several weeks or even longer, such as in
the case of Turtle H, whose first and last detections
spanned >1 yr. Although the batteries for each re-
ceiver were changed at least annually, and usually
semi-annually, battery failure could have accounted
for these gaps in detections. Acoustic interference or
limited detection range resulting from competing noise
or changes in environmental conditions or transmit-
ter error could also have affected detections (Hazel
2009, Kessel et al. 2015). As found in other species,
typically at higher latitudes (Fukuoka et al. 2015),
individuals could have left the atoll for periods of
time before returning again. Since none of the hawks-
bills monitored in this study were large enough to be
considered breeding adults, it is unlikely that they
moved to breeding or nesting grounds, but perhaps
were using habitat in parts of LRA not within range
of a receiver.

Range tests conducted for receiver stations at LRA
indicate a maximum range radius of 125 m at the
sites of highest habitat rugosity, with depth of the
receiver significantly affecting detection range (J. P.
Lewis unpublished data). Similar studies assessing
acoustic receivers in coral reef habitats found detec-
tion ranges varied between 90 and 200 m, with en-
vironmental conditions considerably affecting de-
tectability of a transmitter (Welsh et al. 2012, Kessel
et al. 2014). The extensive spacing between receivers
in the current study causes difficulty in fully under-
standing the movements of turtles tracked here.
Acoustic receivers installed at LRA were originally
meant to monitor the movements of large groupers
and sharks that covered forereef coral reef promon-
tory and non-promontory sites. Receivers located in
the atoll's northeast corner (nos. 17 and 18) were
specifically established in close proximity to one
another to provide more comprehensive coverage of
a spawning aggregation of Nassau grouper Epi-
nephelus striatus. For a more thorough understand-
ing of the fine-scale movement of turtles at LRA,
stations would need to be much closer or form a
grid-like pattern that would cover multiple habitat
types across the atoll. However, the installation and
maintenance of an array of that size would require
significantly more time and resources than are cur-
rently available.

Synchronous movements

The 3 individuals with synchronized movements
lasting nearly 2 yr (Fig. 5) present a perplexing phe-
nomenon and raise questions about the dynamics of
hawksbill social behavior. Multiple detections were
received from each transmitter during each detection
day, eliminating false detections, and the diel varia-
tions of all 3 turtles followed the general diurnal
activity pattern seen in the other monitored turtles
(although all 3 were unique). Ideally, intermittent
sightings of tracked individuals would confirm that
detections such as these are valid, provide insight
into gap periods in turtles' movements, and deter-
mine loss of transmitters. This was not possible in this
case as the reason for using passive acoustic monitor-
ing techniques was due to the remoteness and logis-
tical challenges of operating at the site. There are still
many aspects of turtle behavior that we have yet to
fully understand. Non-breeding interactions among
adult (Schofield et al. 2007) and juvenile (in captivity:
Higgins 2003) marine turtles have previously been
documented, but these events were generally short
and aggressive in nature. However, Schofield et al.
(2009) found that adult loggerhead turtles at an inter-
nesting site in the Mediterranean congregate in
selected areas due to preference for warmer micro-
habitats. Although examples of social behavior and
synchronous movements among juvenile hawksbills
have so far not been documented, our data suggest
that there is potential interaction among individuals.
Additional data on factors that could have initiated
this behavior, such as increased fishing pressure in
the area, predator presence, and changes in food
availability or environmental conditions would also
provide insight into these movements.

Future directions

Movements of turtles can be linked with predation
(Heithaus et al. 2008, Hammerschlag et al. 2015), en-
vironmental change (Pike 2008, Schofield et al. 2009),
or anthropogenic pressure, to distinguish what fac-
tors affect turtle foraging, migration, and develop-
ment (Taquet et al. 2006, Heithaus 2013). While our
study has provided valuable data regarding the
movements of juvenile hawksbill turtles around an
offshore developmental habitat, other methods of
long-term monitoring, such as satellite telemetry and
stable isotope analysis, would permit insights even if
tracked individuals were to leave the atoll (Shimada
et al. 2014). Technological advances aside, with suffi-
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cient commitment of time and resources, there is also
much still to be gained from traditional capture-
mark-recapture methods (Patricio et al. 2014). What
will ultimately enable a more complete understand-
ing of the niche that hawksbills fill within reef eco-
systems is an integrative approach, in which multiple
methods, populations, and locations are used to fill
the gaps in ecology (Hart & Hyrenbach 2009, Godley
et al. 2010, Scales et al. 2011). This study demon-
strates that passive acoustic telemetry using fixed
receiver arrays could prove to be an important com-
ponent of this integrated approach, generating de-
tailed insights into movements over timescales of
months to years, and providing valuable data on the
variation in spatial utilization among individuals.
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