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Identification of high-use foraging sites where imperiled sea turtles are resident remains
a globally-recognized conservation priority. In the biodiverse Gulf of Mexico (GoM),
recent telemetry studies highlighted post-nesting foraging sites for federally threatened
loggerhead turtles (Caretta caretta). Our aim here was to discern loggerhead use of
additional northern GoM regions that may serve as high-use foraging sites. Thus,
we used satellite tracking and switching state-space modeling to show that the Big
Bend region off the northwest Florida coast is a coastal foraging area that supports
imperiled adult female loggerhead turtles tracked from different nesting subpopulations.
From 2011 to 2016, we satellite-tagged 15 loggerheads that nested on four distinct
beaches around the GoM: Dry Tortugas National Park, FL; Everglades National Park, FL;
St. Joseph Peninsula, FL; and Gulf Shores, AL. Turtles arrived at their foraging ground
in the Big Bend region between June and September and remained resident in their
respective foraging sites for an average of 198 tracking days, where they established
mean home ranges (95% kernel density estimate) 232.7 km2 . Larger home ranges were
in deeper water; 50% kernel density estimate centroid values were a mean 26.4 m deep
and 52.7 km from shore. The Big Bend region provides a wide area of suitable yearround foraging habitat for loggerheads from at least 3 different nesting subpopulations.
Understanding where and when threatened loggerheads forage and remain resident is
key for designing both surveys of foraging resources and additional protection strategies
that can impact population recovery trajectories for this imperiled species.
Keywords: Big Bend, foraging areas, home range, loggerhead, state-space modeling

INTRODUCTION
Identification of high-use foraging sites where imperiled marine species congregate is important
(Patterson et al., 2016; Augé et al., 2018). For threatened and endangered sea turtles, delineating
these sites is a globally recognized conservation priority (Hamann et al., 2010; Rees et al., 2016).
Such information factors into critical habitat designations in the U.S. by management agencies [i.e.,
National Oceanic and Atmospheric Administration (NOAA), National Marine Fisheries Service
(NMFS), U.S. Fish & Wildlife Service (USFWS)] which can translate into regulations on human
use in areas of human/turtle overlap (U.S. Fish and Wildlife Service and National Marine Fisheries
Service, 2013). In particular, areas where multiple species or life stages overlap at foraging sties
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region provides important nursery habitat for several ecologically
and economically important species including many fish and
shellfish species (Todd et al., 2014). This area has low-energy
shorelines and habitat that includes seagrass beds, salt marshes,
and oyster reefs (Seavey et al., 2011; Kaplan et al., 2016). The
Big Bend region provides foraging habitat for juvenile sea turtles
(Schmid and Barichivich, 2005), but little is known of the use of
this area by other sea turtle life stages. Dramatic environmental
changes in the Big Bend area have recently occurred including
large decreases in oyster reef habitat (Seavey et al., 2011) and
it lies adjacent to the track of Category 5 Hurricane Michael
(2018, 10 October, National Weather Service)1 . The impact of
these changes to foraging turtles is currently unknown.
In 2013, the USFWS and NMFS designated critical habitat
for Western Atlantic loggerheads (U.S. Fish and Wildlife Service
and National Marine Fisheries Service, 2013). Since Hart et al.
(2012), we continued tracking nesting loggerhead turtles from
two genetically distinct subpopulations to evaluate use of foraging
habitat in the northeastern GoM. Here, we report on another
year-round common coastal foraging area that supports these
turtles. Highlighting in-water foraging habitat should aid in
future designations of critical habitat for this imperiled species.

may receive enhanced priority rankings. Satellite tracking and
isotopic tools have been frequently used to designate speciesspecific foraging areas of importance (see Bradshaw et al., 2017;
Rees et al., 2017), and multi-species syntheses that take decades
to collect are beginning to emerge (see Conners et al., In review).
Because nesting sea turtles are more easily observed, nesting
beaches often receive more attention than in-water sites.
However, sea turtles spend the majority of their time at sea
and as such the locations where they remain resident provide
the necessary resources for these imperiled species. Foraging
resources contribute toward fat stores that allow females to attain
sufficient body condition for reproductive migrations which
are energetically demanding. Similarly, after a nesting season,
female sea turtles recover from the energetically taxing nesting
season and build energy reserves for vitellogenesis (Limpus and
Nicholls, 2000; Hamann et al., 2002). Characteristics of foraging
grounds can influence various aspects of reproduction (Hamann
et al., 2002; Schofield et al., 2009; Weber et al., 2011; Vander
Zanden et al., 2014). Thus, characterizing these areas is critical
for proper management of this habitat which will help toward
population recovery.
In the U.S. Gulf of Mexico (GoM), five species of sea
turtle occupy various habitats, including several dense nesting
assemblages along the coastline. Recent tracking work by
Hart et al. (2014); Foley et al. (2014), and Tucker et al.
(2014) highlighted post-nesting foraging site destinations for
loggerheads (Caretta caretta) in the GoM, currently listed
with threatened status under the U.S. Endangered Species Act
(National Marine Fisheries Service and U.S. Fish and Wildlife
Service, 2008, 2011). As tracking sample sizes have increased for
loggerheads in the GoM, the number of questions we can address
has broadened (Sequeira et al., 2019) including highlighting
previously unidentified foraging areas. In the Southeastern U.S.,
loggerheads are considered five subpopulations (Turtle Expert
Working Group, 2009) and 10 management units (Shamblin
et al., 2011, 2012) based on mitochondrial DNA analyses. The
subpopulations in the Dry Tortugas and northern GoM are
the two smallest, with median individual nesting subpopulation
estimates of 331 females and 432 females, respectively (Richards
et al., 2011). Hart et al. (2012) earlier reported on the use of
common coastal foraging areas for a small number of turtles
tagged in these different management units. It is possible
that additional tracking would highlight previously unidentified
coastal areas which also serve as important foraging habitat for
individuals from these same management units.
Despite several studies and relatively large sample sizes, no
nesting loggerhead from the northern GoM Recovery Unit has
ever been tracked outside the GoM (Hart et al., 2012; Foley
et al., 2013; Lamont et al., 2015). This work highlights important
foraging areas for this loggerhead subpopulation. One area that
consistently emerges as important for northern GoM loggerheads
are shallow waters in the northeastern GoM (Tucker, 2010; Foley
et al., 2013; Hardy et al., 2014; Hart et al., 2014).
The northeastern GoM, also known as the Big Bend region of
Florida, lies upon the West Florida Shelf which represents 75%
of the U.S. GoM shelf area and includes “ecologically productive
and biologically rich marine habitat” (Coleman et al., 2011). This

Frontiers in Marine Science | www.frontiersin.org

MATERIALS AND METHODS
Field Methods
We tagged turtles at Dry Tortugas National Park, FL; Everglades
National Park, FL; St. Joseph Peninsula, FL; and Gulf Shores, AL
(Figure 1). Full details on turtle capture and satellite-tagging can
be found in Hart et al. (2013, 2018). Briefly, we corralled turtles
on the beach after nesting was complete and followed established
protocols for sampling and tagging (National Marine Fisheries
Service Southeast Fisheries Science Center, 2008). The corral was
removed after tagging was completed allowing the turtle to return
to the water. We used SPOT5, SPOT6, or SPLASH10 PTTs from
Wildlife Computers (Redmond, WA, United States) and dutycycled tags to transmit every 3rd day during November-April to
prolong battery life. We defined the Big Bend region as the neritic
zone of the GoM stretching from St. Andrew Bay at the northern
end to Tampa Bay at the southern end (see Figure 1). We only
considered tracks for this analysis that had foraging locations
within this region.

Data Analysis
Processing Tracking Data
We used the raw tracking data to fit a hierarchical, behaviorswitching state-space model (SSM; Jonsen, 2016), allowing us to
estimate the behavioral modes of individual turtles, regularize the
locations in time, and account for location error. This hierarchical
SSM is similar to the model of Jonsen et al. (2005), but jointly
estimates the movement parameters that define the behavioral
states across all individuals, thus improving the behavioral
state estimation. Using the R package “bsam” (Jonsen et al.,
2017; R Core Team, 2019), we fit the SSMs then used MCMC
1

2

https://www.weather.gov/tae/HurricaneMichael2018
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We defined “foraging” as all the locations recorded from after the
final “migration” location until the end of the tracking duration.

Home Ranges
We used all the foraging locations to fit home ranges for each
turtle. We used the kernel density estimator (KDE), a common
home range metric based on estimating the animal’s utilization
distribution in discrete space (Worton, 1989; Kie et al., 2010).
We used the R package “adehabitatHR” (Calenge, 2006) to
estimate KDEs, using least squares cross-validation to select the
bandwidth parameter, h (Worton, 1995; Seaman and Powell,
1996). We represented the overall home range with 95% KDEs
and the core area of activity with 50% KDEs (Hooge et al., 2001).
For each turtle, we calculated the centroid of the 50% KDE
polygon, and from that centroid, we calculated distance to
shore and depth. We estimated distance to shore by using the
function “gDistance()” from the R package “rgeos” (Bivand and
Rundel, 2019) to calculate the distance between the centroid
and the intermediate-resolution shoreline polygon from the
Global Self-consistent Hierarchical High-resolution Geography
database (GSHHG; Wessel and Smith, 1996). We estimated
depth by extracting the value at the centroid from the ETOPO1
Global Relief model (Amante and Eakins, 2009). We estimated
the relationship between home range size (area of the 95%
KDE) and depth by fitting a linear model where ln(area)
depended on ln(depth).
Eleven home ranges were previously published in Hart et al.
(2014). In that paper, however, authors used SSM only to define
time periods of migration and foraging; they then used original
filtered Argos locations from within those SSM-defined time
periods for analysis. Here, in contrast and as stated above, we
use predicted ARS locations instead of original filtered locations,
and we added additional tracking days for several turtles (after
the cutoff in Hart et al., 2014). In addition, we acknowledge that
aspects of one turtle’s movement is also in Hart et al. (2018),
thus here we re-visited the data for these previously published
home ranges, adding in additional locations for five of these
turtles. We also report on three new loggerheads that were
tracked to this region.

FIGURE 1 | Home range and core-use areas for loggerhead sea turtle
(Caretta caretta) foraging periods occurring within the Big Bend region (inset
box), from Tampa Bay to St. Andrew Bay. Tagging locations are shown as
yellow stars on the inset map; turtles were satellite-tagged at four sites in the
Gulf of Mexico and colors correspond to tagging location: Dry Tortugas
National Park, Florida (DRTO, n = 1, blue); Everglades National Park, Florida
(ENP, n = 1, red); Gulf Shores, Alabama (GS, n = 11, green); St. Joseph
Peninsula, Florida (SJP, n = 2, purple). Kernel Density Estimates (KDEs) are
shown for each turtle as lighter polygons (95% KDE; home range) with a
darker color inside (50% KDE; core-use area).

parameters following our previous studies (see Hart et al., 2012),
including adaptive sampling (and burn-in) for 7,000 samples,
then 10,000 samples from the posterior distribution, thinned by 5
to reduce MCMC autocorrelation. As opposed to our previous
studies, here we used a time step of 1 day, rather than 6 h, to
reduce the autocorrelation in our home range estimation.
Large gaps in the raw data force the SSM to estimate a
correlated random walk uninformed by data. These location
estimates are less reliable the longer the gap becomes. To deal
with this, we split individual tracks at gaps of 25 days or longer,
and we passed these tracks to the model as if they were separate
individuals. After fitting the SSM, we recombined the modeled
daily locations for each turtle.

RESULTS
We documented 15 individuals using the Big Bend region from
our four tagging sites: Dry Tortugas National Park, FL (n = 1);
Everglades National Park, FL (n = 1); St. Joseph Peninsula, FL
(n = 2); and Gulf Shores, AL (n = 11; Table 1). These adult female
loggerhead turtles ranged in size from 87.0–106.0 cm curved
carapace length (CCL; mean + SD = 94.9 + 4.4 cm).
We received a total of 17419 raw Argos locations for all turtles.
Mean locations per turtle was 1161 (SD = 413, range = 390–
1791). A single turtle (108965) had a gap of at least 25 days, so we
split her track into two prior to fitting the SSM. After fitting the
SSM, we were left with 2974 daily locations for all turtles. Mean
daily locations per turtle was 198 (SD = 86, range = 26–317). Of
those, we identified 1881 as foraging locations, and the mean daily
foraging locations per turtle was 125 (SD = 80, range = 20–275).

Delimiting Foraging Areas
The SSM separated turtle behaviors into two categories: (1) arearestricted search (ARS) which was characterized by relatively
tortuous tracks and slow swim speeds; and (2) migration which
was characterized by relatively straight tracks and fast swim
speeds. We tagged turtles during the nesting season, so we can
interpret the ARS mode to be either “inter-nesting” or “foraging.”
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TABLE 1 | Tagging and kernel density estimate (KDE) details for adult female loggerheads with resident foraging areas in the Big Bend region.
Turtle

Tagging year

Big bend foraging period (days)

Core area (km2 )

Home range (km2 )

Centroid depth (m)

Distance to shore (km)

ST. Joseph Peninsula, FL
129498

2013

7/2/2013–11/4/2013 (125)

32.0

130.6

−6.9

4.9

129497

2013

7/20/2013–10/13/2013 (85)

6.3

35.7

−6.0

13.9

Gulf Shores, AL
108961

2011

7/29/2011–08/17/2011 (19)

18.6

72.0

−9.6

2.1

108965

2011

8/10/2011–7/21/2012 (346)

38.0

426.9

−14.2

37.6
115.3

119923

2012

7/30/2012–1/7/2013 (161)

16.2

70.4

−37.0

119943

2012

8/2/2012–11/21/2012 (111)

11.4

59.6

−29.0

82.5

129515

2013

7/28/2013–9/22/2013 (56)

24.0

136.4

−28.6

27.5

129504

2013

8/3/2013–3/1/2014 (210)

54.6

456.9

−51.6

93.8

129510

2013

8/6/2013–10/15/2013 (70)

12.4

70.0

−45.2

42.5

129503

2013

8/10/2013–11/27/2013 (109)

210.6

1024.8

−16.1

20.6

129506

2013

9/9/2013–1/6/2014 (119)

59.1

288.9

−65.1

134.8

129505

2013

2/28/2014–4/7/2014 (38)

5.8

22.5

−2.0

10.6

53438

2016

7/30/2016–4/14/2017 (258)

15.5

128.4

−10.0

23.7

4/8/2016–5/18/2016 (40)

168.5

666.8

−63.2

149.0

6/30/2011–1/7/2012 (191)

27.7

110.0

−11.9

31.2

Everglades National Park, FL
137797

2015

Dry Tortugas National Park, FL
106615

2011

Gulf turtles to this region would be valuable for understanding
the relative use of this area by individuals from different nesting
populations. We do not have foraging centroids for additional

Turtles arrived in their foraging location in dates during June
(n = 1), July (n = 6), August (n = 5), and September (n = 1); two
turtles were tracked later at foraging areas in the Big Bend.
We used the SSM-derived daily ARS (i.e., foraging) locations
to fit home ranges (95% KDE) and core areas (50% KDE) for
each turtle. Our LSCV routine to select the bandwidth parameter
converged for all turtles. The mean home range size was 246.7
km2 (SD = 285.5, range = 22.5–1024.8 km2 ). The mean core
area size was 46.7 km2 (SD = 60.7, range = 5.8–210.6 km2 ).
Individual home ranges were distributed throughout the Big
Bend region (Figure 1). Depth of 50% KDE centroids ranged
from 2.0 to 65.1 m (mean 26.4 m, SD 21.3) and distance to
shore values for 50% KDE centroids ranged from 2.1 to 149.0 km
(mean 52.7 km, SD 49.2). The relationship between ln(area)
and ln(depth) was significant (p = 0.04), and this simple model
explained nearly a quarter of the variation in home range size
(adj-R2 = 0.23; Figure 2).

DISCUSSION
Tracking studies can provide critical data for policy makers
particularly when targeting specific needs and data gaps
(Hays et al., 2019). This work highlights use of Florida’s Big
Bend region as foraging habitat by threatened adult female
loggerheads from four separate nesting beaches, representing
several different distinct population segments and management
units. It contributes toward recognizing relative importance of
foraging areas in the northern Gulf of Mexico, which has a
paucity of defined foraging areas for comparison. We suspect that
additional tracks in future years will complement this summary,
which is derived from multiple different tracking projects across
study sites and years. This summary provided here took 2011–
2017 tracking data to collate, thus future effort to track additional
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FIGURE 2 | Relationship between home range size (95% KDE) and depth. Fit
line is from a linear model where ln(area) depends on ln(depth) and is
significant (p = 0.04, adj-R2 = 0.23). Shaded envelope represents the 95%
confidence interval around the fit line.
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turtles shown in Foley et al. (2014; n = 3) and Tucker et al. (2014,
n = ∼13), but it is clear that other loggerheads migrate to this
region and remain resident there in at least low numbers.
We observed quite a span of individual variation in home
range size (Figure 2), which does not appear to be a sampling
artifact [i.e., it is not that large home ranges were generated due
to low quality Argos locations (e.g., lots of class B and class 0
locations), as we used SSM here]. Rather, this variation reflects
something real about foraging site selection, complementing
previous work on loggerheads in the Mediterranean (e.g.,
Schofield et al., 2010), where loggerhead home ranges that
were deeper and farther offshore were larger. Here, the pattern
observed in Schofield et al. (2010) also holds true, as our simple
linear model explained nearly a quarter of the variation we
observed in home range sizes for loggerheads females in the
Big Bend region. Mean values of two measurable characteristics
of core use areas reported here are similar to those previously
reported in Hart et al. (2014): 47.6 km mean distance to shore
and 32.5 m depth, as well as a previously determined for a
common coastal foraging area in the GoM, but south of the Big
Bend (Hart et al., 2012; foraging centroids in that study were in
waters < 50 m deep and within a mean distance of 58.5 km to
nearest coastline.
The quantitative spatial ecological summary on individual
home ranges presented here is key information for managers
to consider as loggerhead critical habitat designations in the
U.S. are refined. Recent other tracking studies highlighted
areas in the GoM that serve as important foraging habitat
for loggerheads (Girard et al., 2009; Foley et al., 2014; Hart
et al., 2014; Tucker et al., 2014), yet it was not obvious in
previous regional tracking summaries that the Big Bend was
another important year-round foraging area for loggerheads from
multiple distinct population segments. Our summary here also
includes the first published Everglades loggerhead track (turtle
137797), representing new information for that understudied
nesting sub-population.
Recently, Wildermann et al. (2019) showed the value of this
area to other sea turtle species: satellite-tagged green turtles
(Chelonia mydas), Kemp’s ridleys (Lepidochelys kempii), and
loggerheads partitioned habitat off of the northwest Florida
Shelf. In another tracking study it was revealed that juveniles
of these three species also shared habitat in coastal bays off of
Northwest Florida (Lamont and Iverson, 2018). These results
together highlight the potential for this area to serve as a
foraging hotspot for multiple sea turtle species. Identification
and delineation of foraging hotspots, particularly those used
long-term and year-round like those here, are important for
defining the extent of U.S. critical habitat and areas for
potential protection.
Tracking studies are critical to establishment and maintenance
of these protected areas (Cuevas et al., 2008; Méndez et al.,
2013; Hays et al., 2019). The word “hotspot” was originated by
Myers (1988) to identify areas of “exceptional concentrations”
of endemic species currently experiencing exceptional loss of
habitat. The goal in that paper was to highlight areas where the
greatest number of species could be protected per conservation
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dollar (Myers, 1988, 1990, 2003; Briscoe et al., 2016). Our tracking
results, coupled with previous studies that show use of this region
by multiple taxa [Kemp’s ridleys (Schmid and Barichivich, 2005),
invertebrates (Posey et al., 1998); reef fish (Coleman et al., 2011);
dolphins (Tyson et al., 2011); sharks (Bethea et al., 2015)] indicate
that the Big Bend represents an important marine hotspot in the
northeastern GoM. This work contributes to ongoing discussions
of critical habitat designations for sea turtles in the Southeastern
U.S. and highlights the importance of considering nearshore
habitats on the continental shelf in these discussions, as currently,
these habitats are not included in loggerhead critical habitat
(U.S. Fish and Wildlife Service and National Marine Fisheries
Service, 2013).
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