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Abstract Most studies on the foraging ecology of logger-
head turtles (Caretta caretta) have focused on adult
females and juveniles. Little is known about the foraging
patterns of adult male loggerheads. We analyzed tissues for
carbon and nitrogen stable isotopes (6'°C and 6'°N) from
29 adult male loggerheads tracked with satellite transmit-
ters from one breeding area in Florida, USA, to evaluate
their foraging habitats in the Northwest Atlantic (NWA).
Our study revealed large variations in 5'C and 6'°N and a
correlation between both 5'3C and 6'°N and the latitude to
which the loggerheads traveled after the mating season,
thus reflecting a geographic pattern in the isotopic signa-
tures. Variation in 6'3C and 6'°N can be explained by
differences in food web baseline isotopic signatures rather
than differences in loggerhead trophic levels. Stable isotope
analysis may help elucidate residency and migration pat-
terns and identify foraging sea turtle subpopulations in the
NWA due to the isotopically distinct habitats used by these
highly migratory organisms.
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Introduction

Knowledge of foraging ground distribution of highly
migratory animals is critical for understanding their forag-
ing behavior and habitat use. Identification of key habitats
helps not only to characterize life history features of popu-
lations (Block et al. 2001), but also to assess the impact of
threats that populations may face (Hays et al. 2003). Most
efforts to identify key habitats and movement patterns have
used flipper tags (Limpus etal. 1992), genetic markers
(Bolker etal. 2007), chemical analysis (Thorrold et al.
2001), and electronic tagging (Block et al. 2005; Hawkes
etal. 2011). Electronic tagging is an excellent tool for
assessing the movement and foraging behavior of marine
animals, but this tool is constrained to small sample sizes
due to expense and to organisms large enough to be tagged
(but see Block etal. 2005). Additional information on
migration patterns and foraging habitat use of highly migra-
tory and elusive marine animals can be obtained using sta-
ble isotopes (SI) (Reich etal. 2007; Rooker et al. 2008;
Newsome et al. 2009).

In marine ecosystems, 0'°N values vary predictably
with trophic level (Minagawa and Wada 1984), while
o13C values vary with source of primary production
(Michener and Kaufman 2007) and habitat type: pelagic
versus benthic or oceanic versus neritic (Hobson et al.
1994). Additionally, both '°N and 6'3C may vary with
geographic location as a result of the effect of oceanic
processes on baseline '°N and 6'3C (Goericke and Fry
1994; Montoya 2007), which in turn are reflected in
higher trophic level organisms (Cherel and Hobson
2007; Pajuelo et al. 2010). Marine phytoplankton and
particulate organic matter §'3C values decrease from the
equatorial zones toward the polar regions (Goericke and
Fry 1994) as a result of differential plankton growth
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rates, dissolved CO, concentration in seawater, and sea-
water temperature, among other factors (Goericke and
Fry 1994; Graham et al. 2010). Characteristic nitrogen
cycle regimes—nitrogen fixation and denitrification—
lower and increase, respectively, the §'°N of primary
producers (Montoya 2007). These baseline isotopic
differences create isotopically distinct regions, which
can then be used to assess movements of individuals
migrating among them (Graham et al. 2010). Therefore,
it is important to know the community baseline 6'3C and
5'5N when identifying foraging habitats in highly migra-
tory organisms.

Loggerhead sea turtles (Caretta caretta) are listed as
Endangered on the ITUCN Red List (IUCN 2011). Under-
standing the foraging ecology and movement patterns of
loggerheads improves their conservation outlook. While
several studies have addressed various aspects of the forag-
ing ecology of adult female and juvenile loggerheads in the
North Atlantic (Hawkes et al. 2007, 2011; Wallace et al.
2009; Frick et al. 2009; McClellan et al. 2010; Vander Zan-
den et al. 2010), little is known about the foraging strate-
gies of adult male loggerhead turtles (but see Arendt et al.
2012a, b).

Recent work by Reich et al. (2010) revealed a large
range in the 6'°C and §'N signatures of skin samples in
nesting loggerheads in Florida, USA. Two clusters were
identified based on ¢'°C signatures that were consistent
with differences in habitat use (oceanic versus neritic
waters; Fig. 1a). However, the authors could not rule out
the possibility of other factors affecting carbon signa-
tures, such as geographic location or differential source
of primary production. Furthermore, even though the
range from 2 to 15%c in 6'°N of females was not
assessed, this could represent differences in trophic lev-
els (Post 2002) or baseline isotopic values (Pajuelo et al.
2010). Recent observations of migration patterns of
adult male loggerheads in Florida through satellite
telemetry have revealed the use of different geographic
foraging areas after the mating season (Fig. 2; Arendt
et al. 2012a, b). Do adult male loggerheads in Florida
exhibit a pattern in SI values similar to that in nesting
loggerheads? If so, how do patterns in 6'°C and 6'°N of
male loggerheads compare with their satellite tracking
data? To answer these questions, we collected tissues
from 29 satellite-tracked adult male loggerheads at one
breeding area in Florida and analyzed them for §'*C
and 6'°N. Tissues from additional male turtles not fitted
with satellite transmitters were used to compare SI
patterns between adult males and females and to assess
SI values of different tissues within individual males. By
integrating SI with satellite telemetry, we seek to reveal
the foraging strategy of adult male loggerheads in the
Northwest Atlantic.
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Fig. 1 Stable isotope ratios (6"3C and 0"N) of adult female (N = 310)
and male (N =37) loggerheads in Florida. a Adult female loggerhead
signatures show the 2 clusters identified using 5'>C (denoted by open
triangles and open circles) by Reich et al. (2010). b Comparison of o1
and 67N values of adult female (open symbols) and male (filled symbols)
loggerheads in Florida. Male loggerhead samples were collected during
mating seasons at Cape Canaveral, FL, in 2006 and 2007. Female sam-
ples from Florida were collected during nesting seasons in 2003 and
2004. Labels indicate the foraging locations to which satellite-tracked
male loggerheads (N = 25) migrated after the mating season. FL Panhan-
dle refers to the northeast Gulf of Mexico area in Florida and FL Keys
refers to the Florida Keys. Unknown turtles are males without transmit-
ters and satellite-tracked males for which foraging location could not be
determined. Samples are red blood cells (RBC) for males and epidermis
samples converted to RBC values for females (see “Results” for regres-
sion equation). Other male samples (epidermis and plasma) show the
same pattern as RBC (see supplementary Fig. S1)

Materials and methods
Data and sample collection

Thirty-seven adult male loggerhead turtles (straight cara-
pace length, SCL > 86 cm) were captured by trawling from
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Fig. 2 Spatial distribution of
satellite-tracked male logger-
heads from Cape Canaveral, &
Florida (filled star), after mating - )
season in April 2006 and 2007. r 14, |4 8
Turtles stayed in waters near \ 7 : g
Cape Canaveral (11-20; num- ~=
bered circle) or migrated and re-
mained in various continental
shelf locations (1 through 10 and ~
21 through 25; numbered cir- ]
cles). FL Panhandle refers to the |
northeast Gulf of Mexico area in
Florida and FL Keys refers to the
Florida Keys. Dark line denotes
the 200 m bathymetry. Dotted
lines separate coastal regions:
Mid-Atlantic Bight (MAB) and
South Atlantic Bight (SAB). The
Subtropical Northwest Atlantic
(SNWA) is also shown. Adapted
from Arendt et al. (2012b)
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the Port Canaveral shipping channel, Florida, USA
(28.38°N, 80.53°W) during mating season in April 2006
and 2007. Sexual maturity of each turtle was confirmed by
laparoscopy (Blanvillain et al. 2008). All turtles were used
to evaluate SI values within and among adult male logger-
head tissues, while 29 turtles were used to assess turtle
movements by combining satellite telemetry and SI data.

Satellite transmitters (ST-20, Model A2020; Telonics,
Inc., Mesa, Arizona, USA) were attached to 29 males (see
Arendt et al. 2012a), and their movements were tracked
during and after the mating season. Arendt et al. (2012a, b)
characterized the distinct movement patterns of these males
that we classify here into five groups: (1) residency in
waters near the breeding area in Cape Canaveral, FL, (2)
northern migration and residency in waters off South Caro-
lina in the South Atlantic Bight, (3) northern migration to
foraging grounds along the continental shelf from North
Carolina to New Jersey in the Mid-Atlantic Bight (MAB),
(4) southern migration to shallow waters of the Florida
Keys and the Bahamas in the subtropical NWA, and (5)
southern migration and ultimate residency in coastal waters
of the northeast Gulf of Mexico (Fig. 2). We grouped tur-
tles based on their migration patterns and foraging locations
with similar oceanographic conditions.

80° W 75° W 70°W

Body size (SCL) was recorded using tree calipers marked
with 0.1 cm units, and blood samples were collected for each
adult male loggerhead. Epidermis (EPI) samples were also
collected for 26 turtles, 20 of them corresponding to satellite-
tracked turtles. Only one turtle was recaptured in consecutive
years, and blood samples were collected in both years.

Epidermis samples (N = 26) were collected from the dor-
sal surface of the neck using a 6-mm biopsy punch. Blood
samples were collected from the dorsal cervical sinus
(Owens and Ruiz 1980) using a vacutainer tube with sodium
heparin, fitted with a 21-gauge needle. Sodium heparin does
not affect isotopic values (Lemons et al. in press). Blood was
centrifuged for 5 min within 1 h of collection and separated
into red blood cells (RBC, N=38) and plasma (PLA,
N =38), which were stored in cryovials. All samples were
stored frozen until dried at 60°C prior to sample preparation
and analysis. EPI and RBC reflect the turtle’s dietary history
over a longer period of time (at least 4.2 months) than PLA
(at least 2 months) based on studies conducted with growing
juvenile loggerheads (Reich etal. 2008). Isotope turnover
(i.e., the time the isotopic composition in the consumer tissue
reaches equilibrium after a shift in resource use) for adult
loggerheads may be longer because rates of isotopic incorpo-
ration slow with reduced growth rates (Reich et al. 2008),
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Table 1 Foraging area, sample size (), and body size (SCL) of the
five groups determined according to the migration that satellite-tracked
male loggerheads followed after the mating season

Group  Foraging area N  SCL (cm)
Mean £ SD  Min-max
1 Off Cape Canaveral 10 89.0%+2.1 86.6-96.2
2 South Atlantic Bight* 2 885%£15 87.4-89.5
3 Mid-Atlantic Bight 8 97.8+53 89.0-102.8
4 Subtropical Northwest 3 94176 86.9-102
Atlantic
5 Northeast Gulf 2 983+£124 89.5-107.0
of Mexico

SCL Straight carapace length

* Refers to foraging areas in the South Atlantic Bight not including
waters off Cape Canaveral

and because these rates are allometrically dependent on body
mass (Carleton and Martinez del Rio 2005).

To evaluate turtle movements, turtles from Group 1 (resi-
dent males) were only included if they stayed near Cape
Canaveral for at least 60 days, well after all migrants left the
breeding area. Turtles from Groups 2 through 5 (migratory
males) were included if transmissions lasted a minimum of
30 days at the foraging ground. Following these criteria,
movements of 4 turtles could not be determined because
transmissions failed before the 30- or 60-day cutoffs, and a
total of 25 turtles (Table 1) was used to relate SI with satellite
telemetry data. We used the median latitude where turtles
occurred at the foraging grounds to evaluate the relationship
between SI and geographic location. Location data were
extensively filtered (see Arendt et al. 2012a, b for details).
Additionally, we compiled isotopic data from the literature
on lower trophic-level organisms from the geographic areas
where male loggerheads traveled after the mating season.

Sample preparation and analysis

Turtle EPI samples were washed with deionized water and
alcohol swabs to remove epibionts and extraneous particles.
The outermost layer of the turtle epidermis was separated
from the underlying tissue, finely diced with a scalpel blade,
and dried at 60°C for 24 h. Blood samples (RBC and PLA)
were dried for 24 h at 60°C and then ground to a fine powder
using a mortar and pestle. Lipids were extracted from EPI
samples with petroleum ether using an accelerated solvent
extractor. Lipids were not extracted from RBC and PLA sam-
ples because, for these tissues, C:N < 3.5. According to Post
et al. (2007), no extraction of lipids is necessary when tissue
C:N <3.5. Lipids were extracted from EPI samples to allow
for comparison with previously published EPI isotopic data.
For stable isotope analysis, approximately 500-600 pg
of each sample was weighed and sealed in a tin capsule.
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Samples were analyzed for '3C and 6'°N by combustion in
a COSTECH ECS 4010 elemental analyzer interfaced via a
Finnigan-MAT ConFlow III device to a Finnigan-MAT
DeltaPlus XL isotope ratio mass spectrometer in the Stable
Isotope Geochemistry Lab at the University of Florida,
Gainesville, USA. Results are presented as stable isotope
ratios of a sample relative to an international standard
and reported in the conventional ¢ notation: 0X = [(Ry,mple/
R andara) — 11 x 1,000, where 6X is the relative abundance of
BC or PN in the sample expressed in parts per thousand
(%0); Rgampte and Ryingqrg are the ratios of heavy to light iso-
tope (1*C/'C and "*N/'N) in the sample and international
standard, respectively. The standard used for '*C was
Vienna Pee Dee Belemnite and for N was atmospheric
N,. Working standards, L-glutamic acid USGS40 (5"°C =
—26.39%0 and 6'°N = —4.52%), were calibrated monthly
against international standards and were inserted in all runs
at regular intervals to calibrate the system. In addition, a
loggerhead scute standard (8'3C = —18.36%0 and 6'°N =
7.68%0) was used in all runs. The analytical accuracy of our
measurements—calculated as the SD of replicates of stan-
dards—was 0.11 and 0.12%o for 6'3C and 6'>N of working
standards (N = 29), respectively, and 0.12 and 0.16%o for
013C and 6N of scute standards (N = 10), respectively.

Statistical analysis

Levene’s test was used to assess homogeneity of variances
of 6'3C and 6'N among the three tissues sampled. The
relationships between the isotopic signatures of the two tis-
sues with similar temporal isotopic assimilation, EPI and
RBC, were evaluated with linear regressions. To explore
the effect of geographic location on 6'3C and 6" N, the cor-
relation between isotopic signatures and the latitude of the
foraging grounds of the turtles was evaluated using Spear-
man rank test. Additionally, Wilcoxon rank sum test was
used to assess body size differences between two main
migration patterns, northern (Group 3) versus southern
(Group 4). Body size differences among remaining Groups
(1, 2, and 5) were not assessed because samples sizes were
too small (N < 3) or because turtles did not migrate to a
different geographic area after the mating season. Finally,
the relationship between body size and isotopic signatures
of males within a foraging area was evaluated using linear
regression whenever sample size allowed. All data were
analyzed using program R (R Development Core Team
2009) with an « level of 0.05.

Results

The ranges (the difference between maximum and minimum
values) of isotopic signatures for each tissue from all adult
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male loggerhead samples varied between 7.53 and 8.19%o for
o13C, while 6N ranges varied from 8.96 to 9.68%o
(Table 2). The variance of isotopic values was similar among
tissues for both 6'°C (Levene’s test, F = 0.19, P =0.827) and
0N (Levene’s test, F=0.58, P=0.562) (Table 2). Also,
visual inspection of Fig. 1b reveals a pattern in the SI values
of male turtles similar to that of female loggerheads.

When EPI and RBC—tissues reflecting the turtle’s
longer-term foraging history—were compared, we found
that RBC had lower values for both 6'*C and §'>N among
all turtles with both tissues sampled. Furthermore, there
was a significant positive relationship between RBC and
EPI samples for both B¢ (linear regression, 2 =0.96,
F),,=623.8, P<0.001; Fig.3a) and 0N (=098,
Fi,,=1,208, P <0.001; Fig. 3b). However, we should be
cautious when using the 5'C correction factor to obtain
specific carbon isotopic values, as the data distribution is
unequal (Fig. 3a).

We analyzed three different tissues collected from satel-
lite-tracked loggerheads, but our conclusions about turtle
movements will be based on RBC because this was the only
tissue available for all turtles sampled that reflect the

Table 2 Adult male loggerhead population range (maximum-mini-
mum) and variance (Var) of 4'3C and 6"°N values in red blood cells
(RBC), epidermis (EPI), and plasma (PLA) samples

RBC (N =37) EPI (N = 26) PLA (N=37)

Range (%0) Var Range (%0) Var Range (%0) Var

s3c 8.15 322 753 3.93 8.19 3.54
SN 8.97 533 9.68 7.15 8.96 5.39
A
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Fig. 3 Linear relationships between epidermis (EPI, N = 26) and red
blood cells (RBC, N = 26) for a §*C and b §'°N of adult male logger-
heads. The relationship between these tissues that reflect similar tem-
poral resource assimilation is significant for both 3'3C and §'°N (see

longer-term foraging history of the turtle prior to capture.
Male turtles that migrated south to the Bahamas and the
Florida Keys had the highest 6'*C and lowest 6'°N values
(Fig. 1b). In contrast, the lowest values of §'3C were found
in males that migrated northward to New Jersey, while the
highest 6'°N value was found in a turtle that established
residency in Maryland (Fig. 1b). A strong negative correla-
tion was found between the latitude of the residential forag-
ing location and the 6'3C RBC values (Spearman rank
correlation, r, = —0.73, N =25, P < 0.001; Fig. 4Aa). Simi-
larly, a strong but positive correlation was found between
the latitude and the 6"°N RBC values (ry=0.78, N =25,
P <0.001; Fig. 4Ba). Moreover, EPI and PLA had similar
correlation patterns as that of RBC. EPI and PLA §'3C val-
ues were correlated negatively with latitude (EPI:
re=—0.77, N=17, P<0.001; PLA: r,=—-0.82, N=25,
P <0.001; Fig. 4Ab, Ac), and 6'N was positively corre-
lated with latitude (EPI: r,=0.86, N=17, P <0.001; PLA:
ry=0.75, N =25, P < 0.001; Fig. 4Bb, Bc). Only one male
turtle (from Group 1) was recaptured in Port Canaveral in
consecutive years and had similar RBC 6'3C (—15.57 and
—15.55%0) and 5N (10.95 and 10.80%0) values in both
years.

Body size had a significant negative relationship with
SN (linear regression: 2= 0.62, F,g=15.7, P =0.004;
Fig. 5), but not with §'*C (linear regression: r* = 0.047,
F,g=1.445, P =0.264) in the turtles that remained near
Cape Canaveral (Group 1). Sample size in other foraging
areas was too small to analyze a relationship between
body size and isotopic signatures. Additionally, body
sizes were not significantly different between turtles with
northernmost foraging grounds (Group 3: using waters in

W
-
[+-]

EPI 8"5N (%o)

y=1.12x+0.53
r?=0.98

6 8 10 12 14
RBC 5'°N (%o)
“Results”). The solid line is the best-fit line, the dashed lines denote
the 95% confidence interval for the linear regression, and the dotted

lines denote the 95% prediction interval (the range in which future
observations will fall)
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Fig. 4 Stable isotope ratios of carbon (6'3C; column A) and nitrogen
(8"N; column B) of red blood cells (RBC; N = 25; open circle), epi-
dermis (EPI; N = 17; open square), and plasma (PLA; N = 25; open

the MAB) and turtles using southernmost foraging areas
(Group 4: using waters in the subtropical NWA) (Wilco-
xon rank sum test, W=7, N, =3, N,=8, P=0.376).
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triangle) from adult male loggerheads collected at Cape Canaveral,
FL, versus the latitude to which turtles migrated after the mating sea-
son

However, sample sizes between north and south were
unequal with only 3 turtles migrating to southernmost
foraging areas (Fig. 2).
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Fig. 5 Red blood cell 6'°N versus straight carapace length in male
loggerhead turtles that remained off Cape Canaveral (r*=0.64,
F,g=15.7, P =0.004)

Discussion

Isotopic signatures among different tissues of adult male
loggerheads

We found that the isotopic values of male tissues reflecting
different temporal integration of diet and habitat use (RBC,
EPI, and PLA) were similar in range and variance. RBC
and EPI isotopic values were expected to be similar in
range and variation because these tissues provide the tur-
tle’s longer-term dietary information. On the other hand,
PLA reflects a relatively more recent foraging history of a
turtle (up to at least 2 months). Therefore, if males had been
feeding in waters off Cape Canaveral when captured, then
PLA signatures would have been similar among turtles.
The fact that PLA samples presented a similar pattern as
RBC and EPI samples indicates that either (1) turtles had
not spent enough time to allow the Cape Canaveral isotopic
signature to be incorporated or (2) turtles had not been
feeding in the breeding area.

The significant positive relationship between 6'*C and
05N of RBC and EPI (Fig. 3) allows us to predict EPI sig-
natures for a given RBC sample and vice versa. EPI sam-
ples are more easily collected than RBC samples.
Correction factors of this nature can be useful when trying
to compare isotopic values among individuals, and the
same tissues are not available. In this study, these correc-
tion factors allowed for general comparison between male
and female turtles. However, a systematic experiment in
captivity in which turtles are consistently fed a diet with
known isotopic signatures would be the ideal way to evalu-
ate isotopic discrimination among different tissues, espe-
cially when specific tissue isotopic values are required to
estimate diet composition. Few such experiments have been

conducted in sea turtles (Seminoff et al. 2006, 2009; Reich
et al. 2008; Vander Zanden et al. unpubl. data), and no such
experiments have been conducted in adult loggerheads.

Variation in ¢ '*C and § >N among satellite-tracked male
loggerheads

In this study, we found a significant relationship between
both the 6'*C and 6'°N of male loggerheads and the latitude
of their foraging grounds. The ranges of isotopic values
were 8.2%o and 8.9%. for RBC 6'3C and 6'°N, respectively,
over a range of 16° latitude (Fig. 4Aa, Ba). Large differ-
ences in the isotopic signatures of turtles in the NWA could
be attributed to differences in (1) trophic level (based on
0'5N), (2) habitat type (i.e., pelagic versus benthic or oce-
anic versus neritic, based on §'3C) and/or (3) geographic
location (based on both §'3C and 6'°N).

Turtle—diet isotopic discrimination factors for >N are
not available for adult loggerheads. However, given the dis-
crimination factor of 2.5%0 for RBC in adult green turtles,
Chelonia mydas (H. B. Vander Zanden et al., unpubl. data),
the observed range in 6'°N values in male loggerheads
would imply a variation of approximately 3.6 trophic levels
in male loggerheads, if nitrogen baseline signatures were
equal across all foraging areas. Such trophic-level differ-
ences are unlikely to occur in NWA loggerhead turtles
because they are known to prey mainly on benthic inverte-
brates in coastal waters (see references cited in Hopkins-
Murphy et al. 2003). A historic shift in diet from horseshoe
crabs to crustaceans and then to mostly fish has been
recently reported in loggerheads in Chesapeake Bay, Vir-
ginia, USA, through analysis of stomach contents; how-
ever, no turtle with SCL > 90 cm showed this diet change
(Seney and Musick 2007). Male loggerhead RBC 5N sig-
nature (mean + SD = 12.3 4 1.70%o) is higher than 5'°N of
horseshoe crabs and blue crabs (10.3 and mean 4 SD =
11.5 % 2.40%o, respectively; Knoff et al. 2001) and lower
than those of fish (range: 13.9-18.0%0; Buchheister and
Latour 2011), which suggests that adult male loggerheads
in this region may be relying more on benthic invertebrates
than on fish.

The second possible explanation relates the large varia-
tion in 6'°C to differential habitat use. Because all male log-
gerheads dispersed to coastal locations (Fig.2), the
variation in 5'*C may be reflecting a pelagic versus benthic
habitat use in neritic waters, which would result in low ver-
sus high 6'2C values, respectively. Indeed, lowest values of
o13C were found in turtles that migrated to high latitude
areas (New Jersey; Fig. 1b), where turtles used deeper
waters (mean water depth = 28 m; M. Arendt, unpubl. data)
contrasted with high 6!°C turtles that migrated to lower lat-
itude foraging areas (Bahamas and Florida Keys; Fig. 1b)
and used shallow waters (mean water depth =8 m; M.
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Arendt, unpubl. data). Diving data for two northern turtles
revealed use of both bottom and surface waters, suggesting
that these feed throughout the water column (M. Arendt,
unpubl. data). However, low B¢ signatures were also
present in turtles using shallow waters in North and South
Carolina (mean water depth =5 and 7 m, respectively; M.
Arendt, unpubl. data) (Fig. 1b). Reich et al. (2010) found
similar results in some nesting loggerheads in Florida,
which presented low §'3C values as well as neritic/benthic
epibionts suggesting use of shallow waters. Thus, although
we cannot rule out the pelagic versus benthic foraging strat-
egy in male loggerheads, we propose that 6'°C signatures
are being affected primarily by other factors.

The third possible explanation for the large variation of
0"3C and 6'°N is geographic location. The differences in
05N and 6'3C at the base of the food web are conserved
through higher trophic levels (Cherel and Hobson 2007;
Pajuelo et al. 2010). Thus, if baseline signatures change
with geographic area, then the isotopic differences observed
in males would reflect the location of the foraging area
rather than differences in diet or habitat use.

Indeed, different oceanographic processes and nutrient
sources influence the baseline signatures of the foraging
areas used by male loggerheads. In the NWA, nitrogen fixa-
tion, which lowers the 6'°N signature of primary producers,
is highest in the tropical and subtropical NWA (Montoya
etal. 2002). On the other hand, highly productive coastal
waters near estuaries in the Mid-Atlantic Bight are character-
ized by high 6'°N values in primary producers apparently
due to the high 6'°N contribution from human sources to
these waters (McKinney et al. 2010). Also, denitrification, a
process that increases values of "N (Montoya 2007), has
been reported in the MAB (Fennel etal. 2006). To what
extent denitrification affects the §'°N of coastal biota of the
MAB has not yet been assessed (McKinney et al. 2010).

Therefore, we would expect male loggerheads foraging
from Virginia to New Jersey to have the highest 5"°N sig-
natures, while turtles foraging in areas with high rates of N,
fixation (e.g., the Bahamas) will present the lowest §'°N
signatures. This clearly corresponds with the increase in
male 6"°N with latitude (Fig. 4B), but does not necessarily
support a latitudinal effect on coastal waters from equator to
polar regions because 5'°N of primary producers slowly
decreases at latitudes north of the Delaware estuary
(McKinney etal. 2010). The probable human influence
revealed in the !N signatures of males in northern waters
corresponds with the elevated concentrations of persistent
organic pollutants recently found in the same male logger-
heads (Ragland et al. 2011).

Carbon isotope signatures can also reflect geographic
location. High latitude primary producers have much lower
0'13C than primary producers at lower latitudes (Goericke
and Fry 1994). Water temperature has recently been pro-
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posed as a proxy for baseline 813C values because it affects
plankton growth rates and dissolved CO, concentrations in
seawater—which in return have an effect on baseline 5'°C
values—(Mackenzie etal. 2011) and could explain the
0'3C latitudinal gradient. This latitudinal gradient in 6'*C
agrees with the lowest male 6'°C value found in cooler
waters off New Jersey (39.4°N) and highest male §'°C
value found in warmer waters of the Bahamas (23.3°N)
(Fig. 4A). This gradient could also explain why turtles for-
aging in shallow waters off North and South Carolina (35.3
and 33.3°N, respectively) that were expected to have high
d13C—reflecting benthic feeding—had low 5'3C values.

Ultimately, variations in the isotopic signatures by geo-
graphic location should also be reflected in other food web
organisms. Isotopic data available in the literature for lower
trophic-level organisms in those geographic locations
where male loggerheads migrated reveal that they follow a
similar pattern to that of male loggerheads (Fig. 6). For
instance, known trophic-level organisms such as omnivo-
rous shrimps and lobsters in the Florida Keys (~25°N)
show lower 6'°N than those of omnivorous crabs and
horseshoe crabs off North Carolina (~35°N), and even sim-
ilar or lower to those of filter feeding bivalves in Virginia
and Delaware (~37° and 39°N, respectively). Food web
baseline signatures along the latitudinal gradient used by
loggerheads are scarce; however, nitrogen isotopic signa-
tures of particulate organic matter (proxy for primary pro-
ducer) are available for the Florida Keys (~25°N) and
coastal waters of Virginia and Delaware (~37° and 39°N,
respectively). Nitrogen values range from —0.9 (Macko
et al. 1984) to 3.6%o in waters of the Florida Keys (Behrin-
ger and Butler 2006; Evans et al. 2006; Lamb and Swart
2008) and 7.2-7.7%o in near-shore waters off Virginia and
Delaware (McKinney et al. 2010). Hence, although we did
not assess the isotopic signatures of loggerhead prey items
in all the geographic locations visited by the turtles, the
results indicate that the variation in the 6'°C and 6'°N of
male loggerheads is due to geographic location. Addition-
ally, because the range of values in males is similar to that
of female loggerheads (Fig. 1b), we believe that the 2-clus-
ter females probably represent a gradient of North to South
geographic locations used by adult female loggerheads in
the NWA. The relationship between female isotopic signa-
tures and geographic areas used are being addressed in
another study. Our results highlight the need for knowledge
of baseline isotopic signatures when identifying foraging
habitats of highly migratory organisms.

Even though there appears to be a separation of geo-
graphic location for at least northernmost versus southern-
most foraging areas (i.e., foraging grounds in the MAB
versus subtropical NWA, respectively) using combined §'*C
and 6N values, isotopic signatures from the northeast Gulf
of Mexico overlap with those of Cape Canaveral (Fig. 1b).
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The use of other markers (such as trace elements) could help
reveal unique characteristics of the distinct geographic loca-
tions in the NWA for which carbon and nitrogen are not
informative.

Because isotopic signatures of male loggerhead tissues
reflect integrated diet and habitat use of the turtles before
their capture, the agreement between isotopic signatures
and migration patterns—which reflects the foraging history
after the mating season-suggests site fidelity to foraging
areas. Hatase et al. (2002; 2006), McClellan et al. (2010),
and Zbinden et al. (2011) have reported similar agreements
between isotopic signatures and migration patterns in
female and juvenile sea turtles. Foraging fidelity in NWA
adult female loggerheads has also been observed through
satellite telemetry data (Hawkes et al. 2007, 2011) and has
been indicated by the long-term consistency in SI signa-
tures of scute layers (Vander Zanden et al. 2010).

Relation between body size and 6 '°N signatures

A surprising decrease in RBC 6'°N with body size was
revealed in adult male turtles that stayed in waters off Cape
Canaveral (Fig. 5). Although the RBC §'°C varied from
—15.42 to —16.91%o, the lack of a relationship between
body size and 6'°C suggests that males were feeding on
prey utilizing similar carbon sources. Values of 6'°N com-
monly increase with body size due to diet shift to higher
trophic level (Refiones etal. 2002). Among individuals
feeding on the same diet, low values of 6'°N can provide
evidence of a lower nitrogen discrimination value in
smaller juveniles with fast growth rates (Martinez del Rio
and Wolf 2005; Reich et al. 2008). Unlike juveniles, adult
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turtles grow very slowly after reaching sexual maturity
(Bjorndal et al. 1983), thus no growth effect on §'N may
be evident in adult individuals (Martinez del Rio and Wolf
2005). In our study, smaller adult males may preferentially
venture into inshore waters of the east central Florida where
anthropogenic influence has been evidenced in primary
producers, which show elevated 6N values (Barile 2004).
If this pattern is consistent when a larger sample size is ana-
lyzed, the cause for the pattern should be explored.

Implications of the geographic variation
of isotopic signatures

The geographic variation in the isotopic signatures of male
loggerheads can potentially help us understand patterns of
migratory connectivity between loggerhead foraging
grounds and breeding areas. In particular, by identifying
and differentiating foraging subpopulations within breeding
areas in the NWA, we can assess how breeding populations
are structured. This has important implications in the long
term. Changes through time in the relative composition of
individuals from a particular foraging ground observed in a
breeding area may provide evidence of threats to which tur-
tles are exposed (Hatase et al. 2002; Zbinden et al. 2011).
For example, in the NWA, turtles using northern foraging
grounds are at a higher risk of sublethal toxic effects from
high concentrations of organic pollutants than are southern
foragers (Ragland et al. 2011).

Environmental forces acting on resource availability
have been reported to drive the life history of conspecifics,
including leatherback (Dermochelys coriacea) and green
(Chelonia mydas) sea turtles in marine regions (Suryan
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Fig. 6 Comparison of stable isotope ratios of §'*C (lefr) and 6'°N
(right) of food web organisms at the different foraging locations visited
by male loggerheads after the mating season (represented by latitude).

Mean values are given. For scientific names, sample sizes, and refer-
ences see Table 3
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Table 3 Stable isotope ratios of food web organisms at different geographic locations (represented by latitude) in the Northwest Atlantic visited

by our satellite-tracked male loggerheads

Species Lat (°N) N 8"3C (%o) BN (%o) Source
Bivalves
Ribbed mussel Geukensia demissa 38.8 NA NA 11.5 McKinney et al. (2010)
37.5 6 —17.3+0.24 82 4+0.73 Knoff et al. (2001)
36.9 NA NA 11.9 McKinney et al. (2010)
Blue mussel Mytilus edulis 38.8 5 —20.2 +0.30 9.1 £1.10 Fantle et al. (1999)
Eastern oyster Crassostrea virginica 314 12 —19.1+1.09 7.9 £ 0.59 J. Nifong unpubl. data
Gastropods
Atlantic moon snail Neverita duplicata 38.1 NA —15.4 11.8 Woodland et al. (2011)
Whelk Busycon sp. 34.8 10 —17.0 £ 0.70 9.4 4+ 0.57 Wallace et al. (2009)
Channeled whelk Busycon canaliculatum 31.4 NA —15.5 8.7 Peterson and Howarth (1987)
Queen conch Strombus gigas 23.7 NA —10.0 2.9 Stoner and Waite (1991)
Star snail Lithopoma tectum 24.8 5 —11.2+£0.10 43+ 1.10 Behringer and Butler (2006)
24.6 5 —11.6 £ 1.20 4.2 4+0.03 Behringer and Butler (2006)
Chelicerate
Horseshoe crab Limulus polyphemus 37.5 1 —13.2 10.3 Knoff et al. (2001)
34.8 10 —17.0 £ 1.31 11.6 £ 0.46 Wallace et al. (2009)
34.8 9 —17.0 £ 0.60 13.3 £ 0.90 Snover et al. (2010)
Crustaceans
Blue crab Calinectes sapidus 38.8 3 —16.6 = 0.80 11.2 £ 0.60 Fantle et al. (1999)
37.5 6 —14.6 + 0.50 11.5+240 Knoff et al. (2001)
37.0 9 —16.0 NA Pruell et al. (2003)
34.8 4 —16.3 £ 1.65 9.34+0.38 Wallace et al. (2009)
34.8 7 —16.6 + 0.50 11.2 +0.90 Snover et al. (2010)
314 23 —15.8 £1.03 10.0 £ 0.85 J. Nifong unpubl. data
Spider crab Libinia emarginata 34.8 11 —17.9 +1.33 10.7 £ 0.48 Wallace et al. (2009)
Libinia dubia 34.8 5 —17.6 + 1.60 12.6 £1.10 Snover et al. (2010)
Mysid shrimp Neomysis americana 38.1 NA —19.2 11.2 Woodland et al. (2011)
Mantis shrimp Squilla empusa 37.0 6 —18.6 £ 0.56 12.6 £ 0.43 Buchheister and Latour (2011)
37.0 4 —18.5+0.20 13.4 +0.23 Buchheister and Latour (2011)
37.0 6 —18.7 £ 0.29 13.8 £ 0.36 Buchheister and Latour (2011)
White shrimp Penaeus sp. 31.4 NA —17.0 9.6 Peterson and Howarth (1987)
314 11 —15.9+0.60 8.8 £0.63 J. Nifong unpubl. data
Pink shrimp Farfantepenaeus duorarum 25.0 4 —13.74+0.93 54+£0.50 Harrigan et al. (1989)
25.0 NA —14.8 £ 0.50 8.4+ 0.90 Macko et al. (1984)
24.9 96 —12.1 £0.30 544021 Fry et al. (1999)
Spiny lobster Panulirus argus 24.8 60 —10.0 £ 2.10 52+£1.70 Schwamborn and Criales (2000)
24.8 5 —12.0 £ 0.70 7.4 4+ 0.20 Behringer and Butler (2006)
24.6 5 —12.6 £ 0.50 7.5+ 0.20 Behringer and Butler (2006)

Values are means + SD. Lat latitude; N: sample size, NA not available

etal. 2009). Recently, Hatase et al. (2010) found differ-
ences in body size in adult female loggerheads (N = 149)
related to differential foraging habitat use. Similarly, Zbin-
den et al. (2011) found that nesting loggerheads in the Med-
iterranean (N = 58) exhibited differences in body size and
clutch size associated with geographically separated forag-
ing areas. In the NWA, however, Hawkes et al. (2007),
based on a limited sample size (N =12), did not find any
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difference in fecundity measures (clutch frequency, clutch
size, body size, remigration intervals, and inter-nesting
intervals) between adult females using northern (N =9)
versus southern areas (N = 3). In this study, we found no
differences in body size between turtles migrating to cool
and highly productive waters of the MAB (Group 3, N = 8)
and turtles migrating south to warm waters of the subtropical
NWA (Group 4, N =3), but our samples size for southern
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turtles was small. Further systematic assessment of how
differences in nutrient sources and environmental factors
acting on nutrient availability, as well as differences in the
concentration of pollutants, may shape the life history and
health of loggerheads is crucial, if we want to understand
changes in loggerhead population abundance in the Atlantic
(Witherington et al. 2009).

Studies using satellite telemetry have shown that female
NWA loggerhead turtles follow different migration patterns
(Plotkin and Spotila 2002; Dodd and Byles 2003; Hawkes
et al. 2007, 2011; Foley et al. 2008; Turtle Expert Working
Group 2009) and show fidelity to foraging areas with
unique environmental characteristics after the mating sea-
son (Hawkes et al. 2007, 2011). NWA adult males in this
study use foraging grounds (Fig.2) similar to those of
NWA females (Hawkes etal. 2011), and the agreement
found in our study between SI and satellite data suggest that
males show site fidelity to these foraging areas. The similar
patterns in the use of foraging areas and in the SI values
observed between females and males in the NWA may
indicate that adult males have similar foraging strategies—
similar habitat use, foraging areas, and movement patterns—
as those of adult female loggerheads in the NWA.

Conclusions

In the present study, adult male loggerheads breeding in
Florida revealed a geographic pattern in the SI values,
which indicates that males use isotopically distinct geo-
graphic areas after the mating season. Therefore, SI may
help identify foraging subpopulations within a breeding
area and elucidate residency and migration patterns in sea
turtles in the NWA. Moreover, by linking foraging grounds
to breeding areas through SI analysis, we can begin to
understand how distinct environmental factors in different
foraging grounds affect the biology and ecology of logger-
heads. The agreement between the isotopic signatures and
post-mating movement patterns suggests a foraging site
fidelity in male loggerheads that has been observed in adult
females. Also, adult male loggerheads revealed a variation
in 6'3C and §'°N values similar to that observed in adult
females, suggesting that males and females have similar
foraging strategies. The use of additional markers in combi-
nation with isotopic signatures may help differentiate geo-
graphically separated areas with similar isotopic signatures.
Understanding the temporal and spatial distribution of sea
turtle populations is essential for the development of effec-
tive conservation and management strategies.
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