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ABSTRACT: The loggerhead sea turtle Caretta caretta faces declining nest numbers and bycatches
from commercial longline fishing in the southeastern USA. Understanding spatial and temporal habi-
tat-use patterns of these turtles, especially reproductive females in the neritic zone, is critical for
guiding management decisions. To assess marine turtle habitat use within the Dry Tortugas National
Park (DRTO), we used satellite telemetry to identify core-use areas for 7 loggerhead females inter-
nesting and tracked in 2008 and 2009. This effort represents the first tracking of DRTO loggerheads,
a distinct subpopulation that is 1 of 7 recently proposed for upgrading from threatened to endangered
under the US Endangered Species Act. We also used a rapid, high-resolution, digital imaging system
to map benthic habitats in turtle core-use areas (i.e. 50 % kernel density zones). Loggerhead females
were seasonal residents of DRTO for 19 to 51 d, and individual inter-nesting habitats were located
within 1.9 km (2008) and 2.3 km (2009) of the nesting beach and tagging site. The core area common
to all tagged turtles was 4.2 km? in size and spanned a depth range of 7.6 to 11.5 m. Mapping results
revealed the diversity and distributions of benthic cover available in the core-use area, as well as a
heavily used corridor to/from the nesting beach. This combined tagging-mapping approach shows
potential for planning and improving the effectiveness of marine protected areas and for developing
spatially explicit conservation plans.
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INTRODUCTION

In recent years, satellite-telemetry studies have
increased our understanding of the spatial habitat-use
patterns of marine turtles, including nesting behavior
(reviewed in Godley et al. 2008, Hart & Hyrenbach
2009). Most of the focus has been on tracking females
post-nesting to determine regional linkages between
nesting beaches and foraging grounds, as well as
zones of overlap with fishing activities. For example,
Seminoff et al. (2008) compared tracks of post-nesting
female green turtles Chelonia mydas in the Galapagos
using a variety of remotely sensed oceanographic vari-
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ables (e.g. sea-surface temperature [SST], SST front
locations, surface height anomaly, surface current, and
surface chlorophyll a concentration) to determine
potential environmental influences on turtle move-
ments and identify likely migration corridors. Fossette
et al. (2009) investigated thermal and trophic condi-
tions encountered by the critically endangered
leatherback sea turtle Dermochelys coriacea during its
nesting season in French Guiana, where high fishery-
bycatch rates have been reported. Girard et al. (2009)
examined post-nesting routes of loggerheads Caretta
caretta in southwestern Florida to determine the
destinations of individuals, as well as their use of the
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western Florida shelf. Such information is extremely
useful for re-evaluating fishing regulations to minimize
impacts to federally threatened and endangered marine
turtles (National Marine Fisheries Service & US Fish
and Wildlife Service 2008, National Marine Fisheries
Service 2010).

A generally accepted life-history model for Atlantic
loggerheads proposes that every 2 to 5 yr, females
make reproductive migrations to breed and nest in the
vicinity of their natal beach (Plotkin 2003). During the
nesting season, females deposit multiple clutches of
eggs on the beach at ~2 wk intervals throughout the
season (Addison 1996, Sato et al. 1998, Hays et al.
2002, Schroeder et al. 2003). Turtles then travel back to
their foraging sites, to which they also show a high
level of fidelity (Limpus et al. 1992, Plotkin 2003,
Schroeder et al. 2003, Broderick et al. 2007, Girard et
al. 2009). These sites can be relatively nearby or hun-
dreds to thousands of kilometers away from each other.

To date, only a few satellite-tracking studies of nest-
ing marine turtles have characterized loggerhead
movements during the period between nesting events,
i.e. the inter-nesting period, in the southwest Atlantic
(southern Georgia: Stoneburner 1982, Virginia: Bartol
& Musick 1998, Georgia: Plotkin & Spotila 2002, east-
central Florida: Dodd & Byles 2003) or the Caribbean
(Blumenthal et al. 2006). These studies found that
females typically remained within the vicinity of a
nesting beach during the inter-nesting period, but, in
most cases, turtles were tagged at the end of the nest-
ing season. Of these previous satellite-tracking stud-
ies, Dodd & Byles (2003) conducted their work closest
to south Florida. One of their 4 turtles was tagged in
the middle of the nesting season; however, that turtle
did not return to nest after release. Thus, our under-
standing is limited with respect to the specific local
habitats used by adult female loggerheads in this
region during the inter-nesting period.

Earlier, in an intense South Carolina study on log-
gerheads, Murphy & Hopkins (1981) used underwater
acoustic and radio tracking to measure habitat use of
females during the nesting season. Their final phase of
study in 1979 produced data for 29 loggerheads;
results indicated that most inter-nesting turtles used
high-relief areas 1 to 10 m in depth, but no patterns
were documented for depth or bottom type during the
nesting season. However, Murphy & Hopkins (1981)
were among the first to report detailed observations of
concentrated turtle activities in limited core areas
(further described in Hopkins-Murphy et al. 2003).
Building on this idea, Houghton et al. (2002) hypothe-
sized that the inter-nesting behavior of marine turtles
is driven by the optimization of energy reserves in a
manner most suited to localized conditions and to the
processes associated with nesting (i.e. a turtle's ability

to relocate the nesting site). In a review of loggerhead
nesting patterns, reproductive migrations, and adult
foraging areas, Schroeder et al. (2003) summarized
that most seasonal nest locations of individual turtles
were located within 5 km of previous nests.

Since the Murphy & Hopkins (1981) study, few
studies have sought to identify the habitats used by
reproductive females during the critical time period
between nesting at different sites within the species’
range. Hays et al. (1991) tracked 1 loggerhead during
inter-nesting to infer patterns of movement near the
Greek island of Kefalonia. Later, Godley et al. (2003)
tracked 1 loggerhead in the Mediterranean during an
inter-nesting period. In that study, the authors received
insufficient locations for examining the turtle's route
but did show her to be in the vicinity of the nesting
beach for 12 d following deployment. More recently,
Zbinden et al. (2007) utilized satellite telemetry to
locate loggerhead inter-nesting areas off the coast of
Greece. In that largest-known Mediterranean rookery,
they found that turtles showed no obvious preference
for the highly protected area of the Bay of Laganas. In
that same study area, most recently Schofield et al.
(2007, 2009) examined the fine-scale movements of
male and female loggerheads within this major breed-
ing rookery using GPS tracking units. Schofield et al.
(2010) also used GPS tracking units to document inter-
annual variability in home ranges of breeding turtles at
this Mediterranean site and tied those high-resolution
results to future marine conservation management,
specifically for selection and delineation of marine
conservation areas. In another study on leatherbacks,
Witt et al. (2008) assessed turtle-habitat utilization
during inter-nesting in a national park of Gabon that
encompassed a marine protected area (MPA). In that
study, turtles dispersed widely from the nesting beach,
spending a mean of 62 % of tracking time outside the
park boundary. These studies illustrate that providing
adequate protection to marine turtles from in-water
threats during their entire inter-nesting period re-
quires knowledge of both broad- and fine-scale turtle
habitat-use patterns.

Although progress has been made in our under-
standing of marine turtle use of terrestrial areas for
nesting, our understanding is poorly developed
regarding both the location and temporal-use patterns
of in-water inter-nesting habitats. Moreover, almost
nothing is known about the benthic-habitat types con-
tained within inter-nesting areas. One recent study
addressing this issue used 2 green turtles in the
Mediterranean as remote-sensing platforms (Fuller et
al. 2009). In that study, animal-borne digital cameras
and time-depth recorders (TDRs) were attached to the
nesting females. Data from still images and dives indi-
cated that the turtles spent 80 % of their time at depths
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of <5 m, allowing for development of at-sea

time budgets for each individual. Although
this approach offers promise for obtaining
detailed characterization of in-water habitats
used by marine turtles, image quality is out of
human control and retrieval of photographic

Study Area 1
O

data necessitates recapture of the turtle. Sam-
ple sizes are also limited due to costs of equip-
ment and duration of battery life.

Because few attempts to date have been
made to survey habitat within inter-nesting
areas, we sought to use a rapid, digital-
imaging system to map the marine habitats we
found to be important for loggerheads during
internesting in our study site. We used the US
Geological Survey (USGS)-developed Along-
Track Reef-Imaging System (ATRIS) to simul-
taneously acquire high-resolution images of
the seafloor, GPS positions, and water depth
(Zawada et al. 2008). The resulting images
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form a permanent record of benthic cover and
enable the identification of substrate, habitat,
and epibenthic organisms, many to the species
level (Lidz et al. 2008).

Here, we investigate 2 aspects of logger-
head habitat-use during inter-nesting in Dry
Tortugas National Park (DRTO). We expected
that (1) the inter-nesting habitat would be
located within 5 km of the nesting beach, and (2) these
areas would offer adequate niches for refuge and pos-
sibly resting on the seafloor. Our investigation in-
cluded determining (1) number of nests per individual
and length of inter-nesting periods, (2) site fidelity to
the nesting beach, (3) location of core-use areas during
the inter-nesting period in 2 consecutive years (2008,
2009), and (4) benthic-habitat cover and depth in the
core-use areas.

MATERIALS AND METHODS

Study site. The Dry Tortugas is a cluster of islands
~100 km west of Key West, Florida (near 24°38' 00" N,
82°55'12"W; Fig. 1). The region was designated a
Wildlife Refuge in 1908, a National Monument in 1935,
and a National Park in 1992. The Dry Tortugas consists
of a series of carbonate banks and sand shoals in
which the banks roughly form a circular pattern
resembling an atoll (Mallinson et al. 2003). Of the
7 islands that make up DRTO, the smallest is East Key,
measuring ~400 m long x ~100 m wide. The largest is
Loggerhead Key, ~1.5 km long x ~250 m wide. Both
islands cap carbonate banks. In January 2007, 74 km?
of the park were designated a Research Natural Area
(RNA), creating a no-take preserve to foster ecological

82°57°45"W
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Fig. 1. Dry Tortugas National Park (solid gray lines) is located ~100 km
west of Key West, Florida. The Research Natural Area, a restricted-use
zone, lies within the park (dashed gray lines). The circular area surround-
ing Garden, Bush, and Long Keys is excluded from the Research Natural
Area. All turtle interception and tagging took place on East Key

self-renewal by minimizing anthropogenic influences
(National Park Service 2006). The Research Natural
Area complements the adjacent Tortugas Ecological
Reserve of the Florida Keys National Marine Sanctuary,
established by the National Oceanic and Atmospheric
Administration (NOAA) and the State of Florida, and
contributes to a region-wide effort to strengthen marine
resource protection. The sandy beaches of DRTO are
monitored as part of the State of Florida's marine turtle
nest monitoring program (e.g. Witherington et al. 2009).

Turtles at DRTO. Although 5 turtle species utilize the
park, only loggerhead and green turtles regularly nest
on the sandy beaches (Lenihan 1997, Reardon 2000,
Van Houtan & Pimm 2006). Nesting areas (i.e. non-
submerged lands) include Loggerhead Key, East Key,
Bush Key, Long Key, Garden Key, and Hospital Key
(Fig. 1; Reardon 2000), but the majority of turtle-
nesting activity occurs on East and Loggerhead Keys.
The Dry Tortugas loggerhead nesting assemblage and
its associated nesting beaches are now considered part
of the Dry Tortugas Recovery Unit, as defined by the
Loggerhead Recovery Team in the US Federal recov-
ery plan (National Marine Fisheries Service & US Fish
and Wildlife Service 2008). Turtle-nest densities on
East Key in particular are similar to those of the major
turtle colonies in southeast Florida (Van Houtan &
Pimm 2006). Despite being less than one-tenth the size
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of Loggerhead Key, East Key consistently hosts many
more nests from year to year, and for this reason, we
selected it as our tagging site. In the Tortugas, logger-
head nesting activity occurs from late April through
August, peaking in late June and early July.

Loggerhead captures and tagging. We intercepted
nesting loggerhead females after they had either fin-
ished nesting or had completed their false crawl on
East Key. We corralled each turtle to confine her for
workup and covered her eyes. We followed estab-
lished protocols for taking biological samples (National
Marine Fisheries Service Southeast Fisheries Science
Center 2008). We also individually marked each ani-
mal by inserting a passive integrated transponder (PIT)
tag in the right shoulder region and affixing individu-
ally numbered flipper tags to each trailing-edge front
flipper. Immediately after marking each animal, we
took standard carapace measurements, including
curved (CCL) and straight (SCL) carapace lengths.

We fitted a Wildlife Computers SPOTS5 platform ter-
minal transmitter (PTT) to each turtle. Each tag
(2.5xAA model) had a salt-water switch, output of
0.5 W, and measured 71 x 54 x 24 mm, with a mass of
115 g in air. Each PTT plus epoxy did not exceed 5 % of
the turtle's body weight. Prior to transmitter applica-
tion with PowerFast® 2-part marine epoxy, we
removed epibionts (e.g. barnacles, algae) from the
carapace of each turtle and sanded and cleaned the
carapace with isopropanol. We streamlined attach-
ment materials to minimize any buoyancy or drag
effects on the turtle’s swimming ability and limited
the epoxy footprint. Each tag was set to be active for
24 h d!. Once tagging was complete, we removed the
blindfold and corral, allowing the turtle to return to
the sea.

Satellite-data filtering and analysis. We used the
satellite-tracking and analysis tool (STAT; Coyne &
Godley 2005) to archive and filter location data. Points
were grouped into location classes (LCs) according to
decreasing accuracy (i.e. highest to lowest accuracy:
LCs 3,2, 1,0, A, B, and Z). For purposes of delineating
core-use areas and subsequent ATRIS mapping, we
used points in LCs 3 through B that remained after fil-
tering with the following removal process: (1) LC Z
locations (for which no error estimate is available),
(2) locations that required straight-line swimming
speeds >5 km h!, and (3) locations that exceeded ele-
vations of 0.5 m.

To infer nesting events, we filtered data to include
the 3 highest-quality LCs (i.e. LCs 3, 2, and 1; Hays
et al. 2001, Vincent et al. 2002) and swim speeds of
<5 km h™!. We used several criteria in combination to
identify each presumed emergence, similar to methods
of Tucker (2010): (1) direct verification by nocturnal
ground truthing; (2) emergences coinciding within the

expected ~2 wk inter-nesting intervals for loggerheads
(Addison 1996, Sato et al. 1998, Hays et al. 2002,
Schroeder et al. 2003); (3) high-Argos LCs 3, 2, and 1
within a short time span; (4) evidence of a decreased
displacement from shore in Argos LCs 3, 2, and 1 data;
and (5) evidence of an increased surface interval in the
PTT data. We did not use the genetic, distance, behav-
ioral, or depth criterion outlined by Tucker (2010) due
to the small size of the nesting beach at East Key and
the lack of an accurate bathymetric map for the area
surrounding East Key.

To determine core-use areas, we generated mean
daily locations for each turtle from the filtered loca-
tions within DRTO to minimize autocorrelation, follow-
ing methods of Seney & Landry (2008). The resulting
coordinates provided raw data for kernel density-
estimation (KDE) analysis across all individuals. Kernel
density is a non-parametric method used to identify 1
or more areas of disproportionately heavy use (i.e. core
areas) within a home-range boundary (for review, see
Worton 1987, 1989, White & Garrott 1990), with appro-
priate weighting of outlying observations. We used the
Home-Range Tools for ArcGIS extension (Rodgers et
al. 2005) and fixed-kernel least-squares cross-valida-
tion smoothing factor (h.,) for each KDE (Worton 1995,
Seaman & Powell 1996). Seaman & Powell (1996) sug-
gested this approach as the most accurate home-range
assessment technique, and since then it has been used
to delineate home and core ranges for several species
of sea turtles (Seminoff et al. 2002, Seney & Landry
2008, Hart & Fujisaki 2009). When the variance of x
and y coordinates of the points was highly unequal, the
data were rescaled before applying the kernel method.
We used ArcGIS 9.3 (ESRI 2007) to calculate the in-
water area (km?) within each kernel density contour
(50 and 95 %) and to plot the data. We used a 95 % KDE
to estimate overall home range of a turtle during the
summer inter-nesting period and a 50 % KDE to repre-
sent the core area of activity during inter-nesting
(Hooge & Eichenlaub 2000).

We also tested location data for and quantified site
fidelity using Animal Movement Analysis Extension
for ArcView 3.2. We used Monte Carlo Random Walk
simulations to test for site fidelity (100 replicates), test-
ing tracks during inter-nesting for spatial randomness
against randomly generated walks (Hooge et al. 2001,
Mansfield et al. 2009, Hart & Fujisaki 2009). Tracks
exhibiting site fidelity indicate that the turtles’ move-
ments were more spatially constrained rather than ran-
domly distributed (Hooge et al. 2001).

We overlaid DRTO and RNA boundaries on all
resulting maps and summed locations in the park. We
measured area of resulting 95% and 50% KDEs for
each turtle using ArcGIS. Following these analyses, we
examined only the highest-quality locations (LCs 3, 2,
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1) to assess spatial locations of turtles within the core-
use areas that might indicate turtle use of specific fea-
tures (i.e. ledges, channels) near the tagging site at
East Key. Corresponding depths for turtle locations
were extracted from a raster data of water depth based
on light-detection and ranging (lidar) data with a 10 m
spatial resolution and a 0.1 m precision (J. Luo
unpubl.). Using ArcGIS 9.3, we extracted from the
raster data water depth at each recorded animal loca-
tion within DRTO.

We measured distance of core-use areas from the
center of the East Key shoreline in ArcView 3.2. We
calculated swim speed for each turtle using a linear
distance between points in km h™!, which was the aver-
age linear distance moved over time of 2 consecutive
filtered locations. We conducted all statistical tests in
SAS 9.1 (SAS Institute 1996) and used an o-level of
0.05 for all analyses.

Benthic mapping. In June 2009, we conducted ben-
thic surveys using the USGS-developed ATRIS, which
simultaneously acquired geo-referenced, color digital
images and water-depth measurements. ATRIS can be
deployed either from an adjustable pole mounted to
the side of a boat (‘shallow’ configuration) or from a
towed vehicle down to depths of 27 m (‘deep’ configu-
ration); the same camera and acquisition software
are used for both operating modes. We used shallow
ATRIS in the present study; Zawada et al. (2008) pro-
vide details on the various ATRIS components. ATRIS
transect lines were based on the extent of the 2008 log-
gerhead 50 % KDE, and we mapped inclusive habitats
at 1.3m s '. Camera focus was set at 1.5 m in air, which
equates to 2.0 m in water, and the aperture was fixed
at £/5.6. At this range, image coverage was 1.03 m x
0.78 m with a resolution of 0.8 mm pixel . Exposure
times were dynamically determined based on automatic
gain control and automatic white-balancing. During
sampling, we acquired images at 5 Hz and, to improve
geo-location accuracy, we operated a fixed, land-
based GPS receiver throughout the image-collection
period. Both the on-board and land-based GPS re-
ceivers recorded National Marine Electronics Associa-
tion standard GPS-fix data, which include a time-
stamp, latitude, longitude, and altitude above mean
sea level at 1 Hz. The landmark GPS data enabled dif-
ferential correction of the image locations to sub-meter
accuracy and corresponding water depths to £0.15 m.

ATRIS image analysis. Lidz et al. (2008) have shown
that content and composition of ATRIS imagery reveal
2 primary sources of benthic-habitat constituents in
shallow-reef environments: biogenic (flora and fauna)
and geomorphogenic (changes in seascape substrate
and relief). Both are pertinent to the choice of termino-
logy for classification, imagery interpretation, and clas-
sification assignment. We performed image classifica-

tion visually at a rate of ~2 s image™! using the ATRIS
Data Analysis and Processing Tool (ADAPT), an in-
house software product. This program provided a con-
venient user interface for viewing, annotating, and
classifying the digital images. Because adjacent images
overlapped by ~70 %, we configured ADAPT to display
every 5th image by default. For difficult cases, we tem-
porarily toggled this default and viewed sequential
images as needed to aid interpretation. We assigned
images to 1 of 5 broad, yet descriptive, categories
based on predominant substrate type: unclassifiable,
seagrass, senile reef, rubble, and sand. Most seagrass
areas consisted predominantly of Thalassia testudi-
num; however, there were also zones with a mixture
of T. testudinum and Syringodium filiforme. The term
‘'senile reef’ refers to a coral framework that is no
longer accreting but is now capped by a mixed assem-
blage of sessile benthic organisms (Lidz & Hallock
2000, Lidz et al. 2006). ‘Rubble’ consisted primarily of
clearly identifiable Acropora cervicornis sticks inter-
mixed with carbonate fragments of other shapes and
sizes of indeterminate origins. We assigned any
images lacking high-quality discernible features to the
‘unclassifiable’ category, and noted any biologic, geo-
logic, or anthropogenic (e.g. anchor lines, derelict or
‘ghost’ lobster traps, etc.) parameters of interest by
image number in a journal.

To assess habitat diversity, we grouped classified
images into 200 x 200 m cells, forming a grid spanning
the study site. Cells containing <50 images were
excluded from further analyses. For each cell, we com-
puted both the inverse of Simpson's index and a domi-
nance metric (modified Shannon's index). The inverse
Simpson's index is defined as

1 p_mi
N ! j_M
pi
2

where Nis the total number of habitat types (classifica-
tion categories) present in a given cell, M is the total
number of classified ATRIS images, and m; is the num-
ber of ATRIS images in category i. H is sensitive to the
relative abundance of available habitat types and
ranges from 1.0, when only a single habitat is present,
to N, when all habitats occur in equal proportions
(Ricklefs & Lovette 1999). The 'unclassifiable’ images
were excluded from the analysis, so N has a maximum
value of 4. Dominance is defined as

H=

,i=1.N; 1SHSN (1)

N
D=In(N)+ p;In(p;); 0<D<In(N) (2)
i=1

where Nand p; are defined as in Eq. (1). Dis Shannon's
entropy index with the In(N) term added to normalize
the index and account for the cell-by-cell variability in
the number of available habitat types (O'Neill et
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al. 1988). Dominance quantifies the extent to which
1 or a few habitat types dominate a given cell. It
ranges from 0, when all N habitats occur in equal
proportions, to In(N), when 1 or a few habitat types is
predominant.

To investigate turtle-habitat associations, we
extracted the highest-quality filtered loggerhead posi-
tions (LCs 3, 2, and 1) from the satellite-tracking data
set and binned them according to the same grid used
for the habitat indices. This procedure yielded the total
number of turtle observations per 200 x 200 m cell,
which we overlaid atop both habitat-index plots.

(Table 1; mean = SD: 31.4 + 28.1 km2); 1 individual
(95901) occupied a core-use area 3 times larger than
the mean. Body size did not correlate with size of the
core-use areas; the largest turtle (84717) occupied the
smallest core-use area (13.4 km?), and the smallest
turtle (91387) occupied an intermediate-size core-use
area (21.2 km?). Mean swim speed for all turtles during
inter-nesting ranged from 1.2 to 1.7 km h™! (Table 3).
Based on the tagging data, turtles nesting on East Key
did not access any other land areas (e.g. Loggerhead
Key, the other main nesting beach in the Tortugas)
during their time within the park. Thus, we observed
nesting-site fidelity to East Key throughout their ~3 mo
time period spent within the park.

RESULTS Core-use areas were concentrated near East Key,
but the area of 95 % KDEs also overlapped with that of
Loggerhead turtles the RNA (Fig. 2). The site-fidelity test indicated that

We intercepted and satellite-tagged 3 nesting
loggerheads on East Key (Fig. 1) in May 2008 and 4 in
June 2009. Turtles ranged in size from 82.8 to 111.6 cm
SCL (tip), mean £SD: 95.1 + 8.6 cm (Table 1).

Turtle tracking and spatial patterns

In 2008, turtles were resident in DRTO for 42 to 51 d
(mean = SD: 47.7 + 4.9 d) before leaving the park
(Table 1). In 2009, turtles were resident for 19 to 30 d
(mean + SD: 24.8 + 5.6 d); however, we tagged turtles
~3 wk later in 2009.

Turtles in 2008 nested approximately every 12 d,
resulting in observed clutch frequencies of 5 to 6 nests
ind.”! during tracking in the inter-nesting interval
(Table 2). Turtles in 2009 nested approximately every
11 d, resulting in observed clutch frequencies of 3 to
5 nests ind.”! during tracking in the inter-nesting
period (Table 2).

Sizes of core-use areas (i.e. 50% KDEs) during the
inter-nesting period ranged from 12.7 to 91.5 km?

the observed turtle tracks and movements during
inter-nesting were more constrained than random-
movement paths (Table 3), implying a high-level of site
fidelity in the satellite-tracking data for the inter-nest-
ing period, in particular. Spatial analysis of the overlap
of all 7 turtles’ core-use areas revealed that spatially
similar inter-nesting habitat was used in 2008 and 2009
around East Key (Fig. 2). Mean (+SD) lidar-derived
water depth for all loggerheads while they were in the
park ranged from 7.7 + 5.1 m for the largest turtle
(84717) to a maximum of 11.5 + 8.5 m for Turtle 89970
(Table 3).

The area of the 2008 overlap zone was 4.7 km?, which
included a small patch of commonly used habitat to the
north of East Key (Fig. 2, bottom-right panel). The area of
the 2009 overlap zone was larger than that used by tur-
tles tagged in 2008, at 7.5 km?. The area that was com-
mon to both 2008 and 2009 overlap zones was 4.2 km?,
Finally, the approximate minimum and maximum
distances from the center of East Key to the 50 % KDE
boundaries were 0.5 to 1.9 km in 2008 and 1.2 to 2.3 km
in 2009; the overlap of 2008 and 2009 core-use areas
was 0.5 to 1.7 km from the center of East Key (Fig. 2).

Table 1. Caretta caretta. Satellite-tracking details for 7 females tagged in the Dry Tortugas (DRTO) and tracked during their inter-
nesting periods in 2008 and 2009. SCL-tip = straight carapace length to tip, KDE = kernel-density estimate. Bandwidth (h.,) was
calculated using fixed-kernel least-squares cross validation

Turtle SCL-tip Tracking period Time in Mean + SD Bandwidth Area of
(cm) (inter-nesting period) DRTO swim speed (Bey) 50 % KDE
in DRTO (m/dd/yy) (d) (km h™Y) (km?)
84715 94 .4 5/20/08-7/7/08 42 14+12 0.262 22.9
84716 95.5 5/21/08-7/17/08 50 1.2+1.1 0.488 41.3
84717 111.6 5/20/08-7/10/08 51 16+14 0.320 134
89970 95.5 6/8/09-7/24/09 21 1.7+1.2 0.241 18.5
91387 82.8 6/8/09-7/1/09 19 1.7+ 1.3 0.407 21.2
95898 90.3 6/7/09-7/14/09 30 14+1.1 0.311 12.7
95901 95.4 6/14/09-8/5/09 29 1.5+1.2 0.791 91.5
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Benthic mapping and image analysis

Fig. 3 shows representative images of the benthic-
habitat categories. Using shallow ATRIS, we mapped
16.916 km of transect lines in 3.12 h split between
June 12 and 15, 2009 (Fig. 4). We acquired and per-
manently archived 53241 digital images, and later
interpreted and analyzed 10274 of these images,
based on the every-5th image setting and excluding
those noted as unclassifiable; the spatial coverage of
this mapping included 18530 m? of seafloor. Inter-
pretation of images took ~6 h, which equates to an
approximate rate of 2 s image™!. Images of either
seagrass or rubble occurred most frequently, ac-
counting for a combined 50.8 % of the total, whereas
senile reef was the least-represented habitat type
(10.4 %; Table 4). Corresponding depths ranged from
4.9 to 19.0 m (mean + SD: 7.3 + 2.6 m), exclusive of
unclassifiable images. More than half of the images
(53 %) were taken at water depths <6 m, and 90 % of
the images at depths <8 m. Over the range of col-
lection depths, imaging distances ranged from 1.3
to 14.9 m (mean + SD: 3.0 = 1.5 m), which means
image spatial resolution varied between 0.0004 and
0.006 m pixel™'. More than 50 % of the identified sea-
grass in the mapped area lies north of East Key
(Fig. 4, rows A-D), whereas most of the sand and
rubble habitats occur to the west and south (Fig. 4,
rows E-H). Among the identified senile-reef images,
81.3% occurs west of East Key. We also found that
rubble was more-or-less evenly distributed through-
out the 2008 commonly used core area. Qualitatively,
long (order of 100+ m) homogeneous segments of
benthic cover tend to be separated by a series of
short (order of 10+ m) segments of different cover
types.

In our quantitative assessment of habitat diversity,
the spatial distribution of the 2 complementary indices
(inverse of Simpson's index H and dominance D, a
modified Shannon index) showed that the region from
East Key to the deep channel to its west exhibits min-
imal habitat diversity in terms of H. However, adja-
cent regions to the north and south have near-maxi-
mal values of H, as does the narrow carbonate
platform on the other side of the channel (Fig. 5, rows
D-G, columns 2-4). Overlying the total number of
extremely high-quality (e.g. LCs 3, 2, and 1) turtle
observations per cell (Fig. 5) showed that the turtles
were most often located on East Key (cross-hatched
cells) or off its western shore (Fig. 5, rows E-F,
columns 8-9). Values of D were moderately high (0.4
to 0.5) in the area with high numbers of turtle loca-
tions and low to minimal (0.0 to 0.2) for the adjacent
regions to the north and south, as well as to the west
across the channel.

Table 2. Caretta caretta. Nesting emergences inferred from
satellite-tracking data during the inter-nesting interval, East
Key, Dry Tortugas National Park

Turtle Inferred Inter- Mean + SD Clutch
nesting nesting inter- frequency
dates interval nesting (nests
(m/dd/yy) (@) interval (d) ind. ™)
84715 5/20/08 10 12.0 £ 2.2 5
5/30/08 15
6/14/08 11
6/25/08 12
7/7/08
84716 5/21/08 12 114 +£2.1 6
6/2/08 1
6/13/08 13
6/26/08 8
7/4/08 13
7/17/08
84717 5/20/08 14 12.8 +£1.0 5
6/3/08 12
6/15/08 13
6/28/08 12
7/10/08
89970 6/8/09 11 11.0+ 0.8 5
6/19/09 11
6/30/09 12
7/12/09 10
7/22/09
91387 6/8/09 9 11.0+2.8 3
6/17/09 13
6/30/09
95898 6/7/09 11 12.3+2.1 4
6/18/09 14
7/2/09 12
7/14/09
95901 6/14/09 10 116 +1.9 5
6/27/09 13
7/10/09 13
7/23/09 13
8/1/09 9

Table 3. Caretta caretta. Mean swim speed and light-detec-
tion and ranging (lidar) depths for loggerheads tagged on
East Key in the Dry Tortugas (DRTO) during the inter-nesting
period. In the site-fidelity test, Sis the proportion of the move-
ment paths with higher mean-squared distance values from
the center of activity. We used all filtered observations during
each turtle's period in DRTO for the site-fidelity test

Year Turtle Mean + SD Mean =+ Site-
swim speed SD lidar fidelity
(km h™?) depth (m) test (S)
2008
84715 14+1.2 9.8+64 >99.01
84716 1.2+1.1 9.8 5.2 >99.01
84717 16+1.4 7.7+5.1 >99.01
2009
89970 1.7+1.2 11.5+£8.5 >97.03
91387 1.7+1.3 7.6 £4.6 >80.20
95898 14+1.1 9.6 5.9 >99.01
95901 1.5+1.2 9.5+64 >99.01
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Fig. 2. Caretta caretta. Kernel-density estimate plots (KDEs) for Dry Tortugas loggerheads during the ~3 mo inter-nesting period

when they are residents of the Tortugas. Each panel shows: turtle ID number; 95 % KDE (light gray), which represents the gen-

eral home range of each turtle during the inter-nesting period; 50 % KDE (dark gray), which represents the core area used dur-

ing inter-nesting; and mean daily locations (e). Dry Tortugas National Park (solid) and Research Natural Area (dashed) bound-

aries are outlined (see Fig. 1). Turtles 84715, 84716, and 84717 were tagged in 2008; all others in 2009. The bottom-right panel

depicts overlap zones of individual loggerhead 50 % KDEs in 2008 and 2009 in the National Park. Note the consistent inter-annual
use of habitat around East Key
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Fig. 3. Archetypal images for each substrate classification category. (A) Seagrass Thalassia testudinum. (B) Senile reef with identifi-
able colonies of the stinging coral Millepora alcicornis (top left corner), the encrusting zoanthid Palythoa caribraeorum (left, middle
), and staghorn coral Acropora cervicornis (right). Note school of scarids (parrotfishes). Also note areas devoid of pigmentation or tis-
sue on the head coral. It is not known whether the bare areas were or are due to bleaching or disease. (C) Rubble consisting primar-
ily of A. cervicornis sticks. (D) Sand with 2 live six-keyhole sand dollars Mellita sexiesperforata (<—). Note detail of their tracks

DISCUSSION

Our data indicate that loggerheads nesting on East
Key use a spatially confined area during their repro-
ductive period in the Dry Tortugas. All of the core-use
areas were within 2.3 km of the nesting beach, sup-
porting the finding of Schroeder et al. (2003) of a 5 km
long loggerhead nesting-site fidelity range. Further-
more, loggerheads that used East Key accessed the
nesting beach within the expected ~2 wk period con-
stituting the inter-nesting interval. High-quality loca-
tion data derived from satellite tracking revealed that
tagged turtles nesting on East Key did not emerge on
any other beach in the Dry Tortugas, indicating nest-
site fidelity to the small (i.e. ~400 m long X ~100 m wide)
beach, and highlighting a concern about losing this
critical habitat as a result of climate change-induced
sea-level rise. Moreover, for these tagged loggerheads,

most of the core-use areas were situated outside of the
RNA. Because we observed only slight differences in
the location and extent of these inter-nesting sites
across individuals and years (e.g. Fig. 2), these par-
ticular regions near East Key seem to be preferred by
loggerhead turtles and may offer the right mix of micro-
habitats necessary for endurance during the inter-
nesting period. In addition, extremely high-quality
turtle-location data showed that turtles used the chan-
nel to the west of East Key, which may represent a
bathymetric feature that provides a resting spot where
turtles can minimize their energetic costs during this
reproductive period.

Although we have defined a region repeatedly
exploited by East Key loggerheads during inter-
nesting periods, the core-use areas for these turtles
may not be predictive of where loggerheads nesting
on other available beaches at DRTO (e.g. Loggerhead
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Fig. 4. Benthic mapping around East Key. Shallow-ATRIS transect lines are colored according to corresponding benthic habitat.

Gaps occurred when images contained no discernible features. Scope of the survey was based on the 2008 50 % kernel density

plots (dashed-dotted gray line). The grid indicates the 200 x 200 m cells used to bin the classification data for computing

the habitat-diversity indices. The bolded letters and numbers facilitate referencing specific cells in the text. The light blue areas

are shaded based on labeled depth contours, according to NOAA's charting protocol. The underlying map was excerpted

from the free digital version of NOAA Raster Navigational Chart no. 11438, edition 13, available at www.charts.noaa.gov/RNCs/
RNCs.shtml. Depths on the NOAA map are in feet

Key) spend their inter-nesting time. The distance
between the 2 main nesting beaches, East Key and
Loggerhead Key, is 12 km, and we did not see evi-
dence in our tracking data that turtles nesting on East
Key made any attempt to access or nest on Loggerhead
Key.

Table 4. Caretta caretta. Image-classification scheme and

corresponding percent cover of each benthic-habitat type

within the study site, the 2008 core-use area for loggerheads
in the Dry Tortugas

Class Criteria % Presence
(N =10274)
Unclassifiable No discernible features 20.5
Seagrass >75% coverage 27.2
Senile reef Mixed community of 10.4
living organisms with
<50% live coral
Rubble >75% coverage 23.6
Sand >75% coverage 18.3

Benthic mapping

Previous inter-nesting studies on loggerheads pro-
vided little information on the benthic habitats occu-
pied by turtles throughout their reproductive stage.
Although the animal-borne camera plus TDR package
used by Fuller et al. (2009) offers promise, the short-
term (i.e. 12 to 14 d) nature of their deployment limits
detection of differential habitats used throughout the
~3 to 4 mo long inter-nesting period.

Inter-nesting zones are just as important as the nest-
ing beaches, because they provide shelter and possibly
forage to turtles between nesting events. Given this
significance, we included a high-resolution mapping
component in the present study to characterize areas
frequented by East Key loggerheads during their inter-
nesting period. The resultant habitat characterization,
coupled with in-water turtle locations, reveals an inter-
esting pattern. Although the 50 % KDE spans the width
of the carbonate platform supporting East Key (Fig. 4),
the highest-quality turtle-location data show a clear
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Fig. 5. Habitat-diversity indices. Both the inverse Simpson (upper panel) and modified Shannon (lower panel) indices were com-

puted for non-overlapping, 200 x 200 m cells defined by the grid in Fig. 4. Cells containing <50 classified shallow-ATRIS images

were excluded from the analysis. The cross-hatched cells denote the location of East Key. Total number of turtle observations

obtained via satellite tracking is indicated for each cell (black numbers). Letters and numbers along the axes facilitate referenc-

ing specific cells in the text. The spatial variability of these indices reflects changes in habitat diversity (inverse Simpson)
and benthic-cover type (modified Shannon) at the 200 m scale throughout the study site

preference for proximity to both the island and nearby
channel (Fig. 5, rows E-F, columns 6-9). This target
area has low habitat diversity (low H, moderately high
D) dominated by sand and rubble. However, it is nes-
tled between regions with a relatively high diversity of
habitats in near-equal proportions (high H, low D). In
addition, nests were predominantly located on the
western half of East Key, spanning the north-south
extent of the island (K. M. Hart pers. obs.). Considered
together, these findings indicate that the area to the
west of East Key may serve as a corridor for logger-
heads, providing ready access to the nesting beach,
deep water, and the full range of habitat types present
within the study site. The importance of deep channels
for mature loggerheads has been shown by VanDolah
& Maier (1993) for Charleston Harbor, South Carolina,
but not necessarily during the inter-nesting period.
Clearly, the loggerheads at the present study site
could access deeper water by traveling east, north, or

south of East Key; however, such transits would
require swimming 600 to >1000 m, instead of 400 m
through the western corridor. These alternative routes
would impose an additional energy expense on ani-
mals already taxed by the nesting process. Moreover,
our analysis of turtle movements showed that they
were not random (Table 3). We argue that the turtles
are optimizing their behavior and utilizing the path of
least resistance proffered by the western corridor, a
behavior hypothesized by Houghton et al. (2002).

CONCLUSIONS

Few prior studies have focused on characterizing
movements and habitat use of loggerhead turtles dur-
ing the inter-nesting period. Most recently, Schofield
et al. (2009, 2010) have shown the potential of GPS
tracking to illuminate even finer-scale habitat use dur-
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ing inter-nesting for Mediterranean loggerheads. Typi-
cally, prior emphasis has been on tracking females
post-nesting to determine regional linkages between
nesting beaches and foraging grounds. However, suit-
able nesting and inter-nesting habitats are critical
components of not only reproductive success, but also
for success of population-restoration efforts (National
Marine Fisheries Service & US Fish and Wildlife Ser-
vice 2008, Schofield et al. 2010). Protecting these sites
necessitates delineating their boundaries and charac-
terizing benthic habitats contained therein. Toward
this end, we have developed a method that melds
state-of-the-art satellite tracking with rapid, high-
resolution imaging of the seafloor to identify and clas-
sify core-use areas for nesting loggerhead turtles.
Although we focused on loggerheads in a US National
Park, our technique is applicable to other marine ani-
mals and locales. Methodologically, our study high-
lights the benefits of coupling camera technologies
and satellite telemetry to identify benthic characteris-
tics of at-sea habitats favored by marine turtles and
other organisms. Future coupling of Argos-linked Fast-
loc GPS tags (e.g. Witt et al. 2010) with ATRIS may
prove even more useful for determining fine-scale
turtle habitat use within this key inter-nesting time
period. These approaches represent key examples of
the maturation of satellite tracking as a discipline
(Godley et al. 2008, Hart & Hyrenbach 2009).

Using this novel marriage of techniques, we delin-
eated the core-use areas of nesting loggerheads to a
~3 km zone surrounding East Key, revealing strong
fidelity to that island, and discovered a possible corri-
dor used by these animals to transit to and from their
upland nesting habitat. Both findings have direct
implications for DRTO managers, especially given the
current proposal for upgrading the status of logger-
heads from threatened to endangered (US Fish and
Wildlife Service & NOAA 2010).

Resource assessments similar to ours should be per-
formed prior to the creation of MPAs to ensure that
critical habitat for threatened and endangered species
receives appropriate priority for protection in the
development of spatially explicit conservation plans.
Finally, our results indicate that adaptive management
of DRTO protected-area boundaries may be necessary
to offer sufficient protection to loggerheads nesting on
East Key during their residency in the park.
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