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Abstract—Risks from persistent organic pollutants (POPs) remain largely a mystery for threatened loggerhead sea turtles (Caretta
caretta). The present study examines regional-scale POP differences in blood plasma from adult male C. caretta based on movement
patterns. Turtles were captured near Port Canaveral, Florida, USA, in April of 2006 and 2007 and fitted with satellite transmitters as part
of a National Marine Fisheries Service–funded project. Residents (n¼ 9) remained near the capture site, whereas transients (n¼ 10)
migrated northward, becoming established in areas largely from south of Pamlico Sound, North Carolina, to north of Cape May, New
Jersey, USA. Blood was sampled from the dorsocervical sinus of each turtle and analyzed using gas chromatography–mass spectrometry
for organochlorine pesticides (OCPs), polychlorinated biphenyls (PCBs), polybrominated diphenyl ethers (PBDEs), and toxaphenes.
Blood plasma concentrations of OCPs and total PBDEs were elevated in transients (p< 0.05) and in some cases were correlated with
turtle size. Migratory adults showed an atypical PBDE congener profile relative to other published studies on wildlife, with PBDE 154
being the dominant congener. Additionally, PCB congener patterns differed between groups, with total PCBs slightly elevated in
transients. This supports the idea that foraging location can influence exposure to, and patterns of, POPs in highly mobile species such as
C. caretta. Understanding patterns of contamination informs wildlife managers about possible health risks to certain subpopulations. The
present study is the first to examine POPs in the rarely studied adult male sea turtle and to couple contaminant measurements with
satellite tracking. Environ. Toxicol. Chem. 2011;30:1549–1556. # 2011 SETAC
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INTRODUCTION

Loggerhead sea turtles, Caretta caretta Linnaeus 1758, are
globally distributed, large-mass benthic consumers important in
neritic and estuarine U.S. waters from both environmental
science and public conservation perspectives. Although listed
as threatened for more than 30 years under the U.S. Endangered
Species Act, only recently have efforts begun to examine the
effects of anthropogenic chemical stressors on these animals.
This factor was recognized by the National Marine Fisheries
Service in the latest revision to the species recovery plan [1].

The predominant route of exposure to bioaccumulative
contaminants in the marine environment is through trophic
transfer. Different foraging grounds therefore result in different
profiles of contamination in prey items; this is reflected
in higher trophic levels. Seasonal site fidelity and homing
behaviors have been established for juvenile loggerheads [2]
and adult females [3], suggesting that contaminant burdens
are representative of their preferred foraging site. It is not
unreasonable to expect the same general behavior in adult
males. To date, however, little information is available on
the migratory ranges or movement patterns of adult male
C. caretta.

This represents a large area of uncertainty for wildlife
managers regarding potential health stresses from chemical
contaminants. Within populations of all managed species, the

health of reproductively active individuals is critical to main-
taining sustainable populations. With limited information on
movement patterns, no information presently exists regarding
contaminant profiles or how those profiles might change on
geospatial scales in adult male loggerhead sea turtles. The rarity
with which these animals are encountered, even during targeted
sampling events, has caused a virtual dearth of information
regarding this life stage; because migrational patterns are only
now beginning to be studied in depth, speculation regarding
anthropogenic contaminants in these animals prior to the
present study was based purely on contaminants observed in
studies of juveniles and adult females.

Persistent organic pollutants (POPs) previously detected in
blood plasma samples from juvenile and adult female C. caretta
include organchlorine pesticides (OCPs) and polychlorinated
biphenyls (PCBs) [4], as well as contaminants of more recent
concern such as polybrominated diphenyl ethers (PBDEs) ([5];
http://1.usa.gov/fE0B0e) and perfluorinated compounds [6].
These contaminant classes are well documented as persistent
and bioaccumulative and as causing carcinogenic, neurodeve-
lopmental, and endocrine-modulatory effects [7–9]. Such
effects may have meaningful impacts on the successful rees-
tablishment of the species. Toxaphenes and hexabromocyclo-
dodecanes (HBCDs) have also been reported in marine
predators [10,11].

Satellite tracking data and blood samples were made
available through collaboration with the South Carolina Depart-
ment of Natural Resources (SCDNR). Tracking data revealed
significantly different movement patterns between transient and
resident adult males captured during a breeding aggregation in
the shipping channel to Port Canaveral, Florida, USA, during
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April, 2006 and 2007 (Fig. 1; M.D. Arendt, SCDNR,
Charleston, SC, USA, unpublished data). The present study
took advantage of this extremely rare opportunity to measure
POPs and compare contaminant concentrations and profiles
between two groups of adult male C. caretta with different
movement patterns. This represents to our knowledge the
first analysis and geospatial comparison of POP contaminant
profiles in the blood plasma of reproductively active adult male
loggerhead sea turtles.

MATERIALS AND METHODS

Sample collection

In total, 29 free-ranging adult male C. caretta (notch-to-
notch straight carapace length [SCL] >86 cm) were captured
during mating season and fitted with satellite transmitters by
the SCDNR in April, 2006 and 2007. Tracking provided
a framework for investigating geographical differences in
contaminant concentration and pattern. Exact capture method-
ology and biological data will be reported elsewhere; summar-
ized morphometric and blood chemistry data are provided in the

Supplemental Data. In brief, turtles were captured during
15-min trawls, blood was sampled, turtles were measured
and examined, reproductive activity was assessed from laparo-
scopy, plastron softness, ultrasound, and testicular biopsies
[12], and finally satellite transmitters were attached prior to
release. Blood was sampled from the dorsocervical sinus
of each turtle using 10-ml vacuum tubes with double-ended
needles (Vacutainer; BD Diagnostics). Samples were kept on
ice and centrifuged for plasma separation within 1 h before
being frozen for transport to the National Institute of Standards
and Technology, where samples were stored at �208C until
analysis. Health parameters in paired samples were measured
by Antech Diagnostics. Body condition can serve as an
indicator of overall loggerhead health, calculated as body
mass (kg) divided by the cube of SCL (cm) multiplied by
100,000 [13].

Sample selection

Turtles were grouped by movement patterns. Among the
29 turtles tracked, 19 were analyzed for POPs in the present
study, separated into two groups (Fig. 1). Ten transient logger-
heads traveled north along the U.S. Atlantic coast during the
tracking period, eventually becoming localized in shelf waters
from South Carolina to New Jersey. Nine resident loggerheads
remained in the vicinity of Cape Canaveral, Florida during the
tracking period. All loggerheads discussed here were tracked
for a minimum of 60 d.

Sample processing and extraction

Blood samples were allowed to thaw at 48C for no less than
12 h. Plasma was removed by pipet into hexane-rinsed glass
culture tubes capped with Teflon1-lined lids, vortexed (�20 s),
and transferred to hexane-rinsed 35-ml glass extraction vessels
(CEM Discovery). Other fractions (buffy coat and red blood
cells) were separated into cryovials (Corning; 2-ml self-stand-
ing) for future analyses. Samples were gravimetrically amended
with a solution containing 13C-labeled internal standards (IS) in
ethanol. Approximately 5 ng of each IS (13C-PCBs 28, 52, 118,
153, 180, 194, 206, 13C-hexachlorobenzene, 13C-oxychlordane,
13C-trans-chlordane, 13C-trans-nonachlor, 13C-dieldrin, 13C-
4,40-dichlorodiphenylethylene, 4,40-dichlorodiphenyldichloro-
ethane-d8,

13C-4,40-dichlorodiphenyltrichloroethane, 13C-
aHBCD, 13C-gHBCD, F-PBDE 47, PBDE 104, F-PBDE
160, and 13C-methyl triclosan) was added to every sample,
which was then acidified with hexane-rinsed formic acid (5ml,
American Chemical Society [ACS] grade 98% pure; Fisher
Chemicals). Samples were then extracted thrice with 2.5ml
dichloromethane:hexane (1:4 v/v; ACS grade 98% pure; Fisher
Chemicals), each time using a focused microwave-assisted
method (CEM Discovery) as described by Keller et al. [14].
Extracts were collected after each extraction cycle (for a total
of 7.5ml), brought to 20ml with hexane, and vortexed (10 s).
Total extractable lipid content was measured by the traditional
gravimetric method using 1-ml subsamples left to dry (�24 h) in
covered aluminum pans tared to �0.0001mg.

Extracts were concentrated with purified nitrogen gas to 1ml
(TurboVap; Caliper Life Sciences) and solvent exchanged to
isooctane before solid-phase cleanup (Zymark Rapid-Trace
SPE Workstations; Caliper Life Sciences) with acidified
silicagel (H2SO4:SiO2 1:3m/m) and deactivated alumina
columns (H2O:Al2O3 1:19m/m). During acidified silicagel
cleanup, extracts were split into two fractions; the first fraction
(solvent exchanged to isooctane) was destined for analysis by
gas chromatography/mass spectrometry (GC/MS) for PCBs,

Fig. 1. Satellite tracks and final areas of localization for adult male
loggerhead sea turtles used in the present study. Resident turtles (gray circles
appearing as a gray mass) remained near the capture location of Cape
Canaveral, Florida, USA (diamond). Transient turtles moved north (thin
black lines) between the coastline and the 200-m isobath (thick black line),
eventually becoming established (triangles) in areas from South Carolina to
New Jersey.
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PBDEs, OCPs, and toxaphenes, and the second fraction (solvent
exchanged to methanol) was destined for analysis by liquid
chromatography/tandem mass spectrometry (LC/MS/MS) for
HBCDs. All extracts bound for GC/MS analysis subsequently
underwent size-exclusion chromatography to reduce matrix
interference further. Extracts of both fractions were then con-
centrated using purified nitrogen gas to 100 to 125ml, amended
with approximately 5 ng each of 13C-PCB 47, 13C-PCB 155,
1endosulfan I-d4, 2-F-BDE 47, and the perdeuterated form of all
three HBCD isomers (Cambridge Isotope Laboratories, Chiron
AS, and Wellington Laboratories) from a second IS solution to
estimate recovery of the IS compounds initially amended
into samples and stored at �208C until analysis. Initial cleanup
steps did not produce adequate chromatograms for four samples
(two from each group). These samples, as well as associated
calibration curves and blanks, were put through a second round
of solid-phase cleanup identical to the first.

Analysis of POPs

Blood plasma samples were analyzed for a total of 156 POP
compounds (see Supplemental Data for the list of compounds
and the sources and handling of the calibration solutions).
Fraction 1 of each sample extract was injected onto a GC/
MS three times, each time targeting different classes of com-
pounds (modified slightly from Keller et al. [14] and Stapleton
et al. [15]). In brief, PCBs, PBDEs, and selected OCPs were
quantified by GC/MS on an Agilent 6890N/5973 GC/MS with
inert electron impact (EI) source using a 20-ml injection into a
programmable temperature vaporization (PTV) inlet in solvent
vent mode onto a 5m� 0.25mm Restek Siltek guard column
connected to a 30m� 0.18mm� 0.18mm film thickness DB5-
MS capillary column (Agilent). A second injection of 2ml was
performed to verify PBDEs on an Agilent 6890/5973 GC/MS
with inert negative chemical ionization (NCI) source using on-
column injection onto a 5m� 0.25mm Restek Siltek guard
column connected to a 10m� 0.18mm� 0.18mm film thick-
ness DB5-MS capillary column (Agilent). Toxaphenes and
selected OCPs were quantified by GC/MS using another
20ml injection on an Agilent 6890/5973 with inert NCI source
using on-column injection directly onto a 5m� 0.25mmRestek
Siltek guard column connected to a 30m� 0.25mm� 0.18mm
film thickness DB-XLB column (Agilent). Additionally,
HBCDs were quantified by LC/MS/MS using an Agilent
1100-series LC and Applied Biosystems API 4000 MS/MS
with an Agilent Eclipse Plus C18 3.0mm� 150mm� 3.5mm
column.

A seven-point calibration curve, three replicates of National
Institute of Standards and Technology Standard Reference
Material (SRM) 1957 Organic Contaminants in Non-Fortified
Human Serum, and three replicates of a previously analyzed
pool of loggerhead plasma (CC Pool) were extracted alongside
the samples as well as three procedural blanks and two field
blanks. Relative response factors of the native compound to an
internal standard compound that most closely matched the
structure of the native compound were used for quantification.
Concentrations were calculated from a linear curve of at least
three points (r2¼ 1.000) bracketing peak area ratios observed in
the samples. Because the calibration solutions were processed
alongside the samples (mimicking the losses of compounds
through each step), and internal standards used for quantifica-
tion were added before extraction (setting the amount ratio from
the outset), the concentrations did not have to be corrected for
recovery. However, the recovery of the internal standards after
extraction and cleanup steps was determined and ranged from

24 to 63% depending on the internal standard compound.
Accuracy and precision of the method were verified using
SRM 1957 and CC Pool.

The mean value between injections was used for compounds
measured in multiple injections. Reporting limits (RL) were
also calculated in each sample as the greater of the nanogram
amount of the lowest detectable calibration point or (meanþ 3
standard deviations [SD]) nanograms in procedural blanks, all
divided by extracted sample mass. When RLs were significantly
higher in one injection, results from the more sensitive injection
were preferentially selected.

Statistical analysis

All statistical analyses were performed using the open-
source statistics program R (http://cran.r-project/org [16]).
The choice of statistical test used for hypothesis testing between
groups was made for each compound (or sum of a compound
class) based on the distribution of residuals, homoskedasticity,
and detection frequency. Normality and homoskedasticity were
tested using Shapiro–Wilk and Bartlett tests, respectively.
For normally or log-normally distributed data sets with
100% detection, Welch’s two-sample t test was used. For data
sets with detection frequencies< 100%, handling of nondetects
and choice of statistical approach for summary statistics
(generated using the Kaplan–Meier or maximum likelihood
estimators), two-sample comparisons, and correlations followed
recommendations outlined in Helsel [17] as implemented in
the R package NADA. This package is built to accommodate
left-censored environmental data sets using survivor curve
approaches borrowed from medical research by flipping
the data set around an arbitrarily large constant, resulting in
a right-censored data set. Briefly, for lognormal homoskedastic
data sets, maximum likelihood estimation was used, whereas,
for nonparametric data sets, the Peto–Prentice modification
of the Gehan–Wilcoxon rank sum was used. Because POP
concentrations in northern loggerheads have been noted by
others as greater than turtles from the Florida region [6,18],
p values reported here for parametric tests utilizing t statistics
(Welch and maximum-likelihood estimation) are for the one-
sided test. All detected congeners of a single contaminant class
were summed within samples to estimate totals for that
class (e.g., SPCBs, Stoxaphenes, SPBDEs), and all detected
compounds were summed to estimate SPOPs. To examine
relationships among turtle size, maximum latitude visited
(determined from daily location estimates; M.D. Arendt,
SCDNR, unpublished data), and POP concentrations, single
regression models were tested using the censored Kendal’s t
regression as implemented in NADA for nonparametric data
sets and data sets with <100% detection, whereas generalized
linear models were used for parametric data sets with 100%
detection. Unless stated otherwise, all values presented in the
following text are presented as mean� one standard deviation.

RESULTS AND DISCUSSION

Concentrations of POPs

Persistent organic pollutants were measureable in all
(n¼ 19) samples. Transients migrating northward along the
eastern U.S. coast showed elevated blood plasma concentra-
tions of numerous POPs compared with residents remaining
near Cape Canaveral, Florida (Table 1). Among the compounds
measured, 67 were detected at least once. Detection frequencies
in the transient group were equal to or greater than those in the
resident group for all POPs except for 4,40-dichlorodiphenyldi-
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chloroethylene (DDE). Values for control materials supported
high confidence in concentration values. Precision, estimated
by mean relative standard deviation among SRM 1957 and
CC Pool replicates, was 5.27� 3.7%. Concentration values for
individual compounds determined in the control materials were
within 6.89� 18.6% of stated values.

With the exception of toxaphenes, all routinely detected
OCPs were elevated in transients. Turtles from the transient
group showed significantly elevated concentrations of mirex
(p¼ 0.031), trans-chlordane (p¼ 0.024), trans-nonachlor
(p< 0.001), and oxychlordane (p¼ 0.009) compared with
turtles from the resident group. Six toxaphene congeners were
summed in each sample and were detected in 90% of samples;
B8-531 (Parlar no. 39) was most commonly detected (84%),
followed by B8-1413 (Parlar no. 26; 53%) and B9-1679 (Parlar
no. 50; 37%; nomenclature according to Andrews and Vetter
[19]). Concentrations of total toxaphene were similar between
the two groups (p¼ 0.510). Among the six DDT-related com-
pounds examined, only one (4,40-DDE) was detected (93%
detection rate). Because of the additional cleanup steps (see
Materials and Methods) 4,40-DDE was unquantifiable in four

samples (two from each group) as a result of loss of the
corresponding IS; 4,40-DDE concentrations in these samples
were excluded from the data set. Turtles from the transient
group showed elevated concentrations of 4,40-DDE compared
with turtles from the resident group (p¼ 0.011).

Seven PBDE congeners were detected (PBDEs 47, 99, 100,
153, 154, 155, and 183), which is consistent with those con-
geners most often reported in blood samples from wildlife and
humans. Detected concentrations in each sample were summed
to derive SPBDEs, which were detected in 42% of all samples
but in only one of nine samples from the resident group. Turtles
from the transient group showed elevated concentrations
of SPBDEs compared with turtles from the resident group
(p¼ 0.008).

Hexabromocyclododecanes (HBCDs) were detected in four
turtles. In the transient group, the g-HBCD isomer was detected
once. In the resident group, the a-, and b-HBCD isomers were
each detected twice. Two of the four detections were at or
below the mean reporting limit for that isomer. Only one
detection (a-HBCD) was well above reporting limits (resident
CC2444 at 196 pg/g wet mass [wm] plasma). For this reason,

Table 1. Adult male loggerhead blood plasma concentrations of persistent organic pollutants in the present study (pg/g wet mass plasma) with comparison
between different migratory groups and correlations with turtle size and maximum latitude visited

Compound

Transients Residents Difference Correlation with:

Detection
frequency

(%) Median Mean� 1SD

Detection
frequency

(%) Median Mean� 1SD p

Latitude Size

p t or r2 p t or r2

Mirex 100 52.8 78.3� 62.5 67 14.4 23.0� 16.1 0.031 0.168 0.234 0.089 0.287
trans -Chlordane 50 9.41 14.9� 10.5 0 —ND— 0.024 0.056 0.304 0.056 0.304
trans -Nonachlor 100 117 144� 137 22 NA 21.0� 4.44 <0.001 <0.001 0.556 0.001 0.532
Oxychlordane 70 115 190� 249 33 22.4 40.5� 61.2 0.009 0.079 0.287 0.213 0.205
4,40-DDE 88 701 1,557� 2,656 10.0 106 91.7� 32.3 0.011 0.033 0.419 0.026 0.438
STOXAa 90 482 723� 808 89 389 463� 299 0.510 0.309 0.175 0.030 0.368
SPBDEsb 70 43.0 87.6� 96.5 11 22.1 NA 0.008 0.094 0.269 0.089 0.287
PBDE 47 30 18.5 17.8� 13.9 11 22.1 NA 0.980 0.969 0.240 0.969 0.240
PBDE 99 10 88.2 NA 0 —ND— 0.280 0.697 0.227 0.815 0.263
PBDE 100 50 26.2 35.7� 19.1 0 —ND— 0.250 0.671 0.550 0.615 0.368
PBDE 153 20 34.6 37.6� 16.2 0 —ND— 0.170 0.586 0.409 0.755 0.269
PBDE 154 30 10.4 44.1� 182 0 —ND— 0.031 0.221 0.515 0.359 0.322
PBDE 155 20 5.67 11.0� 183 0 —ND— 0.188 0.418 0.439 0.563 0.327
PBDE 183 30 14.0 15.0� 2.35 0 —ND— 0.044 0.816 0.287 0.877 0.164
SPCBsc 100 7,267 13,096� 17,245 100 5,033 5,375� 2,254 0.195 0.126 0.081 0.034 0.193
PCB 99 100 611 709� 701 89 105 83.0� 81.4 0.001 0.001 0.550 0.030 0.368
PCB 105d 80 92.7 314� 1,015 33 19.4 29.2� 32.7 0.199 0.013 0.409 0.106 0.269
PCB 118d 100 740 1,055� 1,382 78 136 88.2� 161 0.001 0.002 0.515 0.059 0.322
PCB 138 100 2,290 4,234� 5,490 100 968 749� 793 0.020 0.008 0.313 0.009 0.296
PCB 153þ 132 100 1,630 3,495� 5,168 100 1,232 990� 913 0.097 0.085 0.115 0.055 0.152
PCB 156d 40 18.2 54.1� 151 0 —ND— 0.011 0.130 0.240 0.130 0.240
PCB 157d 50 40.6 91.1� 116 22 2.15 96.8� 4,368 0.236 0.162 0.228 0.105 0.263
PCB 180þ 193 100 305 872� 1,229 100 499 385� 413 0.365 0.385 �0.012 0.137 0.074
PCB 187 100 544 841� 325 100 365 322� 197 0.414 0.282 0.013 0.034 0.194
PCB 199 70 59.4 94.3� 116 100 522 451� 304 <0.001 0.008 �0.450 0.045 �0.339
PCB 206 50 35.7 63.4� 93.2 100 375 299� 283 <0.001 0.004 �0.480 0.056 �0.322
SPCBs (case)e 100 7,267 8,805� 4,996 100 5,033 5,375� 2,254 0.053 0.129 0.090 0.123 0.094
SPOPf 100 9,523 15,473� 20,172 100 5,492 5,961� 2,369 0.086 0.079 0.121 0.014 0.268
SPOPs (case)e,f 100 9,523 10,402� 5,448 100 5,492 5,961� 2,369 0.030 0.079 0.137 0.048 0.185

a Sum of six toxaphene congeners 2-endo,3-exo,5-endo,6-exo,8,8,10,10-octachlorobornane (Parlar 26), 2-endo,3-exo,5-endo,6-exo,8,8,9,10,10-nonachloro-
bornane (Parlar 50), 2,2,5,5,8,9,9,10,10-nonachlorobornane (Parlar 62), 2,2,3-exo,5-endo,6-exo,8,9,10-octachlorobornane (Parlar 39), 2-exo,5-endo,9,10,10-
pentachlorobornane, and 2-exo,3-endo,6-exo,8,9,10-hexachlorobornane.

b Sum of 7 PBDE congeners: 47, 99, 100, 153, 154, 155, and 183.
c Sum of 41 PCB congeners: 63, 66, 74, 87/81, 92/84/89, 99, 105, 107, 118, 128, 137, 138, 146, 149/123, 151, 153/132, 154, 156, 157, 163, 165, 167, 170, 172,
177, 178, 180/193, 183, 187, 191, 194, 195, 197, 199, 202, 203/196, 205, 206, 207, 208, and 209.

d Dioxin-like PCBs.
e Post hoc case examination (see text).
f Sum of all compounds measured whether detailed here or not. (Case): see text.
DDE¼ dichlorodiphenyldichloroethylene; NA¼ not applicable; ND¼ not detected; PBDE¼ polybrominated diphenyl ether; PCB¼ polychlorinated biphenyl;
SD¼ standard deviation; TOXA¼ toxaphenes.
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HBCDs are not included in the statistical analysis but are noted
here as potentially present in adult male loggerhead sea turtle
plasma.

Forty-one PCB congeners were detected. Mean concentra-
tions are provided for the most prominent congeners (PCBs 99,
118, 138, 153þ 132, 180þ 193, 187, 199, and 206) and for
dioxin-like congeners (PCBs 105, 118, 156, and 157; Table 1).
Concentrations in each sample were also summed to estimate
total PCBs (SPCBs), which were detected in all samples.
Turtles from the transient group were not statistically elevated
compared with the resident group (p¼ 0.195); however, resid-
uals from this data set were log-normally distributed but not
homoskedastic. Two samples were noted as statistical outliers
for SPCBs in the transient group. Total PCB concentration for
turtle CC2442 was approximately sevenfold less than the group
mean (1.93 ng/g wm plasma vs. 13.1 ng/g wm plasma), and
SPCB concentration for turtle CC2509 was more than fivefold
greater than the group mean (71.0 ng/g wm plasma vs. 13.1 ng/g
wm plasma). The presence of these outliers drastically
increased variance in the transient group. As a post hoc case
examination, these samples were removed from the data set for
SPCBs. This resulted in homoskedastic, normally distributed
residuals with a borderline statistical elevation of SPCBs in the
transient group (p¼ 0.053).

All POPs detected in each sample were summed. Summed
concentrations were dominated by PCBs, which contributed on
average 79% of the total concentration for all samples, ranging
from 71 to 90% contribution. Total POP concentrations in
turtles from the transient group were not statistically elevated
from the resident group (p¼ 0.086). Considering PCB
dominance and the presence of statistical outliers as discussed
above, a post hoc case examination identical to that described
for PCBs was performed, removing the two outliers from the
data set. Similarly to the PCB case examination, this resulted in
homoskedastic, normally distributed residuals with elevated
concentrations of SPOPs in the transient group compared with
the resident group (p¼ 0.030).

Past studies have shown greater POP concentrations in blood
plasma from loggerhead samples collected in northern latitudes
[6,18,20], which is supported by these data. To investigate
further the spatial gradients over a continuum, we assessed
correlations between POP concentrations and the maximum
latitude visited by each turtle (Table 1). Significant positive
relationships were noted for trans-nonachlor, 4,40-DDE, and
less highly chlorinated PCBs 99, 105, 118, and 138, whereas
negative relationships were seen for more highly chlorinated
PCBs 199 and 206. These correlations support the idea that
some of the spatial differences in exposure occur over a gradient
based on latitudinal habitat choice. The opposite trends
observed for the less highly and more highly chlorinated PCBs
are discussed below in the section on patterns.

Confounding factors that could influence differences in POP
concentrations between the transient and the resident groups
were assessed. Hydration could presumably exhibit an inverse
relationship with blood plasma concentrations of POPs; greater
hydration results in more dilute blood and can likewise
reduce blood plasma concentrations. One indicator of hydration
status is hematocrit; no difference in hematocrit was observed
between transients (32.4� 6.4%) and residents (36.3� 3.2%;
p¼ 0.135; see Supplemental Data). Lipophilic compounds
bind preferentially to fatty tissues. In this manner, they are
sequestered from active circulation in the blood stream but can
be remobilized as fat stores are reduced by energetic demand or
overall health. Although fat stores are difficult to quantify by

external investigation, lipid content in the plasma might rep-
resent fat stores if the two compartments are in dynamic
equilibrium. No difference in lipid was observed between
transients (0.29� 0.08%) and residents (0.24� 0.11%; p¼
0.296). For this reason, concentrations were not lipid normal-
ized. Body condition is also important to assess; as animals lose
or gain weight, lipids are mobilized to or from storage depots
and can drastically alter blood concentrations of POPs [21]. No
difference in body condition index was noted between transients
(14.2� 1.4) and residents (14.9� 0.6; p¼ 0.213).

The most influential confounding factor was turtle size
(measured as SCL). Transient turtles (96.0� 6.1 cm) were
larger than residents (89.0� 2.2 cm; p¼ 0.006), and this differ-
ence complicates the interpretations of spatial differences in
contaminant concentrations. Among the POPs elevated in
transient turtles, significant positive correlations with turtle size
existed for trans-nonachlor, 4,40-DDE, SPCBs, and SPOPs
(Table 1). Notably, although toxaphene concentrations were
statistically similar between transient and resident turtles, a
significant positive correlation existed between concentration
and turtle size. Four PCB congeners were correlated with turtle
size (positively with PCBs 99, 138, and 187 and negatively with
PCB 199). Size correlations disappeared for SPCBs and weak-
ened for SPOPs in the post hoc case study, because the turtle
with the greatest POP concentrations was also the largest in the
data set. Size and maximum latitude were both correlated with
contaminant concentrations as well as with each other (r¼ 0.70,
p¼ 0.001), so it is difficult to decipher which variable (size or
spatial habitat choice) most influences POP concentration.

One explanation for correlations with size is that larger,
more migratory turtles necessarily consume greater amounts of
food to meet energetic demands, giving rise to greater blood
plasma concentrations of bioaccumulative contaminants. In
contrast to this hypothesis, previous studies have shown that
mirex and total chlordanes were negatively correlated with
loggerhead size [4], but these turtles were of the subadult
age class in which growth could be diluting the accumulation
of POPs. Interestingly, in our study, the turtles were adults in
which growth has slowed substantially and bioaccumulation
would presumably be stronger than growth dilution, suggesting
that somatic growth rate plays a role in POP concentrations
across the loggerhead life cycle. Also interestingly, when only
the transient group was considered, size and concentration were
not correlated. Future studies should attempt to resolve this
question of relative importance by examining POP concentra-
tions across the life span of loggerhead turtles, taking both size
and the latitude of foraging grounds into account with a robust
modeling effort.

Pattern analysis of PCBs and PBDEs

Several PCB congeners significantly differed between
groups in their contribution to SPCBs (Fig. 2). Turtles from
the transient group showed congener distributions skewing
toward the less highly chlorinated congeners, with significant
differences from the resident group for PCBs 66, 74, 99, 105,
118, 138, and 146. Turtles from the resident group showed
distributions skewing toward the more highly chlorinated con-
geners (PCBs 178, 183, 194, 199, 202, 203þ 196, 206, and
209), suggesting exposure to different PCB mixtures. The
dominance of unique more highly chlorinated congeners in
the residents (for example, PCB 199 contributed �9% to
SPCBs in the residents) suggests an influence from an uncom-
monly used, more highly chlorinated PCB technical mixture,
Aroclor 1268. Marine wildlife, including bottlenose dolphins,
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sampled near the former Aroclor 1268 production facility in
Brunswick, Georgia, show a similar yet more extreme pattern
[22]. This site was added to the National Priorities List in 1996
for PCB contamination, among others, and is adjacent to the
Turtle/Brunswick River Estuary (TBRE).

Physical factors such as coastal forcing (e.g., longshore
transport, coriolis influence on ebb tides) and currents spinning
off the Charleston Bump in the South Atlantic Bight can carry
water and sediment south along the Georgia-Florida coast.
Biological factors such as fish migration could also carry
contaminant loads south into the foraging areas of the resident
turtles. A known source of highly chlorinated PCBs could not be
identified closer to the resident group; therefore, the observed
pattern differences may indicate that the PCB contamination
from the TBRE area influences the region as far south as Cape
Canaveral, Florida. In fact, contamination of bottlenose dol-
phins living approximately 40 km away from the facility sug-
gests widespread coastal Aroclor 1268 contamination [22], and
the current data on loggerhead turtles appear to extend the
geographical range that this site might influence farther along
the U.S. southeastern coast.

Congener patterns were examined for PBDEs similarly to
PCBs. In the resident group, PBDE 47 was the only congener
detected. In the transient group, PBDE 154 contributed most to
total PBDEs (38%), followed by PBDE 153 (23%) and PBDE
99 (22%; Fig. 3). To avoid overestimation of PBDE 154 by the
known coelution with polybrominated biphenyl (PBB) 153 on
the 10-m NCI injection, PBDE 154 results were used from only
the 30-m EI injection. It is worth noting, however, that con-
centrations were almost identical between injections, indicating
the absence or near-absence of PBB 153. The dominant con-
gener in nearly all wildlife and human studies is PBDE 47,
accounting for approximately 50% of total PBDEs on average
[23]. If this pattern was present in adult male loggerheads,
PBDE 47 would be the most likely congener to be detected
above reporting limits; this is consistent with results from
Florida-resident individuals. What was surprising was the
unusual PBDE pattern dominated by PBDEs 154, 100, and
99 in the transient group, with PBDE 47 contributing <10% to
the total PBDE concentration on average. Studies showing a
dominant congener other than PBDE 47 in biota are rare (see

Karlsson et al. [24] and Mariussen et al. [25] and only six
citations within). However, this unusual pattern is observed
consistently in turtle species from marine [5,18], estuarine [26],
and freshwater [27] habitats from 358N to 408N latitude in
the U.S. North of 408N, freshwater turtles exhibit the typical
PBDE pattern, with PBDE 47 dominating [28].

These pattern differences cannot be explained by species
differences, because, within one species (the loggerhead sea
turtle), this geographical difference has been documented twice,
in the present study and by Alava et al. [18]. Reasons for this
geographical variability are still unknown, but Basile et al. [26]
suggest that that this atypical pattern might be due in part to
biotransformation or elimination pathways. However, other
hypotheses such as geographical differences in exposure to
different technical mixtures and in prey choices merit inves-
tigation. Evidence against the hypothesis that the transients are
exposed to a different technical mixture comes from studies
within 358N to 408N in the eastern United States, all showing
the typical PBDE pattern in other taxa, including piscivorous
birds [29] and freshwater fish [30]. Given the presence of PBDE
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183 in some transient turtles, the pattern observed here may be
influenced by exposure to octa- or deca-BDE mixtures or from
debromination of more highly brominated congeners to
PBDE 154, 153, and 100. It is highly likely that loggerhead
turtles incidentally ingest sediment during foraging, which
typically has high levels of PBDE 209 [15]. This hypothesis
of biotransformation is supported by studies in fish showing
debromination of PBDEs from more highly brominated tech-
nical mixtures such as octa-BDE or deca-BDE to specific
congeners that were abundant in the transient turtles; for
example, metabolic pathways exist for PBDE 209 and PBDE
183 to become PBDE 154 [31]. However, the low abundance of
the very bioaccumulative PBDE 47 in the transient loggerhead
turtle is a perplexing finding, and future studies should
investigate reptilian uptake, transformation, and elimination
of PBDEs under different temperature regimes to explain this
atypical, location-specific pattern.

Implications and uncertainties

All POPs detected here have been associated in laboratory
studies with deleterious effects, but these studies often test
higher concentrations than those reported in the turtles of the
present study. Correlative field studies, however, with subadult
loggerhead sea turtles have shown significant relationships
between blood POP concentrations (range in ng/g wet mass:
0.121–23.9 SPCBs,<RL-3.80 SDDTs, and<RL-0.988
Schlordanes) and white blood cell counts, indicators of organ
dysfunction and immunomodulations [13]. The transient adult
male loggerheads are on the high end of or exceed these
concentrations. Blood chemistry data were not significantly
correlated with POP concentrations in the present study; how-
ever, all turtles but one in this data set were reproductively
active [12]. Given that samples were collected from reproduc-
tively active individuals and that sample size was fairly low for
such correlative studies, it is possible that any correlations
would be masked by blood chemistry changes associated
with reproductive activities. Future studies with reproductively
inactive loggerhead turtles from all age classes should consider
associations between POPs and sublethal health effects.

Several uncertainties are acknowledged when drawing con-
clusions from this data set. First and foremost is the nature of
tracking studies; turtles are captured, tagged, and released.
Blood is sampled prior to tracking, and samples are grouped
post hoc by migration pattern. Given well-documented homing
behaviors and geographical preferences observed in juvenile
and adult female loggerheads, it is reasonable to assume that
adult males will exhibit similar behavior, migrating to breeding
aggregations from preferred foraging grounds followed by a
return to those foraging grounds. This is supported by observed
differences in PBDE and PCB congener profiles, indicating
different foraging areas or dietary regimes. This is, however, a
recognized assumption.

Another uncertainty for linking foraging area with blood
concentrations and congener profiles of biomagnifying POPs
is realized trophic level. Traditionally, benthic crabs were con-
sidered to make up the majority of loggerhead diets, but sponges,
salps, and other organisms are also prey items for the loggerhead
[32]. Recent evidence from a study of stable isotopes shows that
individual loggerheads exhibit food imprinting, showing a long-
term preference for a particular food source regardless of nutri-
tional value or availability [33]. Loggerhead populations have,
however, been reported to shift their diet from crabs to finfish
(likely fisheries bycatch) in certain locations, possibly linked to
localized declines in crab populations [34]. Differences in prey

availability and selection between geographic regions are poten-
tial reasons for differences observed here, in that turtles feeding at
a relatively lower trophic level would be subject to less bio-
magnification. Given the dietary shift toward finfish reported in
Virginia, it may be that some transients are feeding at a higher
trophic level, resulting in greater concentrations of POPs,
although the turtles reported here were spread widely along
the eastern coast of the United States.

Habitat and prey selection would thus help to explain
concentration differences if northern loggerheads are feeding
at a relatively higher trophic level as seen in Virginia [34]. It is
also possible that turtles consuming benthos-associated prey
demonstrate congener patterns of PBDEs and PCBs different
from the patterns of those feeding pelagically. These hypotheses
can be tested in part by using data from ongoing stable isotope
analysis (K. Bjorndal, University of Florida, Gainesville, FL,
USA, personal communication) in paired samples collected
from these same turtles; the findings presented here can there-
fore be reexamined in future studies to provide a more complete
picture of the contaminant concerns associated with the forag-
ing ecology of the loggerhead sea turtle. It is very likely that all
the above-mentioned factors (size, latitude, realized trophic
guild, distance from shore, and ingestion of sediment) influence
the data presented here, and future studies with larger sample
sizes, across all life stages and genders, should attempt to
address these factors in a robust modeling approach to under-
stand fully the influences on POP accumulation in loggerhead
turtle blood plasma.

CONCLUSIONS

This is the first report of POP concentrations in the blood
plasma of the threatened adult male loggerhead sea turtle. We
demonstrate that adult male loggerheads in different geographic
regions are subject to different sublethal toxicological pressures
from organic contaminants. As with any managed species, the
health of reproductively active individuals is paramount to the
recovery of the species. Individuals migrating north after
breeding season had elevated blood plasma concentrations of
POPs, placing them at higher risk for possible sublethal toxic
effects compared with those turtles remaining in Florida waters,
where energetic expenditures to reach postmating habitats were
also less severe. Differences were observed in concentrations of
certain POPs (4,40-DDE, mirex, trans-chlordane, trans-nona-
chlor, oxychlordane,SPBDEs,SPCBs, andSPOPs), which also
correlated in several cases with turtle size. Aside from turtle
size, potential drivers of the observed spatial differences given
our current understanding include greater industrialization,
differential land use (agricultural vs urbanized), greater human
populations, and greater watershed area within northern water-
sheds compared with Florida’s relatively smaller watersheds.
Differences were also seen in congener profiles of PBDEs and
PCBs. These data support previous observations of unusual
PBDE congener patterns in turtle species from 358N to 408N in
the eastern United States with PBDE 154 (as opposed to the
more often reported PBDE 47) as the greatest contributor to
total PBDEs. Additional studies are needed to investigate
possible causes of this unusual pattern. Differences in PCB
profile can indicate meaningful differences in PCB source,
biotransformation, or realized trophic guild. Given the relative
contribution of PCBs to total POP concentrations, PCB con-
gener patterns should be investigated as a potential contaminant
marker of foraging area for loggerhead sea turtles. With greater
characterization, it might furthermore be possible, utilizing
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minimally invasive blood sampling, to characterize the
geographic region within which adult males captured during
breeding aggregations forage, without the necessity of costly
satellite tracking.
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2008. Spatial patterns of polybrominated diphenyl ethers (PBDEs) in
mosses, herbivores and a carnivore from the Norwegian terrestrial biota.
Sci Total Environ 404:162–170.

26. Basile ER, Avery HW, Bien WF, Keller JM. 2010. Diamondback
terrapins as indicator species of persistent organic pollutants: Using
Barnegat Bay, New Jersey, as a case study. Chemosphere 82:137–144.

27. Moss S, Keller JM, Richards S, Wilson TP. 2009. Concentrations of
persistentorganicpollutants inplasmafromtwospeciesof turtle fromthe
Tennessee River Gorge. Chemosphere 76:194–204.

28. de Solla SR, Fernie KJ, Letcher RJ, Chu SG,DrouillardKG, Shahmiri S.
2007. Snapping turtles (Chelydra serpentina) as bioindicators in
CanadianAreas of Concern in theGreat Lakes Basin. 1. Polybrominated
diphenyl ethers, polychlorinated biphenyls, and organochlorine pesti-
cides in eggs. Environ Sci Technol 41:7252–7259.

29. Chen D, Hale RC, Watts BD, La Guardia MJ, Harvey E, Mojica EK.
2010. Species-specific accumulation of polybrominated diphenyl ether
flame retardants in birds of prey from the Chesapeake Bay region, USA.
Environ Pollut 158:1883–1889.

30. Hale RC, LaGuardiaMJ, Harvey EP,Mainor TM, Duff JH, GaylorMO.
2001. Polybrominated diphenyl ether flame retardants in Virginia
freshwater fishes (USA). Environ Sci Technol 35:4585–4591.

31. Roberts SC, Noyes PD, Gallagher EP, Stapleton HM. 2011. Species-
specific differences and structure–activity relationships in the debromi-
nation of PBDE congeners in three fish species. Environ Sci Technol
45:1999–2005.

32. BjorndalKA. 1997. Foraging ecology and nutritionof sea turtles. In Lutz
PL, Musick JA, eds, The Biology of Sea Turtles. CRC, Boca Raton, FL,
USA, pp 199–231.

33. Vander Zanden HB, Bjorndal KA, Reich KJ, Bolten AB. 2010.
Individual specialists in a generalist population: results from a long-term
stable isotope series. Biol Lett 6:711–714.

34. Seney EE, Musick JA. 2007. Historical diet analysis of loggerhead sea
turtles (Caretta caretta) in Virginia. Copeia 2:478–489.

1556 Environ. Toxicol. Chem. 30, 2011 J.M. Ragland et al.


