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Assessing the linkage between breeding and non-breeding areas has important
implications for understanding the fundamental biology of and conserving
animal species. This is a challenging task for marine species, and in sea turtles
a combination of stable isotope analysis (SIA) and satellite telemetry has been
increasingly used. The Northwest Atlantic (NWA) loggerhead (Caretta caretta)
Regional Management Unit, one of the largest sea turtle populations in the world,
provides an excellent opportunity to investigate key biological patterns as well as
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methodological aspects related to the use of stable isotopes to infer spatial
distribution of turtles in foraging areas. We provide the first comprehensive
assessment of the annual distribution of NWA adult female loggerheads among
foraging areas and investigate the efficacy of various analytical approaches as
well as the effect of sample size in these types of studies. A total of 5168 individual
females were sampled from seven Management Units (MUs) between 2013-
2018. We provide the first estimate of the proportion of females originating from
each MU that uses each foraging area and show how this proportion varies over
time. We also estimate the relative importance (in terms of number of turtles) of
each foraging area to the overall loggerhead breeding aggregation nesting in
Florida and in the NWA for each year of the study. The foraging area used by
reproductively active females differs considerably across MUs. One of these, the
Subtropical NWA, is by far the most important foraging area in terms of both
number of individuals and genetic diversity, and therefore this region may be
considered as a conservation priority. Through simulations, we show that limited
sizes of sample groups (unknowns; training; priors) may result in false geographic
differentiation and consequently mislead interpretations. We provide thresholds
and methodological recommendations for future studies. This study establishes
a fundamental baseline for monitoring the annual contribution of foraging area to
a terrestrial-based breeding aggregation of a marine animal in a cost-effective
way. This type of monitoring allows for early detection of changes in foraging
distributions—a possible effect of climate change on marine ecosystems or of
area-specific anthropogenic threats.
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and tracking

Introduction

For many highly mobile species, food resources and suitable
breeding habitat are separated by hundreds or thousands of
kilometers, necessitating reproductive migrations (Webster et al.,
2002; Costa et al., 2012). Individuals breeding at a specific site may
not all use the same general foraging area; thus, understanding
migratory connectivity can improve our knowledge on the biology
of a species and can inform its conservation (Webster et al., 2002).
Assessing the strength of the linkages between breeding and non-
breeding areas is especially challenging for migratory marine
species (Costa et al., 2012; Dunn et al., 2019), although terrestrial-
based reproduction in some taxa (e.g., sea turtles, pinnipeds,
albatross, penguins) represents a valuable research opportunity
due to ease of access to the study animal at this time (Costa,
1991; Hays and Hawkes, 2018).

The study of animal migration and connectivity among
different areas has advanced in recent years thanks to a variety of
techniques (Hobson et al., 2019). Each technique has advantages
and limitations; thus, combining complementary techniques may
improve our understanding of migratory connectivity (e.g., Rundel
et al, 2013). In the case of determining the foraging areas for
animals encountered at breeding sites, satellite telemetry can
provide fine-scale movement information at the individual level,
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but the high cost limits the number of individuals that can be
tracked at each breeding site on an annual basis, which can lead to
results biased by low sample size (Shimada et al, 2021). Stable
isotope analysis (SIA) of light elements (C, H, N, O, and S) in tissue
samples taken from breeding individuals can be a relatively quick
and cost-effective complementary approach for studying large-scale
migratory connectivity in a variety of taxa, allowing population-
level questions to be addressed although at a coarser spatial
resolution than that possible using satellite telemetry (Hobson,
1999). Briefly, stable isotopes are intrinsic markers that are
assimilated through diet into tissues and reflect information on
both food and water sources as well as geographic locations where
individuals feed (Hobson, 1999; Rubenstein and Hobson, 2004). If
organisms move between isotopically distinct areas and retain
quantifiable isotopic differences in tissues that can be linked to
past locations, then stable isotopes act as forensic recorders of
migratory and foraging behaviors (Hobson et al., 2019). The general
approach for estimating geographic origin of migratory animals
based on stable isotope values of their tissues is to develop or
calibrate an assignment model based on tissues of known
geographic origin (Wunder, 2012). One of the commonly used
approaches is a likelihood-based assignment test, which is
considered as a nominal assignment framework because it
requires an a priori definition of all potential geographic regions
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utilized as foraging grounds and the isotopic characterization of
each area (Wunder, 2012). Then, for each individual with an
unknown foraging area, probabilities of foraging in the different
areas are estimated based on the isotopic values of its tissue sample
(Wunder, 2012). Determining likely foraging areas for individuals
of unknown foraging area is the purpose of the methodology and, if
the results are to be used to represent the population of interest, the
sample size needs to be sufficiently large. However, to increase the
potential reliability of the assignment model, individuals are
assigned to a foraging area only if their posterior probabilities are
over a specific threshold (Wunder, 2012). A disadvantage of this
approach is that it reduces the number of individuals that can
be assigned.

Adult sea turtles regularly congregate in breeding areas where
they are relatively easy to observe. However, their distribution
across multiple and distant foraging areas makes them more
difficult to study, although identifying and monitoring these sites
have important implications for conservation (Rees et al., 2016). For
instance, the type and level of anthropogenic impacts on a
population may differ among foraging areas. Moreover, climate
change may alter marine ecosystems and productivity, impacting
sea turtle distributions at sea (Pikesley et al., 2015; Willis-Norton
et al., 2015). Such changes are difficult to study but monitoring
possible changes of preferred foraging areas across time would
provide valuable information to understand the effects of climate
change on sea turtles and other organisms.

Geographic assignment based on stable isotope values of tissue
of nesting turtles for which the foraging area is unknown that has
been conducted to date has been done visually (by plotting isotopic
values in a graph to determine the presence of clusters without
performing statistical analysis, Hatase et al., 2002; Reich et al., 2010;
Eder et al., 2012; Cardona et al., 2014) or using a likelihood-based
nominal approach through discriminant function analysis (e.g.,
Ceriani et al., 2012; Coffee et al., 2020; Okuyama et al., 2022)
except for one study that used a continuous approach based on a
spatially explicit model (isoscapes; Ceriani et al., 2017). Previous
work on determining the foraging areas of sea turtles based on
stable isotope values and this nominal approach used as few as 12
known individuals for model training (Okuyama et al., 2022), no
priors (Ceriani et al., 2012; Bradshaw et al., 2017; Pfaller et al.,
2020), or a variable number of priors (Vander Zanden et al., 2015)
and as few as 57 unknown individuals to assign to a putative
foraging area (Ceriani et al., 2012). In some cases, successive studies
of the same nesting aggregation produced differing results (Ceriani
etal,, 2012; Pajuelo et al,, 2012; Ceriani et al., 2015), and it is unclear
whether these discrepancies were caused by differences in the
above-mentioned sample sizes or by some other factor. The
effect that different sample sizes have on the performance and
results of this type of geographic assignment has not been
previously evaluated.

The Northwest Atlantic (NWA) loggerhead (Caretta caretta)
Regional Management Unit (RMU [i.e., spatially explicit population
segments defined by biogeographical data of marine turtle species];
Wallace et al., 2011) provides an excellent opportunity to investigate
key biological patterns of sea turtles as well as methodological
aspects related to the use of stable isotopes for geographic

Frontiers in Marine Science

10.3389/fmars.2023.1189661

assignment. It is the largest RMU of the species (Casale and
Tucker, 2017) and one of the largest RMUs of sea turtles globally
(Wallace et al., 2010). An estimated 97% of this RMU nests along
the Southeast United States coast, while the remaining 3% nests in
the Greater Caribbean, mainly Mexico (Ceriani and Meylan, 2017).
It is one of the best studied sea turtle RMUs in the world, with
hundreds of post-nesting females that have been tracked using
satellite telemetry in the last 35 years. Females are known to forage
mostly on the continental shelves of the southeastern United States,
eastern Gulf of Mexico, and the wider Caribbean, in particular the
Bahama Banks and the Cuban shelf, and only rarely undertake short
excursions in the pelagic environment (Dodd and Byles, 2003;
Griffin et al., 2013; Hardy et al., 2014; Tucker et al., 2014; Evans
et al.,, 2019; Iverson et al., 2020; Phillips et al., 2021). NWA adult
loggerheads tend to remain in one foraging area year-round (Hardy
et al,, 2014; Hart et al., 2015; Evans et al., 2019; Phillips et al., 2021)
or occupy one area during the non-breeding summer months and
another during winter months (Hawkes et al., 2011; Ceriani et al.,
2012). Eight distinct management units (MUs; Shamblin et al.,
2011) or demographically discrete populations with respect to
female natal homing have been identified, seven of which are in
the southeastern United States, an area that is therefore critical to
global conservation and recovery efforts for the species.

The NWA loggerhead RMU has been extensively studied using
a dual stable isotopes approach (carbon and nitrogen) in the
likelihood-based nominal framework (Ceriani et al., 2012; Pajuelo
et al., 2012; Vander Zanden et al., 2014; Ceriani et al., 2015; Pfaller
et al,, 2020). Isotope-based assessments of foraging area use over
multiple years focused on a single nesting beach sampled
consistently (Ceriani et al., 2012; Ceriani et al., 2015),
intermittently (Vander Zanden et al., 2014), or on multiple
beaches across different MUs sampled both intermittently and
during differing periods (Pfaller et al., 2020). Moreover, previous
studies have used different numbers of putative foraging areas
(Ceriani et al., 2012; Ceriani et al., 2015; Vander Zanden et al.,
2015; Pfaller et al., 2020), a variety of training sample size (n = 14 to
60; Ceriani et al., 2012; Pajuelo et al., 2012), priors (Vander Zanden
et al, 2015) or no priors (e.g., Ceriani et al., 2015), various
thresholds for assignment (0.5 < p < 0.8; e.g., Pajuelo et al,, 2012;
Ceriani et al., 2015) and various sample size of turtles with
unknown foraging area to derive aggregation estimates (n = 57 to
1019; Ceriani et al., 2012; Pfaller et al., 2020). Each of these variables
has the potential to impact the results and the accuracy of foraging
area assignment based on SIA.

This study aims to provide the first comprehensive assessment
of the annual distribution of loggerheads that nest in the NWA
among regional foraging areas and to provide a definitive analysis of
what can be done with the likelihood-based nominal framework
using a dual isotope approach (carbon and nitrogen). We used a
large sample size (n = 7469 or seven times the previous largest such
sample of any sea turtle study (Pfaller et al., 2020) and, to the best of
our knowledge, of any taxa) collected using consistent and
representative multi-year sampling at each MU (which
intrinsically should provide results representative of the RMU), a
large training sample and a large priors sample. Our objectives were
to: (i) infer the relative importance of different regional foraging
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areas for each MU and for the entire NWA nesting aggregation,; (ii)
assess whether the relative importance of regional foraging areas
changes over time; (iii) assess the composition, in terms of MU of
origin, of individuals using each regional foraging area; (iv)
investigate consistency in isotopic values over time and quantify
regional foraging area fidelity among adult females, and (v)
investigate the efficiency of different analytical approaches and
the effect of sample size in this type of study.

Methods
Study sites and sample collection

In juvenile loggerheads, epidermis samples reflect the turtle’s
dietary history over a period of up to four months (Reich et al,
2008). The time-period represented in adults is likely much longer,
because the rates of isotopic incorporation slow with reduced
growth rates (Reich et al., 2008) and increasing body mass
(Martinez Del Rio and Carleton, 2012). Sea turtles are capital
breeders and yolk is synthesized from nutrients acquired and
stored during the non-breeding period (Hamann, 2003). Hence,
both epidermis and eggs (fresh egg yolk [FEY] and unhatched egg
[UHE]) sampled at breeding areas are assumed to reflect the
isotopic values of the foraging areas used by females during the
non-breeding season prior to migration and nesting activity and are
widely used to infer the putative foraging area used by nesting
females (Hatase et al., 2002; Seminoff et al., 2012; Ceriani et al.,
2015). In this study, three types of samples were collected: (i) skin
samples from nesting females, (ii) UHE at nest excavation
(minimum three days after hatchling emergence or 70 days after
deposition, if hatchling emergence was not observed, (Ceriani et al.,
2014a) and (iii) fresh eggs (the morning after deposition).

Samples were collected at 21 beaches in the southeastern United
States (from Florida to North Carolina) (Figure 1 and
Supplementary Table 1) during the 2013-2018 nesting seasons
(May-September). Sampling encompassed four loggerhead
Recovery Units (RU) (the Northern RU, the Peninsular Florida
RU, the Dry Tortugas RU, and the Northern Gulf of Mexico RU;
National Marine Fisheries Service and U.S. Fish Wildlife Service,
2008). Subsequent genetic analyses further subdivided the
Peninsular Florida RU into five additional MUs and refined the
boundary between the Northern and Peninsular Florida RUs
(Shamblin et al., 2011). For simplicity and to distinguish between
originally defined Recovery Units and the genetically-revised MUs
that were proposed later, these populations will be referred to in the
MU context hereafter as northern MU (NMU [Northern Recovery
Unit + St. Johns County, Florida or SJC]), central-east Florida MU
(CE), southeast Florida MU (SE), Dry Tortugas MU (DRTO),
southwest Florida MU (SW), central-west Florida MU (CW) and
northwest Florida MU (NW) (Figure 1).

Skin samples were collected from nesting females at five sites
(ACNWR: Archie Carr National Wildlife Refuge located in CE MUj;
KEE: Keewaydin Island located in SW; CK: Casey Key located in
CW MU; SGI: St. George Island located in NW MU; DRTO: Dry
Tortugas National Park (Hart et al., 2022) located in DRTO MU) in
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conjunction with nighttime tagging mark-recapture programs. The
identity of each female sampled was determined using physical tags
(Inconel metal tags and/or PIT tags) (Tucker et al., 2014; Ceriani
etal., 2015; Hart et al., 2015; Phillips et al., 2021; Silver-Gorges et al.,
2021). Skin samples were collected using 4-6 mm biopsy punches
from either the right shoulder or the soft skin from the inside
trailing edge of the rear flipper. Skin samples were preserved in 70%
ethanol (n = 1589), in a non-frost-free freezer at —20°C (n = 446) or
in 95% ethanol (n = 167) until analysis. The former two methods
are widely used and have no (or negligeble) effect on skin tissue
isotopic compositions (Barrow et al., 2008). The effects that a > 70%
ethanol concentration has on the isotopic values of stored samples
have been less studied but Bradshaw et al. (2017) found no
significant differences in stable isotope values in green turtle
epidermis preserved in 70% ethanol and 96% ethanol. Thus, we
considered all skin samples as one sample group regardless of the
preservation method.

Whole UHE (3-5/clutch) were collected and preserved frozen
until analysis. UHE were collected instead of skin samples from
clutches of identified females at an additional site where females
were identified through nighttime tagging mark-recapture (SAN:
Sanibel Island). At the remaining Florida sites, where only next-day
nesting beach surveys were conducted, the identity of the female
was unknown. Thus, some level of pseudoreplication cannot be
excluded, particularly from four sites (PAN: Panama City,
TTINWR: Ten Thousand Island National Wildlife Refuge, CRFL:
Cape Romano, and NSB: New Smyrna Beach) with low nest density
(< 325 clutches/year). However, most sites had high nest densities
(range: 680-7930 clutches/year). Regardless of the nesting site,
sampled clutches were chosen using a spatially and temporally
systematic strategy (i.e., if the goal was to sample 50 clutches at a site
that hosted an average of 1000 clutches/season, we sampled every
20" clutch laid) (Brost et al., 2015) since it is unknown whether
foraging area of origin influences time of arrival to the nesting site.
We analyzed an average + SD of 14% + 12% (range: 3%-42%) and
2% + 2% (range: 1%-10%) of the clutches laid each year at low- and
high-nest density sites, respectively. Hence, we expect
pseudoreplication to be low.

FEY were collected within 12 hours of deposition from clutches
deposited on NMU beaches (from SJC to BHI [Bald Head Island,
North Carolina]) in conjunction with a genetic fingerprinting study
(Shamblin et al., 2017) that determined the identity of each female
via multi-locus genetic tags extracted from maternal DNA found in
the shell of freshly laid eggs. Egg components were separated with
an egg separator and FEY was either frozen or preserved in 95%
ethanol for SIA. Both preservation methods have been used in the
past and conversion equations from differently preserved FEY to
epidermis have been developed (Kaufman et al., 2014).

Laboratory analyses

Skin samples were prepared for SIA of carbon and nitrogen
following standard procedures (Ceriani et al., 2014a). UHE were
thawed, rinsed to remove sand, and opened while ensuring the egg
contents did not touch the external surface of the eggshell. It is often
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FIGURE 1

Utilization of four regional foraging areas by loggerheads of Management Units (MU) nesting in the southeastern United States based on stable
isotope analysis of samples from 4057 nesting turtles (individual-assignment approach). The four regional foraging areas are along the continental
shelfs and are the MAB (Mid-Atlantic Bight), the SAB (South Atlantic Bight), the SNWA (Subtropical Northwest Atlantic) and the GOM (Gulf of Mexico).
GOM is separated (dashed black line) into three sub-areas: NGOM, EGOM and SGOM described in the methods but that were not used in the final
analysis. Red bars separate the nesting beaches (in yellow) used by different MUs, which are the NMU (Northern MU), CE (Central-East Florida MU),
SE (Southeast Florida MU), DRTO (Dry Tortugas MU), SW (Southwest Florida MU), CW (Central-West Florida MU), NW (Northwest Florida MU). Black
dots depict nesting sites where samples were collected for this study (listed in Supplementary Table 1). Size of pie charts reflects the number of
females sampled from each MU during 2013-2018 and assigned to a foraging area (p > 0.667). The sample sizes for each MU are as follows: NMU =
1196, CE = 878, SE = 886, DRTO = 73, SW = 397, CW = 436, and NW = 191.

not possible to distinguish between egg components; thus, the entire
contents of UHE were used for analysis. If the UHE contained an
embryo with a distinct yolk sac, only the yolk sac was retained for
analysis. Frozen contents of FEY and UHE were freeze-dried for 72
hours and then homogenized with mortar and pestle. Subsamples of
FEY preserved in 95% ethanol were pipetted into weigh boats,
placed under a fume hood for 48 hours and then dried at 60°C for
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48-72 hours to remove any residual ethanol. Prior to pipetting,
ethanol-preserved FEY were shaken and mixed well to obtain a
homogenous portion of the liquid (Kaufman et al, 2014). Dry
epidermis and a subset of FEY and UHE homogenized material
were lipid-extracted using an accelerated solvent extractor (ASE
300) with petroleum ether as solvent for three consecutive cycles
(Kaufman et al., 2014).
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Subsamples of prepared tissues (0.3-0.7 mg) were weighed with
a microbalance and sealed into sterile 3 mm x 5 mm tin capsules
and analyzed for % carbon, % nitrogen, §°C, and §"°N values.
Analyses were performed at the Marine Environmental Chemistry
Laboratory at the University of South Florida College of Marine
Science (St. Petersburg, FL, USA), where samples were converted to
N, and CO, using a Carlo-Erba NA EA1108 Elemental Analyzer
(Thermoquest Italia, S.p.A., Rodano, Italy) and analyzed with a
continuous flow isotope ratio mass spectrometer (Delta PlusXP,
Thermo Finnigan, Bremen, Germany). Stable isotope ratios were
expressed in conventional notation as parts per thousand (%o)
according to the following equation:

{( Rsample ) }
60X =|[—F—)-1| x 1,000
Rstandard

Where X is '°N or ’C, and R represents the corresponding
ratios of heavy to light isotopes (*>N:"*N and '*C:'*C) in the sample
and international standard, respectively.

Raw measurements were calibrated relative to VPDB (8'°C) and
AT-Air (8"°N) with certified reference materials NIST 8574 (5'*C =
+37.63 £ 0.10 %o, 8 "N = +47.57 + 0.22 %o, N = 9.52%, C = 40.81%,
C:N [molar] = 5.0) and NIST 8573 (8"°C = -26.39 + 0.09%o, 6'°N =
452 + 0.12%0 N = 9.52%, C = 40.81%, C:N [molar] = 5.0).
Estimates of analytical precision were obtained by replicate (n =
1139) measurements of an internal laboratory reference material
(NIST1577b Bovine liver, §'°C = -21.69 + 0.14%o, §'°N = 7.83 +
0.16%o0, %N =9.95 + 0.48%, %C =48.04 £ 0.71%, C:N [molar] = 5.63
+0.27) and yielded a precision (reflecting +1 SD) < 0.36 %o for 8
and < 0.26 %o for §'°N.

We chose to use epidermis as reference tissue for this study
because epidermis accounted for the largest portion of the samples
analyzed. The isotopic values of frozen and 95% ethanol-preserved
FEY were converted into epidermis values using the equations
described in Kaufman et al. (2014). Two to three UHE/clutch
were processed, and the average §°C and 6'°N values were used
to represent each clutch isotopically (Ceriani et al., 2014a). Only
clutches with low unhatched egg isotopic variability (SE < 0.5 %o)
were retained and included in the dataset for the remaining analysis.
The averaged isotopic values of UHE were converted to epidermis
values using the equation by Ceriani et al. (2014a).

Data analyses

The likelihood-based nominal assignment approach requires
three sample groups and their sample size can affect the results: 1)
the training group or training dataset includes individuals with
known foraging areas, whose isotopic values should therefore
represent those foraging areas, and is used to calibrate the
assignment model, 2) the priors group represents the relative
importance of each foraging area based on telemetry or mark-
recapture studies and is used to inform the model, and 3) the
unknown group or the individuals of unknown foraging area. To
assign turtles of unknown foraging area to a likely foraging area
through isotope values of their tissues, first the isotopic values of
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different foraging areas need to be established. To this aim, a sample
of 207 adult loggerheads with both a known foraging area (192 from
satellite tracking data and 15 captured at the foraging site) and
isotopic value was used to determine the following six arbitrary
foraging areas on the continental shelf (waters< 200 m depth)
known to be used by adult females of the NWA loggerhead breeding
aggregation (Figure 1). These were the Mid-Atlantic Bight (MAB),
South Atlantic Bight (SAB), Subtropical Northwest Atlantic
(SNWA), Eastern Gulf of Mexico (EGOM), Northern Gulf of
Mexico (NGOM), and Southern Gulf of Mexico (SGOM). The
MARB is defined as the region enclosed by the coastline from Cape
Cod (Massachusetts) to Cape Hatteras (North Carolina). The SAB
extends from Cape Hatteras (North Carolina) to West Palm Beach
(Florida). The SNWA encompasses the water surrounding the
Bahamas Banks and Florida Keys. The EGOM includes waters on
the continental shelf north of Cape Sable, Florida to Apalachee Bay,
Florida. The NGOM foraging area extends from Apalachee Bay,
Florida, as far west as we currently have data. The SGOM foraging
area is located to the north of the Yucatan Peninsula (Mexico), also
known as the Campeche Bank. These regional foraging sites were
described in previous studies (Ceriani et al., 2015; Vander Zanden
et al,, 2015). The isotopic values and the regional foraging area for
60 individuals were obtained from Pfaller et al. (2020). The
remaining 147 of the 207 individuals were either females
equipped with satellite tags and sampled for SIA after nesting on
beaches in Florida (N = 118, from Tucker et al., 2014; and Ceriani
et al,, 2017) or were females with isotopic values presented here for
the first time and with post-nesting migration and foraging area use
that have been described elsewhere (N = 10 from KEE and N = 19
from ACNWR, Evans et al., 2019; Phillips et al., 2021). The centroid
of the foraging area of each female was determined by averaging the
best daily locations of a minimum of 30 days once displacement
distance from the rookery reached an asymptote, which is
considered as indicating the beginning of residency (Ceriani et al.,
2012). The centroid of the foraging area of each of these 147 females
(all within neritic waters< 200 m depth) was then used to group
them into one of the six regional foraging areas.

We-as others (Hatase et al., 2002; Ceriani et al., 2012; Seminoff
etal.,, 2012)-assumed that the isotopic values of tissues from turtles
sampled at the nesting site represent the isotopic values of the
foraging areas used by females during the non-breeding period. We
also assumed that females exhibit fidelity to foraging area and
consistency in resource use and thus, the foraging area used by a
post-nesting female identified using satellite telemetry is the same
foraging area from which the female will migrate to return for
breeding a few years later. These assumptions are supported by
repeated tracking of post-nesting loggerheads in the NWA (Hawkes
et al, 2011; Tucker et al., 2014; Evans et al., 2019; Phillips et al.,
2021) and elsewhere (Broderick et al., 2007; Marcovaldi et al., 2010)
and by serial measurements of isotope values in tissues collected
from satellite-tracked females (e.g., scute: Vander Zanden et al,
2016) (epidermis: Tucker et al., 2014; Bradshaw et al., 2017).
However, while this applies to most NWA post-nesting
loggerheads that have year-round residency (Hardy et al., 2014;
Hart et al., 2014), this is not exactly true for loggerheads foraging at
high latitudes along the Atlantic coast of the United States that use
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two foraging areas. After nesting they first migrate and forage in the
MAB until October and then they overwinter in the SAB
(November-April) (Mansfield et al., 2009; Hawkes et al., 2011).
Thus, for these individuals the above method to calculate the
foraging centroid represents the summer location (MAB). Yet, the
stable isotopic composition of the tissue sampled at the nesting area
probably also reflects the isotopic values of the summer foraging
area (MAB) instead of the winter foraging area (SAB), despite the
latter being the last area frequented before nesting, for these females
because metabolic rates and, thus, tissue turnover rates, increase
during summer months (Wallace and Jones, 2008) and skin
turnover rate in adult sea turtles is on the order of many months
(see Study Sites and Sample Collection, above).

We used the Anderson-Darling test and Levene’s test to
examine normality and homogeneity of variance in 6"°C and
8N values of the 207 adult loggerhead turtles with a known
foraging area. Since §'°C data were not normal and did not meet
equal variance, we: (i) conducted PERMANOVA and post-hoc tests
(functions adonis2 and pairwise.perm.manova of the packages
vegan and RVAideMemoire) to identify significant differences, in
8"C and 8N values, among the six regional foraging areas, (ii)
combined foraging areas that were not significantly different and
contiguous (NGOM, EGOM and SGOM; see Results) and (iii) on
the resulting four new foraging areas we performed another
PERMANOVA and post-hoc test.

The stable isotope values of the 207 individuals with known
foraging areas were used as training data in the quadratic
discriminant function analysis (QDA), run through the package
MASS for R, to estimate the probabilities of turtles with unknown
foraging area to frequent the different foraging areas. QDA
calculates posterior probabilities for each turtle to forage in each
area. The sum of the posterior probabilities for each turtle is 1. If
one of the putative foraging areas has a posterior probability greater
than a certain arbitrary threshold (e.g., 0.67, 0.8), the turtle is
assigned to that foraging area. If none of the putative foraging
areas has a posterior probability greater than the threshold, the
turtle is considered unassigned. QDA was used instead of LDA
(linear discriminant analysis) because the data did not meet the
assumption of equal variance required by the latter. While LDA
needs a training sample with just one case per foraging area, QDA
needs at least three cases in our context with four foraging areas (the
number of foraging areas isotopically distinct; see Results). The
QDA was run with either uniform or non-uniform priors (i.e., MU-
specific priors based on a large number of satellite-tracked females;
n = 395; Table 1). We did not use previously summarized priors
(Vander Zanden et al., 2015; Pfaller et al., 2020) because (i) they are
outdated and new information has become available (Hart et al.,
2021), (ii) we identified some errors of duplications (i.e., the same
individual was included in more than one publication and counted
multiple times) in prior summary efforts, and (iii) we set more
stringent criteria of inclusion (i.e., we included only females that
remained a minimum of 30 days at the foraging area).

To estimate the proportions of a nesting assemblage (MU,
Florida, or NWA assemblage) that use each regional foraging
area, we undertook two different approaches. The first approach
(here called the individual-assignment approach) is commonly used
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(Ceriani et al., 2015; Bradshaw et al., 2017; Pfaller et al., 2020;
Okuyama et al., 2022). In this approach, each nesting female is
assigned to a regional foraging area through QDA (see above). With
this approach, several individuals will result to be “unassigned” (i.e.,
it is not possible to assign it to any foraging area), if all areas have a
posterior probability below the threshold. The second approach
(here called population approach) estimates the proportion of
nesting females that use a regional foraging area as the average
probability of those nesting females to use that foraging area
(obtained from the QDA). This approach assumes that if a group
has an average probability to use a certain area, then a
corresponding proportion of the group will occur in that area
(and vice versa, as assumed with the use of priors above). Because
it does not require individual assignments, the population approach
has the advantage of (i) avoiding the arbitrariness of thresholds and
of (ii) using all the available information, including data from
individuals discarded by the individual-assignment approach. To
our knowledge, this is the first time that this approach is applied in
sea turtle studies.

To explore the trade-off between assignment accuracy and
sample size, we used the leave-one-out procedure of the QDA.
The probabilities of using each regional foraging area were
estimated for one individual at a time among the 169 nesting
females (out of the 207) with both known foraging area and
known MU, with the other 168 used as the training group. The
comparison between the estimated and the real foraging area
provided the error of the assessment. The procedure was
performed two times on the same dataset, using uniform and
non-uniform priors. For assessing the individual-assignment
approach, we repeated the leave-one-out procedure using four
posterior probability thresholds used in prior studies: p > 0.5
(Ceriani et al,, 2015), p = 0.667 (Ceriani et al., 2014b), p = 0.8
(Pajuelo et al., 2012) and p > 0.9 (Ceriani et al., 2014b). With four
possible regional foraging areas, these thresholds provide a three-

>
=

fold, six-fold, 12-fold, and 27-fold improvement over random odds
(Wunder, 2012), respectively. For comparing the population
approach to the individual approach, we estimated the number of
individuals of an MU using each regional foraging areas by
multiplying the average probabilities of using each foraging areas
by the number of sampled nesting females of the MU. These
estimated numbers were rounded to the nearest integer and in
case of mismatch of the total number of turtles in the MU, the
estimated number closer to 0.5 was manually rounded to the other
nearest integer.

To explore the effect of sample size of the training sample, we
conducted the same leave-one-out procedure described above but
with different training datasets including only 10, 15, 20, 25, 30, 50,
80, 110, or 140 of the 169 turtles of the whole training dataset. For
each of these sample sizes, 100 training datasets were obtained by
random sampling. For the sample size limitations of QDA
mentioned above, only subsamples of a minimum of 20 turtles
could be tested. To test lower samples (with 10 and 15 turtles), an
exception was made to use LDA for this exercise, although not
appropriate for the nature of the data (see above). To explore the
effect of sample size of turtles providing unequal priors, we
conducted the same leave-one-out procedure but with different
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TABLE 1 Proportion of satellite-tracked loggerheads (n = 395, from nesting beach to foraging area based on published and unpublished data) and
proportion of individuals assigned (n = 4057) to likely foraging area using stable isotope analysis (SIA), from each of the seven Management Units
(MUs) found in the southeastern United States that used one of the four foraging areas described in this study.

MU Method n GOM MAB SAB SNWA References
Satellite . . s
i 67 0 0.73 0.18 0.09 Plotkin and Spotila (2002); Mansfield (2006); Hawkes et al. (2011); Griffin et al. (2013)
tracking
NMU
SIA 1196 0 0.93 0.03 0.05 this study
Satellite Dodd and Byles (2003); Ceriani et al. (2012); Foley et al. (2013); Evans et al. (2019); this
ki 63 0.27 0.11 0.21 0.41 d
CE tracking study
SIA 878 0.21 0.17 0.03 0.59 this study
Satellit
atetiite 6 0 033 | 033 033 Ceriani et al. (2014b)
tracking
SE
SIA 886 0 0.22 0.17 0.62 this study
Satellite
K 62 0.34 0 0.03 0.63 Hart et al. (2021)
DRTO tracking
SIA 73 0.38 0 0 0.62 this study
Satellit
@ ek,‘ € 32 0.75 0 0 0.25 Phillips et al. (2021)
SW tracking
SIA 397 0.77 0 0 0.23 this study
Satellite . . .
. 108 0.72 0 0.02 0.26 Foley et al. (2013), Tucker dataset summarized for this study
tracking
Cw
SIA 436 0.81 0 0 0.18 this study
Satellite
K 57 0.93 0 0 0.07 Foley et al. (2013); Hart et al. (2014); Hart et al. (2021)
tracking )
NwW
SIA 191 0.97 0 0 0.03 this study

MUSs: NMU, Northern MU; CE, Central-East Florida MU; SE, Southeast Florida MU; DRTO, Dry Tortugas MU; SW, Southwest Florida MU; CW, Central-West Florida MU; NW, Northwest
Florida MU. Foraging areas: GOM, Gulf of Mexico; MAB, Mid-Atlantic Bight; SAB, South Atlantic Bight; SNWA, Subtropical Northwest Atlantic. See Figure 1.

prior datasets including only 10, 20, 30, 50, 100, 150, 200, or 300 of
the 395 turtles available. For each of these sample sizes, 100 prior
datasets were obtained by random sampling.

All epidermis or egg samples from female loggerheads with
unknown foraging areas were included in the QDA to cross-check
foraging-area assignments when individual females were sampled
repeatedly within or across seasons, but each individual was
included only once-the oldest sample was used as per Pfaller
et al. (2020)-when inferring foraging area use at a population
scale and comparing the contribution of different foraging areas
to each MU and for the overall Florida and NWA.

To compare the proportion of females using each regional
foraging areas among MUs and among years within MU and
between the individual-assignment and population approaches,
we used Fisher’s exact test (with post-hoc pair-wise comparison
with Holm-Bonferroni correction, when needed). To extrapolate
the importance of each regional foraging area to the overall
breeding aggregation nesting in Florida and in the NWA, we
weighed the relative importance of each MU for each year of the
study with nest counts (nest count data for Florida: Ceriani et al.,
2019, FWC Statewide Nesting Beach Survey Program database;
Georgia: GADNR Sea Turtle Conservation Program; South
Carolina: SCDNR Marine Turtle Conservation Program; North
Carolina: NC Wildlife Resources Commission).

Frontiers in Marine Science

To investigate foraging site fidelity, a group of females that were
sampled multiple times (within season and over multiple breeding
seasons) was used to (i) examine isotopic consistency among
serially collected samples using the first sampling event as a
reference and to (ii) investigate consistency in regional foraging
area assignment. Since here the focus is on the individual history,
the individual-assignment approach was used.

Results
Samples, values, and foraging areas

A total of 7469 samples (2202 skin samples, 1567 FEY samples
and 3700 UHE from 1749 clutches), representing 5168 individual
females, were collected from 21 nesting sites in the NWA between
2013 and 2018 and processed for SIA (Supplementary Table 1, Hart
etal,, 2022). Thirty-four females (out of 5168) were equipped with a
satellite transmitter after nesting in conjunction with other projects.
Two hundred and eighty-nine females were sampled repeatedly
(n = 246 individuals were sampled twice, n = 32 females were
sampled three times, n = 7 females sampled four times, n = 3
females sampled 5 times and # = 1 sampled six times) within the
same season (n = 148), across seasons (n = 119) or both within and
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among seasons (n = 22). The same tissue was sampled for 277
females, different tissues were sampled for 12 individuals.

The epidermis isotopic values (measured in the laboratory or
derived from tissue-tissue conversion equations) for the 5484
samples collected from females with unknown foraging area
ranged from —23.54 to —5.77 %o and 0.22 to 21.41 %o for §"°C
and 6"°N, respectively (1 = 5484; Supplementary Figure 1A). Mean
values were —14.61 + 2.72 (SD) %o and 11.23 + 3.34 (SD) %o for
8"C and 8N, respectively.

A summary of the epidermis isotopic values by known foraging
area for the 207 adult loggerheads that were used as the training
dataset in the QDA is provided in Supplementary Table 2 and
Supplementary Figure 1B. The combined §°C and §'°N values of
loggerhead epidermis varied significantly among the six regional
foraging areas used by these 207 individuals (PERMANOVA, p<
0.001). However, the post-hoc test did not detect significant
differences between turtles using the NGOM, EGOM and SGOM.
Being isotopically homogenous, these three areas of the Gulf of
Mexico were pooled into one broad geographic area (GOM).
Among the resulting four regional foraging areas (Figure 1),
discrete differences were found in the combined §°C and 8N
isotope values (PERMANOVA, p< 0.001). All post-hoc pairwise
comparisons among areas showed significant differences in §"C,
8"N or both isotopes.

Method validation

The use of non-uniform priors increased the assignment
accuracy of both individual-assignment and population
approaches. For the individual-assignment approach, thresholds
higher than 0.667 did not represent a real improvement (Table 2).
Setting a p-value threshold > 0.667 allowed us to include more
females than a p-value threshold > 0.8 (10% more individuals:
82.2% vs. 72.8%) while losing only 1% accuracy (89.2% vs. 90.2%).
With this configuration (non-uniform priors and p-value threshold
of 0.667), from a total of 5168 individual females, 4057 individuals
(79%) were assigned to one of the four foraging areas (see Table 3
for numbers and proportions by year and MU). The population
approach showed the best trade-off between accuracy (91.7%) and
sample size (100%) compared to the individual-assignment
approach (regardless of the threshold of posterior probability of
group membership considered) (Table 2). The effect of sample size
of the training and prior datasets on the accuracy is shown in
Figures 2 and 3.

Estimated spatio-temporal occurrence at
foraging areas

The two approaches (individual-assignment and population)
provided significantly different estimates of foraging contributions
for four of the seven MUs (NMU, CE, SE, CW; Fisher exact test; p<
0.0005; n = 9225). The proportion of nesting females using each of
the four regional foraging areas was significantly different among all
MUs (Fisher’s exact test: p = 0.0005; Holm-Bonferroni post-hoc
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comparisons) with the population approach (n = 5168) and among
all MUs except between the CW and SW with the individual-
assignment approach (n = 4057) (Figures 1, 4).

The relative importance of the four regional foraging areas for
the overall NWA nesting female aggregation (estimated by both
approaches and weighted for the relative abundance of each MU), is
shown in Figure 5. Proportions estimated from SIA and those
obtained from satellite tracking are compared in Table 1. The
SNWA was found to be the most important foraging area for the
NWA nesting aggregation, accounting for more than 40% of
individuals and supporting the highest genetic diversity in terms
of MUs: females from all seven MUs forage in the SNWA, in
contrast with the other three foraging areas that host females from
three to five MUs. The MAB and GOM each accounted for
approximately 20% of females, with the GOM supporting a
higher genetic diversity than the MAB (five vs. three MUs,
respectively). The relative importance of the SAB differed
depending on the approach, probably because of the large
number of unassigned individuals (n = 1111 (21%) of 5168
individual females) when using the individual-assignment
approach (Figure 5).

Interannual differences in the proportion of females using each of
the regional foraging areas were observed within the CE and SE from
both the individual-assignment and population approaches as well as
within the NMU from the individual-assignment approach (Fisher’s
exact test with Holm-Bonferroni correction; Supplementary Table 3).
The annual frequency distributions (2013-2018) of nesting females
among the four regional foraging areas for the overall NWA
(weighted for the relative importance of each MU) and by MU are
shown in Figures 6 and 7 using the individual approach and
population approach, respectively. The frequency distribution of
females nesting in Florida (weighted for the relative importance of
each MU) is shown in Supplementary Figure 2.

Fidelity to foraging areas

The §"°C and §"°N values of females sampled repeatedly within
and among seasons were remarkably consistent over time (median:
2 years, range: 1-6 years). Differences in 6°C and §"°N values in
serially collected samples were similar, with 62% and 83% of
samples differing by < 0.5%o0 and by < 1.0%o, respectively, in
subsequent samples regardless of whether repeated sampling took
place within or among seasons and regardless of the isotope
considered (Figure 8). The overall mean difference between
measurements (n = 290 females) was 0.02 %o + 1.04%o0 (SD) for
83C and —0.02%0 + 1.07%o for 8N, the median difference was
—0.01%o and +0.02%o for 8°C and &'°N, respectively, while the
overall range in §'>C among these females was 9.50%o0 and 10.73%o
for 8'°N, respectively. The intra-seasonal mean difference between
measurements (1 = 171 females) was —0.02 %o + 0.99%o for 6"°C
and +0.08%o % 0.83%o for 6'°N, the median difference was 0.00%o
and +0.09%o for §"°C and §'°N, respectively, while the overall range
in 6'>C among these females was 8.62%o and 9.40%o for §'°N. The
inter-seasonal mean difference between measurements (n=143
females) was 0.05%o + 1.01%o for 8°C and —0.08%o + 1.30%o for
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TABLE 2 Leave-one-out cross validation of the geographic assignment (QDA) with uniform and non-uniform (MU-based) priors conducted for 169
females satellite-tracked from nesting sites in Florida. Results of the individual-based (using various threshold of posterior probability of group
membership) and the population approach (last row) are provided.

% Turtles Assigned Assignment Accuracy

Threshold (p)

Uniform priors Non-uniform priors Uniform priors Non-uniform priors

Individual-assignment approach 05 82.2% (139/169) 92.9% (157/169) 71.9% (100/139) 85.4% (134/157)
0.667 51.5% (87/169) 82.2% (139/169) 87.4% (76/87) 89.2% (124/139)
0.8 38.5% (65/169) 72.8% (123/169) 90.8% (59/65) 90.2% (111/123)
0.9 24.9% (42/169) 52.1% (88/169) 85.7% (36/42) 93.2% (82/88)
Population approach n/a 100.0% (169/169) 100.0% (169/169) 50.3% (85/169) 91.72% (155/169)

The assignment and assignment accuracy rates were calculated for each approach and threshold as a percentage. The numbers in parentheses are the ratio of individuals assigned in each category.

TABLE 3 Summary of regional foraging area assignments based on stable isotope analysis of samples from loggerheads nesting in the southeastern
United States (individual assignment approach).

Females assigned* to one of four foraging

Total # of individual females Females not areas (proportion)
sampled assigned*
Total MAB SAB SNWA
2013 34 3(0.09) 31(0.91)  0(0) 29 (0.94) 0 (0) 2 (0.06)
2014 25 1 (0.04) 24 (0.96) 0 (0) 20 (0.83)  1(0.04) | 3(0.13)
10
2015 262 26 (0.1) 236 (0.9) 0 (0) 213 (0.9)  (0.04) 13 (0.06)
380 367
NMU 2016 432 52 (0.12) (0.88) 0 (0) (0.97) 8(0.02) | 5(0.01)
227
2017 258 31 (0.12) (0.88) 0 (0) 204 (0.9) | 8(0.04) 15 (0.07)
298 276
2018 327 29 (0.09) (0.91) 0 (0) (0.93) 8(0.03) 14 (0.05)
Total (all 1196 1109 35
yrs) 1338 142 (0.11) (0.89) 0 (0) (0.93) (0.03) 52 (0.04)
2013 141 42 (0.3) 99 (0.7)  39(039) | 11(0.11) | 2(0.02) 47 (0.47)
2014 116 43 (037) 73 (0.63) 33 (0.45)  0(0) 0 (0) 40 (0.55)
111
2015 163 52 (0.32) (0.68) 20 (0.18)  21(0.19) | 5(0.05) 65 (0.59)
219 143
CE 2016 418 199 (0.48) (0.52) 34(0.16) 36 (0.16) | 6(0.03)  (0.65)
223 12 124
2017 405 182 (0.45) (0.55) 39(0.17) 48 (0.22) | (0.05) (0.56)
153 101
2018 280 127 (0.45) (0.55) 21(0.14) 29 (0.19) | 2(0.01)  (0.66)
Total (all 878 186 145 27 520
yrs) 1523 645 (0.42) (0.58) (0.21) (0.17) (0.03) (0.59)
10
2013 114 23 (0.2) 91 (0.8)  0(0) 21(0.23)  (0.11) 60 (0.66)
123 13
SE 2014 161 38 (0.24) (0.76) 0 (0) 19 (0.15)  (0.11) 91 (0.74)
124
2015 159 35 (0.22) (0.78) 0 (0) 30 (0.24)  12(0.1) 82 (0.66)
2016 236 44 (0.19) 0 (0) 49 (0.26) 90 (0.47)
(Continued)
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TABLE 3 Continued

Females assigned* to one of four foraging

Total # of individual females Females not areas (proportion)
sampled assigned*
Total GOM MAB SAB SNWA
192 53
(0.81) (0.28)
24 114
2017 213 42(0.2) 171 (0.8) | 0 (0) 33(0.19)  (0.14) (0.67)
35 108
2018 232 47 (0.2) 185 (0.8) | 0(0) 42(023) | (0.19) (0.58)
Total (all 886 194 147 545
yrs) 1115 229 (0.21) (0.79) 0 (0) (0.22) 0.17) (0.62)
2013 4 1(0.25) 3(0.75) 2 (0.67) 0 (0) 0(0) 1(0.33)
2014 6 0 (0) 6 (1) 4 (0.67) 0 (0) 0 (0) 2(0.33)
2015 9 0 (0) 9 (1) 2(0.22) 0(0) 0(0) 7 (0.78)
prro | 2016 32 3 (0.09) 29 (0.91) | 7 (0.24) 0 (0) 0 (0) 22 (0.76)
2017 - - - - - - -
2018 27 1(0.04) 26 (0.96) | 13 (0.5) 0 (0) 0 (0) 13 (0.5)
Total (all
yrs) 78 5 (0.06) 73 (0.94) | 28(0.38) | 0(0) 0 (0) 45 (0.62)
2013 33 3 (0.09) 30 (0.91) | 22(0.73)  0(0) 0 (0) 8 (0.27)
2014 45 4 (0.09) 41 (091) | 34(083)  0(0) 0 (0) 7 (0.17)
2015 51 3 (0.06) 48 (0.94) | 35(0.73)  0(0) 0 (0) 13 (0.27)
sw 2016 105 11 (0.1) 94 (0.9) 70 (0.74) 0 (0) 0(0) 24 (0.26)
2017 102 10 (0.1) 92 (0.9) 72(0.78) 0 (0) 0 (0) 20 (0.22)
2018 98 6 (0.06) 92 (0.94) | 73(0.79)  0(0) 0 (0) 19 (0.21)
Total (all 397 306
yrs) 434 37 (0.09) (0.91) (0.77) 0(0) 0 (0) 91 (0.23)
2013 29 3(0.1) 26 (0.9) 22(0.85) | 0(0) 0 (0) 4(0.15)
2014 31 4(0.13) 27 (0.87) | 25(0.93) | 0(0) 0 (0) 2 (0.07)
2015 31 0 (0) 31 (1) 26 (0.84) | 0(0) 0 (0) 5 (0.16)
2016 77 9 (0.12) 68 (0.88) | 52 (0.76) | 0(0) 0 (0) 16 (0.24)
cw 143
2017 200 20 (0.1) 180 (0.9) | (0.79) 0 (0) 1(0.01) | 36(0.2)
104
2018 119 15 (0.13) (0.87) 87 (0.84) | 0(0) 0 (0) 17 (0.16)
Total (all 355
yrs) 487 51 (0.1) 436 (0.9) | (0.81) 0 (0) 1(0) 80 (0.18)
2013 15 0 (0) 15 (1) 14 (093)  0(0) 0 (0) 1(0.07)
2014 13 1 (0.08) 12(092)  12(1) 0 (0) 0 (0) 0 (0)
2015 15 0 (0) 15 (1) 15 (1) 0 (0) 0 (0) 0 (0)
NwW 2016 69 1(0.01) 68 (0.99) | 67 (0.99) | 0(0) 0 (0) 1(0.01)
2017 50 0 (0) 50 (1) 48 (0.96) | 0 (0) 0 (0) 2 (0.04)
2018 31 0 (0) 31 (1) 30 (0.97) 0 (0) 0 (0) 1(0.03)
193 2 (0.01) 0 (0) 0 (0) 5 (0.03)

(Continued)
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TABLE 3 Continued

Females assigned* to one of four foraging
areas (proportion)

Total # of individual females Females not

sampled assigned*
Total GOM MAB SAB SNWA
Total (all 191 186
yrs) (0.99) (0.97)
12 123
2013 370 75 (0.2) 295 (0.8) | 99 (034) | 61(021)  (0.04) (0.42)
306 108 14 145
2014 397 91 (0.23) (0.77) (0.35) 39 (0.13) | (0.05) (0.47)
574 264 27 185
2015 690 116 (0.17) (0.83) 98 (0.17)  (0.46) (0.05) (0.32)
1050 230 452 67 301
TOTAL 5016 1369 319 (0.23) (0.77) (0.22) (0.43) (0.06) (0.29)
943 302 45 311
2017 1228 285 (0.23) (0.77) (0.32) 285(0.3) | (0.05) (0.33)
224 347 45 273
2018 1114 225 (0.2) 889 (0.8) | (0.25) (0.39) (0.05) (0.31)
Total (all 4057 1061 1448 210 1338
yrs) 5168 1111 (0.21) (0.79) (0.26) (0.36) (0.05) (0.33)

* Threshold probability of assignment (p > 0.667). Abbreviations, see Table 1.

8"N, the median difference was —0.05%o0 and —0.07%o for §"°C and
8N, respectively, while the overall range in §°C among these
females was 8.94%o and 10.73%o for &'°N.

Two hundred and eighty-nine individuals were sampled
repeatedly (246 turtles were sampled two times, 32 three times,
seven four times, three five times and one was sampled six times).
Some samples could not be assigned to a regional foraging area with

the threshold of p = 0.667, although values fell within the isotopic
range of the foraging areas examined. None of the samples from 19
turtles could be assigned. In 27 turtles, only one sample could be
assigned to a regional foraging area, and the highest posterior
probability from the unassigned sample indicated assignment to
the same (n = 15) or a different (n = 12) regional foraging area. In
eight of the latter cases, the discrepancies were between the MAB and
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FIGURE 2
The percentage of test samples correctly assigned to a foraging area resulting from QDA conducted with unequal priors of different sample size
(ranging from 10 to 300 turtles out of 395) and different thresholds (individual assignment approach) or no threshold (population assignment
approach). For each combination of prior sample size and threshold boxplots of 100 random samplings are shown (median and IQR 25%-75%;
whiskers: min-max). Mean assignment rates for the different thresholds are shown as dashed horizontal lines.
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FIGURE 3

The percentage of test samples correctly assigned to a foraging area resulting from a differentiation analysis (QDA or LDA) conducted with a training
sample of different sizes (ranging from 10 to 150 turtles out of 169), with unequal priors and with different thresholds (individual assignment
approach) or no threshold (population assignment approach). For each combination of training, sample size and threshold boxplots of 100 random
samplings are shown (median and IQR 25%-75%; whiskers: min-max). Mean assign rates for the different thresholds are shown as dashed horizontal
lines. Note: Due to sample size limitations of QDA, samples sizes of 10 and 15 turtles were analyzed by means of an LDA.

SAB. In 241 turtles, all multiple samples were consistently assigned to
the same regional foraging area, while in three turtles samples were
assigned to different regional foraging areas. When two different
tissues (skin and FEY) were sampled from the same individual (n =
12), they were either assigned to the same regional foraging area (11
individuals, 92%) or not assigned at all. Turtles with no or different
assignments were excluded from analysis of annual contribution.

Discussion

The present study represents the most comprehensive assessment
of foraging areas for any sea turtle breeding RMU in terms of sample
size, geographic scale, temporal period, and genetic diversity, and to
the best of our knowledge represents the most comprehensive
assessment of migratory connectivity to date, regardless of taxa.
Hence, the study was able to clarify biological patterns and
previous misinterpretations about this specific sea turtle RMU (one
of the largest worldwide) but also to highlight limits of the dual stable
isotope approach (carbon and nitrogen) in the likelihood-based
geographic assignment and to propose new analytical methods.

Relative importance of regional foraging
areas for the NWA loggerhead RMU and
each MU

For the first time, the annual relative importance of each of four
regional foraging areas for the overall NWA loggerhead RMU is

Frontiers in Marine Science

provided. This is the largest nesting aggregation for this species
(Casale and Tucker, 2017; Ceriani et al., 2019) and one of the largest
sea turtle aggregations worldwide (Wallace et al., 2010). Such a
complex achievement, representing a fundamental baseline for any
future study, required consistently sampling a representative
number of females at nesting grounds across all seven NWA MUs
over six consecutive years. We found that the SNWA is by far the
single most important regional foraging area both in terms of
proportion of individuals and genetic diversity harbored. We
estimated that about half of the females that nested in the NWA
during 2013-2018 from all seven MUs foraged in the SNWA. The
MAB was the second most important regional foraging area
followed closely by the GOM. However, the GOM hosts greater
population diversity (5 MUs: the NW, CW, SW, DRTO, and CE)
than the MAB (3 MUs: the NMU, SE, CE) but the MAB supported
over 90% of nesters in the NMU; thus, any threats and management
actions in the MAB is likely to have a disproportionate impact on
the relatively small NMU aggregation. The importance of the SAB,
which is used by the two largest MUs (the SE and CE) varied
considerably based on the geographic assignment method used.
When using the population approach that allows the inclusion of all
females, the MAB, SAB and GOM appeared to be similarly
important, while the importance of the SAB decreased greatly
when using the individual approach (due to the higher number of
unassigned turtles resulting from this approach). These results
highight the value of a spatio-temporally comprehensive
investigation to overcome the inherent uncertainty of previous
assessments focused on a single beach that was sampled
consistently (Ceriani et al., 2012; Ceriani et al., 2015; Ceriani
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Percentage of adult female loggerheads by Management Unit (MU) assigned to each of the four regional foraging areas during 2013-2018 based on
(A) the population-level approach (n = 5168) and (B) the individual-assignment approach (n = 4057). The MUs are NMU (Northern MU), CE (Central-

East Florida MU), SE (Southeast Florida MU), DRTO (Dry Tortugas MU), SW (Southwest Florida MU), CW (Central-West Florida MU), and NW
(Northwest Florida MU). The foraging areas are MAB (Mid-Atlantic Bight), SAB (South Atlantic Bight), SNWA (Subtropical Northwest Atlantic), and

GOM (Gulf of Mexico).

et al,, 2017) or intermittently (Vander Zanden et al., 2014) or on
multiple beaches across three different MUs that were sampled both
inconsistently and during differing time series (Pfaller et al., 2020).

The regional foraging areas used by adult females differ
considerably across the nesting range of NWA loggerhead
examined (MUs). As a general pattern, the present study shows
that turtles nesting along the Atlantic coast predominantly forage in

the Atlantic, those nesting along the GOM forage in the GOM,
while those nesting close to the border between the Atlantic and
GOM (the DRTO) share foraging areas with both nesting groups in
equal proportions. Additionally, turtles nesting along the Atlantic
coast appear to forage in different areas of the Atlantic Ocean
depending on their MU and to forage predominantly in the
northern (MAB) and southern (SNWA) areas and relatively few
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Proportion of adult female loggerheads of the Northwest Atlantic Regional Management Unit (NWA RMU) using each of four regional foraging areas
during 2013-2018 based on (A) the population-level approach and (B) the individual-assignment approach. The foraging areas are the GOM (Gulf of
Mexico), MAB (Mid-Atlantic Bight), SAB (South Atlantic Bight), and SNWA (Subtropical Northwest Atlantic). The proportion of loggerheads at each
foraging area by Management Unit (MU) of the NWA RMU are also indicated. The MUs are the NW (Northwest Florida MU), CW (Central-West Florida
MU), SW (Southwest Florida MU), DRTO (Dry Tortugas MU), SE (Southeast Florida MU), CE (Central-East Florida MU), and NMU (Northern MU).
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FIGURE 6

Percentage of adult female loggerheads of the Northwest Atlantic Regional Management Unit (NWA) and of each individual Management Unit (MU)
found each year during 2013-2018 at each of the four regional foraging areas based on the individual-assignment approach (n = 4057). The
percentage of adult female loggerheads for the overall NWA was weighted for the relative importance of each MU. The MUs are the NMU (Northern
MU), NW (Northwest Florida MU). CE (Central-East Florida MU), CW (Central-West Florida MU), SE (Southeast Florida MU), SW (Southwest Florida
MU), and DRTO (Dry Tortugas MU). The regional foraging areas are the GOM (Gulf of Mexico), MAB (Mid-Atlantic Bight), SAB (South Atlantic Bight),

and SNWA (Subtropical Northwest Atlantic).

turtles forage in the SAB. For example, over 90% of turtles from the
NMU, with most nesting at sites adjacent to the SAB, and nearly a
quarter of the even more southern nesters of the CE and SE, forage
in the MAB, while most turtles from the CE and SE forage in the
SNWA. This bimodal distribution of foraging areas by turtles
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nesting along the Atlantic (predominantly foraging either in the
MAB or SNWA) may be due to a similar dispersal—possibly
induced by currents—of juveniles while recruiting at neritic
foraging areas (Godley et al, 2010; Putman and Naro-Maciel,
2013; Casale and Mariani, 2014) or to a higher trophic
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FIGURE 7

Percentage of adult female loggerheads of the Northwest Atlantic Regional Management Unit (NWA) and of each individual Management Unit (MU)
found each year during 2013-2018 at each of the four regional foraging areas based on the population-level approach (n = 5168). The percentage
of adult female loggerheads for the overall NWA was weighted for the relative importance of each MU. The MUs are the NMU (Northern MU), NW
(Northwest Florida MU). CE (Central-East Florida MU), CW (Central-West Florida MU), SE (Southeast Florida MU), SW (Southwest Florida MU), and
DRTO (Dry Tortugas MU). The regional foraging areas are the GOM (Gulf of Mexico), MAB (Mid-Atlantic Bight), SAB (South Atlantic Bight), and SNWA

(Subtropical Northwest Atlantic).

productivity of these two areas relative to other areas or to a
combination of the two. We hypothesize that the SE nesters may
utilize the highly productive waters of the MAB in large numbers
despite the considerable distance necessary to migrate to the nesting
beach and back because of the proximity of the Gulf Stream to the
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shoreline and the ease of reaching and entering the Gulf Stream
current and then traveling with that flow to the MAB.

Our results concur with previous telemetry work about turtles
nesting in the Gulf of Mexico (NW, CW, SW) and DRTO MUs in
terms of proportion of females foraging in the GOM and SNWA
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(Girard et al., 2009; Foley et al., 2013; Hart et al., 2014; Hart et al,,
2021; Phillips et al., 2021). Overall, both our study and previous
telemetry work identified the MAB as the main residence area for
NMU loggerheads (Hawkes et al, 2011; Griffin et al,, 2013),
although our results suggest an almost exclusive reliance of NMU
turtles on this foraging area. Our results agree only partially with
published telemetry work on CE and SE MU females and suggest
that more than half of the females nesting in these two MUs forage
in the SNWA, representing a 25-50% increased importance of
SNWA than reported by telemetry studies alone (Ceriani et al,
2014b). We suspect this discrepancy might be attributed to the
unusually large number of CE MU nesters that could not be
assigned and the extremely low sample size of females from the
SE MU that have been satellite tracked so far, respectively.

Comparison between our assignment results and previous
isotopic studies are limited to the few MUs that have been
investigated using this technique (NMU, CE, SE, NW). Our
findings agree with previous isotopic-based studies for turtles
from the NMU (Pfaller et al, 2020), NW (Silver-Gorges et al.,
2021) and one study for CE MU (Ceriani et al., 2015). However, our
results disagree with a prior study focusing on turtles from the CE
MU (Ceriani et al., 2012) and the only study about turtles from the
SE MU (Pajuelo et al,, 2012), probably because these studies had
small sample sizes and did not include the GOM as a regional
foraging area in their analyses.

Our work contributes to the overall knowledge of migratory
connectivity for NWA loggerheads, particularly for the following
understudied MUs. Turtles from the SE have been little studied
(Pajuelo et al., 2012) despite the importance of this MU (43.5% of all
the clutches deposited by loggerheads nesting in the Southeast
United States during the 2013-2018 period). Further, this is the
first study to use stable isotopes to infer foraging area use for
loggerheads of unknown foraging areas that are nesting in the Dry
Tortugas or along the Gulf of Mexico coast other than Silver-Gorges
et al. (2021) (n = 22 loggerhead turtles).

Frontiers in Marine Science

Temporal patterns at population and
individual levels

The present study provides information on population-level
change in the distribution of individuals among regional foraging
areas. This adds to the relatively few previous studies that have done
this (Pajuelo et al., 2012; Ceriani et al., 2015; Bradshaw et al., 2017;
Pfaller et al., 2020).

Inter-annual variations in the frequency distributions of females
among regional foraging areas were detected for CE, SE, and NMU.
The lack of these variations for the other MUs examined is not
surprising considering that most females from the NW, CW, and
SW reside in the GOM, which is isotopically homogenous and
cannot be divided in further sub-areas. Even with such limitations,
our results show that the likelihood-based geographic assignment
based on SIA can detect inter-annual changes. Therefore, SIA
represents a cost-effective tool to investigate the biological effects
of climate change, because it allows early detection of changes in
frequency distribution at foraging area that might be associated
with climate change impacts on quality and suitability of foraging
areas or with new anthropogenic threats suddenly impacting a
foraging area). Moreover, SIA allows management agencies to
identify and monitor the foraging-area composition of loggerhead
turtles at the different MUs of the NWA.

Our results corroborate the findings of Ceriani et al. (2017),
which were based on a single important nesting site from CE, who
found some inter-annual differences. We also observed an increased
and more consistent number of females foraging in the MAB in lieu
of the GOM from 2013-2014 to 2015-2018. We hypothesize that
the increased contribution of the MAB might reflect either a real
increase in number of females foraging in the MAB, a decrease in
remigration interval of these females, or a combination of the two.
The MAB is one of the most productive areas in the NWA
(Wilkinson et al., 2009), and females from the CE and SE migrate
there despite the longer distance. Ceriani et al. (2015) found that
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females nesting at the ACNWR (CE) and migrating to the MAB had
longer remigration intervals than those migrating to closer areas
such as the SNWA, but the authors cautioned that this conclusion
was based on a small sample size of recaptured individuals.
Moreover, the study ended in 2012 and would not reflect any
environmental changes that occurred more recently.

Through study of individuals over time, the present study also
provides information on adult female fidelity to a foraging area.
This topic has been investigated through satellite tracking of the
same female multiple times over many years (Broderick et al., 2007;
Schofield et al., 2010; Thomson et al., 2012; Hart et al., 2015;
Shimada et al., 2016; Evans et al., 2019; Phillips et al., 2021), through
multiple stable isotope values across years (serial analysis of scute
layers that represent different periods of the past: Pajuelo et al,
2016; Vander Zanden et al., 2016;skin: Bradshaw et al., 2017;FEY:
Pfaller et al., 2020) or a combination of the two (Tucker et al., 2014;
Bradshaw et al., 2017). Based on a much larger sample size and,
thus, confidence, our results indicate that most females exhibit
fidelity to foraging areas and that a single tissue sample (skin tissue
or egg content) collected at any time during the nesting season can
be used to infer foraging areas of each turtle, facilitating the
sampling design of future studies.

Limits of the dual-isotope approach

The large sample size of this study unveiled a problematic case
that may represent a more general problem in such studies. We
found that the GOM is isotopically homogenous (carbon and
nitrogen) and thus, the current method cannot be used to further
resolve the migratory connectivity of loggerheads nesting along the
GOM (NW, CW and SW MUs) that forage almost exclusively or
largely in the GOM. Our results agree with Tucker et al. (2014),
which is not surprising because Tucker’s dataset (n = 82 females) is
included in our larger dataset (n = 207 females). Tucker et al. (2014)
hypothesized that the observed isotopic homogeneity is due to the
influence of coastal topography and shifting biogeographic
boundaries such as the Loop Current that may cause strong
ocean water mixing. In contrast along the Atlantic coast, latitude
appears to be the main factor driving isotopic differences in both
carbon and nitrogen (Ceriani et al., 2012; Pajuelo et al., 2012). Our
results differ from the findings of Vander Zanden et al. (2015), who
identified three isotopically distinct regions within the GOM (the
SGOM, EGOM, NGOM). We suggest that this difference may be
due to four possible factors. The first is sample size (the dataset for
the MANOVA analysis we used included 82 sampled and satellite-
tracked females between 2006 and 2017 residing in the GOM vs. 29
individuals in 2011 and 2012; 16 of the 29 individuals are included
in both datasets). The second is temporal isotopic differences in the
GOM (12 years vs. 2 years). The third is a mismatch between SIA
values (reflecting foraging area used several months prior to
sampling) and satellite telemetry (reflecting foraging area used
after nesting). The fourth is the statistical analysis performed
(non-parametric PERMANOVA vs. parametric MANOVA).
However, analysis of serial layers of scute of loggerheads in the
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GOM (Vander Zanden et al., 2016) indicated consistency over time
(up to 18 years). Moreover, loggerheads satellite tracked multiple
times from nesting beaches in the GOM (Tucker et al., 2014; Hart
et al,, 2021; Phillips et al., 2021) and elsewhere (Broderick et al.,
2007; Marcovaldi et al., 2010) showed consistency in foraging area
use across years, suggesting that the second and third factors are
unlikely. Thus, we conclude that sample size (see also below
regarding our simulation results on sample size) is the most likely
explanation for the differences observed between the results of
Vander Zanden et al. (2015) vs. those of Tucker et al. (2014) and
the current study.

Another example of the limits of SIA of carbon and nitrogen is
the inability to identify regional foraging areas of loggerhead turtles
nesting along the east coast of Australia (Coffee et al., 2020). These
results as well as those from the present study are an indication of
the limitations of the value of using SIA of carbon and nitrogen for
animal tracking. While a dual-element approach has been
successfully used to identify regional foraging areas utilized by
loggerheads in the southeastern United States and sea turtles in
other regions worldwide (Eder et al., 2012; Seminoff et al., 2012;
Bradshaw et al., 2017; Okuyama et al., 2022) and to study migration
in other marine organisms (Mccarthy and Waldron, 2000; Madigan
et al,, 2021; Shipley et al,, 2021), we conclude that this approach
cannot be assumed to be effective in general and should be
calibrated with an appropriate sample size of known individuals
(satellite-tracked individual and/or individuals sampled at
foraging sites).

Methodological aspects affecting
result quality

We investigated five methodological aspects of the likelihood-
based geographic assignment of foraging areas for individuals of
unknown origin based on stable isotope values of their tissues: the
use of non-uniform priors, sample size of the training dataset,
sample size of the prior dataset, probability thresholds for
individual assignment, and individual-assignment approach vs.
population approach. We found that non-uniform priors based
on satellite telemetry data, which reduce undue influences of
otherwise spurious isotope-based results (Wunder, 2012), can
considerably improve the estimates of the frequented foraging
areas. In the case of the NWA loggerhead RMU, simulations
showed that the highest performance is reached with at least 60
training cases and 100 priors. We advise against using fewer
training cases and smaller priors sample sizes because they are
more likely to produce erroneous results.

In the individual assignment approach, choosing a threshold to
identify the single most likely foraging area used by the individual is
arbitrary and poses a trade-off between improvement over
randomness and sample size (i.e., the number of individuals that
can be unambiguously assigned); thus, many thresholds and odds
ratios have been used in the literature as a cut-off (Wunder, 2012).
Based on the largest sample size assembled so far in the study area,
we found that a posterior probability threshold of 0.667 represents
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the best compromise between confidence in the assignment (six-
fold improvement over chance) and sample size (allows for
inclusion of 75% samples), confirming previous findings (Ceriani
et al., 2014b).

Studies on the geographic assignment of likely foraging areas for
individuals are ultimately interested in estimating relative
contribution of areas to the overall population to draw general
conclusions at the population level, with limited specific interest
about an individual’s preferred foraging area. In such cases, the
population approach can be used in combination with priors. The
population approach has the advantage of including the whole
sample (in contrast to the individual-assignment approach) and our
simulations showed that with the large sample of training cases and
priors recommended above (over 60 and 100, respectively), the
population approach performs better than the individual-
assignment approach at any threshold.

Conclusions and recommendations

We provide evidence about the importance of the SNWA as a
foraging area for NWA loggerhead turtles and suggest that
conservation efforts focused on this area may benefit the largest
number of individuals and conserve the greatest genetic diversity.
At present, the SNWA includes the continental shelf area around
the Bahamas, Cuba, and the Florida Keys (including the Dry
Tortugas). The waters surrounding the first two areas are the only
critically important foraging grounds identified for NWA
loggerheads outside U.S. jurisdiction, while the latter area is
protected as either part of the Florida Keys National Marine
Sanctuary, a regional Marine Protected Area, or the Dry Tortugas
National Park. Therefore, identifying further subdivisions within
the SNWA, particularly being able to quantify what proportion of
NWA loggerheads is likely to reside outside U.S. jurisdiction, may
help guide management actions, including strategies for
international cooperation.

Our results not only corroborate the findings of prior studies
based only on satellite telemetry (Hart et al., 2012; Foley et al., 2013;
Hardy et al., 2014; Tucker et al.,, 2014; Hart et al., 2020; Phillips
et al, 2021), genetic assessments (Stewart et al., 2019) or SIA
(Pajuelo et al., 2012; Ceriani et al., 2015; Pfaller et al., 2020) but
also provide the first estimate of the proportion of females from
each MU that use each of four foraging areas. Therefore, our results
represent a fundamental baseline for monitoring annual foraging
area contributions to nesting aggregations in a cost-effective way
and enable early detection of changes in this frequency distribution
at foraging areas. This monitoring could provide an early warning
mechanism. For instance, a sudden drop in contribution from a
foraging area may indicate a change in habitat quality or threats at
the foraging area and prompt managers to further investigate with
other higher resolution spatial tools. Moreover, long-term trends in
this frequency distribution could aid in our understanding of the
effects of climate change on marine ecosystems.

The present study also shows that limited sampling may result
in false geographic differentiation and consequently may lead to
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misleading interpretations. Therefore, caution is needed before
deriving conclusions from a small sample size. An adequate
sample size should be decided case by case (in the present case
with four putative foraging areas, a minimum of 60 training
individuals and 100 priors would be needed).

From the current study the following research priorities have
been identified. For the specific case study (NWA loggerhead
RMU), (i) improving our knowledge about the anthropogenic
threats (e.g., level of bycatch, consumption, habitat degradation,
pollution) occurring in the most important foraging area (SNWA)
could help to inform population status, management actions and
international cooperation efforts. Moreover, (ii) the geographic
accuracy and definition of foraging areas could be enhanced, in
particular the wider SNWA and GOM. For the NWA loggerhead
RMU as well as other RMUs, additional priorities include: (iii)
increasing the number of intrinsic markers to overcome the limits
of classical dual-element approach that may not be always obvious
in early investigations with a low sample size. In the meantime,
where only carbon and nitrogen are available, (iv) attempting a
spatially explicit approach (i.e., isoscapes) that appears promising
(Ceriani et al., 2017; Silver-Gorges et al., 2021). This approach needs
further investigation with a larger sample size of known-foraging
area individuals and needs to be tested, for instance, in both the
Atlantic and the Gulf of Mexico simultaneously. In general, future
isotopic studies, regardless of taxa, may benefit from v) use of non-
uniform priors and increase in their sample size whenever possible,
(vi) performing leave-one-out simulations to estimate accuracy, and
vii) use of the population approach when the individual is not the
focus of the study and if enough priors are available.
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