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Abstract—Reptile and bird eggs are priority samples for specimen banking programs that assess spatial and temporal trends of
environmental contaminants. From endangered species, such as sea turtles, nonlethal sampling is required (e.g., unhatched eggs
collected postemergence). Previous contaminant monitoring studies have used unhatched sea turtle eggs, but no study has tested whether
their concentrations represent levels found in fresh eggs (e.g., eggs collected within 24 h of oviposition). The author analyzed three fresh
eggs from different nest depths and up to three unhatched eggs from 10 loggerhead sea turtle (Caretta caretta) nests in South Carolina,
USA, for a suite of persistent organic pollutants (POPs). Lipid-normalized POP concentrations were not significantly different
(p> 0.05) between fresh and unhatched eggs or among different depths from the same nest. The POP concentrations in loggerhead eggs
from South Carolina were higher than previously measured concentrations in eggs from Florida and slightly lower than concentrations in
eggs from North Carolina. This pattern agrees with previously observed trends of increasing POP concentrations in loggerhead turtles
inhabiting northern latitudes along the U.S. East Coast. Contaminant profiles are discussed, including a higher chlorinated pattern of
polychlorinated biphenyls possibly associated with a Superfund site in nearby Brunswick, Georgia, USA, and unusual polybrominated
diphenylether patterns seen in this and previous sea turtle studies. Concentrations correlated with one of eight measurements of
reproductive success; levels were negatively correlated with egg mass (p< 0.05), which may have implications for hatchling fitness.
The present study suggests that unhatched eggs can be used for POP-monitoring projects. Environ. Toxicol. Chem. 2013;32:747–756.
# 2013 SETAC
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INTRODUCTION

Bird and reptile eggs are preferred samples for monitoring
environmental organic contaminants [1–3] because they are
easily collected and contain a lipid-rich yolk where persistent
organic pollutants (POPs) accumulate. Concentrations of POPs
in eggs represent the contamination level and pattern of the
maternal adult foraging areas [2,4,5] as well as the internal
environment for embryonic development. For these reasons,
many environmental specimen banks archive eggs for long-
term monitoring projects or for retrospective research. For
example, a set of guillemot (Uria algae) eggs archived yearly
from St. Karlsö in the Baltic Sea provided data for one of the
first temporal trend studies of polybrominated diphenyl ethers
(PBDEs) [6]. That study demonstrated a significant temporal
increase of PBDEs from 1969 through 1990 [6], a finding that
was instrumental in the regulation and discontinued use of
certain PBDE formulations in many countries [7].

Environmental specimen bank managers must consider
many biological factors when deciding how to sample certain
species. Successful programs must be able to sample an
adequate number of individuals per year (or at the intended
frequency) for a robust statistical design while minimizing the
negative impact on the species of interest. Trade-offs are
often made that might bias sampling toward higher or lower
contaminated samples, and these biases must be taken into
consideration when interpreting results [8].

A sea turtle specimen bank is currently being developed as
part of the existing Marine Environmental Specimen Bank at
the National Institute of Standards and Technology (NIST) [9].
This project is titled Biological and Environmental Monitoring
and Archival of Sea Turtle Tissues (BEMAST), and eggs are a
priority sample. Inclusion of eggs into a sea turtle specimen
bank for environmental contaminant monitoring is justified by
recent sea turtle research [10]. We have recently learned that
(1) POPs are maternally transferred into the egg yolk of sea
turtles [11,12]; (2) POP concentrations in eggs represent con-
tamination in the maternal adult foraging areas [2]; (3) POP
concentrations, specifically in the yolk compartment, change
through embryonic development because yolk lipids concen-
trate as the embryo grows [13]; and (4) there is low variability in
POP concentrations among eggs within a clutch [12,13].

All sea turtle species in the United States are listed in the
Endangered Species Act as either threatened or endangered,
which restricts sampling. Most sea turtle species lay 100 or
more eggs per clutch [14], thus, taking a single fresh egg (e.g.,
egg collected within 24 h of oviposition) per nest might not
threaten a stable or growing population. However, population
trajectories of certain sea turtle populations are declining or are
unknown [15,16]. Considering this, lethal sampling of a fresh
egg is not warranted, especially since several unhatched
(addled) eggs could be collected postemergence. It is common
to find several eggs per nest that failed to hatch [14], which can
be used as nonlethal samples for environmental monitoring or
specimen banking.

Aside from nonlethal sampling of maternal blood, another
nonlethal sampling technique has been described for POP
monitoring using loggerhead (Caretta caretta) sea turtle
eggs [17]. The chorioallantoic membrane allows gas exchange
and waste storage for the embryo and is left behind after the
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hatchling emerges. Sampling the chorioallantoic membrane is
problematic because (1) it represents only one compartment of
the egg and therefore has a different polychlorinated biphenyl
(PCB) concentration from the contents of the whole egg [17];
(2) it is available from only late-stage or hatched eggs; and (3) it
is greatly disturbed and mixed with sand during hatchling
emergence. For these reasons, the NIST specimen bank is
proposing to archive unhatched eggs that contain either no
embryo (infertile) or early arrested-development embryos. The
entire egg contents minus the shell will be homogenized, which
will capture all internal compartments, alleviating the need to
correct for unequal distribution of contaminants. Also, by
selecting eggs with no or early arrested development, the
duration of decomposition in unhatched eggs is better stand-
ardized and metabolism by embryonic organs is avoided or
minimized.

The use of addled eggs is common in bird contaminant-
monitoring studies [8], and several studies have reported POP
concentrations in unhatched sea turtle eggs [2,11,13,18].
However, no study has compared POP concentrations in fresh
eggs with concentrations in eggs that failed to hatch from the
same nests for any sea turtle or bird species. During nest
incubation (42–91 d) for loggerhead turtles [14], embryonic
development, decomposition, bacterial metabolism, dehydra-
tion, and exposure to sand, rainwater, groundwater, and over-
wash by the ocean could all potentially alter the contaminant
concentrations originally contained inside the egg. An addi-
tional, yet unlikely, bias could be egg position within the
oviduct and, therefore, within the clutch. Bishop et al. [19]
observed that the first few eggs released from the oviduct of
snapping turtles (Chelydra serpentina) tended to have higher
POP concentrations than those released last, although the
differences were not statistically significant. A difference is
not expected in sea turtles based on the physiology of follicle
development, as all follicles for a nesting season are developed
many months prior to nesting [14], and since studies have
shown small intraclutch variability in POP concentrations
(relative standard deviations of 14% or less) [12,13]. Regard-
less, the variability of POP concentrations related to the egg
position within a clutch has also not been tested in any sea turtle
species.

The first objective of the present study was to determine if
concentrations of selected PCBs, organochlorine pesticides,
PBDEs, and hexabromocyclododecanes (HBCDs) are signifi-
cantly different between fresh and unhatched loggerhead turtle
eggs. The second objective was to determine if POP concen-
trations are significantly different among eggs deposited at
different nest depths. A difference would decrease the validity
of using unhatched eggs for a specimen bank because the
position of unhatched eggs would be unknown after hatchlings
dig their way up through the sand. Answering these questions is
necessary before establishing a specimen bank of sea turtle
eggs.

In addition, POP concentrations and patterns measured in the
present study were compared to previously published data
[2,17] for a better understanding of spatial and temporal trends.
The eggs were collected from Botany Bay Island Plantation,
South Carolina, USA, which is the closest nesting beach to a
Georgia Superfund site monitored to date. Although these
nesting females forage on a wide assortment of marine inver-
tebrates [20] in areas distant from the nesting beach [21–23], it
was interesting to evaluate exposure to the unusual, highly
chlorinated PCB pattern known to contaminate the Brunswick,
Georgia, USA, area [24,25]. Likewise, unusual patterns of

PBDE accumulation have been noted in loggerhead eggs from
North Carolina but not from Florida [2]; thus, these South
Carolina eggs were assessed for similarities to other regions.
Furthermore, to address the adverse effects of these POP
exposures, correlative relationships were assessed between
POP concentrations and reproductive success variables (e.g.,
clutch count, incubation duration, a nest success index, egg
mass, egg lipid content, and success measures of embryonic
development, hatching, and emergence). Measured concentra-
tions are discussed in the context of POP concentrations that
were suspected to cause endocrine disruption in wild snapping
turtles and American alligators (Alligator mississippiensis)
[26,27].

MATERIALS AND METHODS

Sample collection and processing

Eggs were collected from 10 loggerhead turtle nests laid
between July 12 and 20, 2010, at Botany Bay Plantation on
Edisto Island, South Carolina, USA. Each nest was confirmed to
be from a different female by maternal nuclear DNA genetic
identification (B. Shamblin and C. Nairn, University of Georgia,
Athens, GA, USA, personal communication). Three fresh eggs
from different depths within each nest (top of clutch, represent-
ing the last few eggs deposited from the oviduct of the female;
center of clutch; and bottom of clutch) were collected within
12 h of oviposition while nests were being relocated to higher
ground. Eggs were placed in plastic bags, rinsed with Millipore
water to remove sand, dried with a cleanroom wiper, and
opened carefully so that all of the egg contents fell into an
acid and solvent–prerinsed glass jar with a Teflon-coated lid.
Samples were frozen initially at �108C and later transferred to
�808C for long-term storage. The number of eggs in each clutch
(clutch count) was determined during relocation. Nests were
marked with a sign, caged for predator exclusion, and moni-
tored daily for overwash and hatchling emergence to determine
incubation duration. After a 72-h postemergence waiting
period, all 10 nests were inventoried to assess reproductive
success. The numbers of hatched eggshells, dead hatchlings,
live hatchlings, and unhatched (including dead pipped) eggs
were determined. Unhatched eggs from a single nest were
combined into a plastic bag, frozen at �108C, and later trans-
ferred to �808C. Unhatched eggs were thawed and opened as
described above into prerinsed glass jars. Egg contents were
weighed and crudely staged as no development or early, middle,
or late embryonic development, as described in Alava et al.
[13]. Up to three unhatched eggs were selected from each nest
that externally appeared to be the freshest (round and plump
eggs with a white intact shell were preferred) and internally
contained either no embryo or early arrested development.
Embryonic development success was defined as the percentage
of eggs that developed to late stage or further and calculated as

100%� ðunhatched eggs with no; early; or middle development

total eggs laid � eggs taken or broken
� 100Þ

Hatch success was calculated as

100%� ð unhatched þ dead pipped eggs

total eggs laid � eggs taken or broken
� 100Þ

Emergence success was calculated as

100%� ðunhatched þ dead pipped eggs þ dead and live hatchlings

total eggs laid � eggs taken or broken
�100Þ

While these are not the traditional equations used for hatch
and emergence success [28], they were chosen because they use
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the most accurate counting methods (egg counts at relocation
and unhatched eggs rather than egg shell counts at inventory)
and represent the inherent fitness of the embryos rather than
external factors of egg loss (research and relocation effects).
Two nests were partially depredated by raccoons, a large
external factor of egg loss, so the three reproductive success
variables were not calculated for those nests. To calculate a nest
success index, each nest was ranked (1¼worst, 8¼ best) three
times using embryonic development, hatch, and emergence
success. Then, the three ranks per nest were summed for an
overall nest success value.

Extraction and POP quantification

Detailed analytical methods are described in Supplemental
Data. Briefly, egg contents, three blanks, a six-point calibration
curve containing amixture of the targeted POPs, three replicates
of NIST Standard Reference Material 1946 Lake Superior Fish
Tissue, and three replicates of an in-house pooled loggerhead
turtle egg control material (called Cc comp) with previously
published values [13] were extracted with dichloromethane
using pressurized fluid extraction after being spiked gravi-
metrically with an internal standard solution containing 28
13C-labeled POPs. The percentage of total extractable organics
(traditionally called lipid content) was determined gravimetri-
cally. Extracts were cleaned up using size exclusion chroma-
tography as well as alumina and acidified silica columns.
Fraction 1 from acidified silica columns was analyzed using
gas chromatography mass spectrometry for quantification of
pentachlorobenzene, hexachlorobenzene, a-hexachlorocyclo-
hexane (HCH), b-HCH, g-HCH, six dichlorodiphenyltrichloro-
ethane (DDT)–related compounds, oxychlordane, cis- and
trans-chlordane, cis- and trans-nonachlor, heptachlor, octa-
chlorostyrene, mirex, and selected PCB and PBDE congeners.
Selected congeners included those that were predominant in
previously analyzed loggerhead turtle eggs [2] (PCBs
153þ 132, 118, 138þ 163, 180, 99, 187, 170, 105, 128, and
193; PBDEs 47, 99, 100, 153, and 154) as well as PCBs 199 and
206 because they are indictors of Aroclor 1268, a highly
chlorinated PCB mixture contaminating an Environmental
Protection Agency Superfund site in Brunswick, Georgia,
USA [24,25], within 300 km of Botany Bay Plantation, South
Carolina, USA. Fraction-2 extracts were analyzed by liquid
chromatography tandem mass spectrometry for a-HBCD,
b-HBCD, and g-HBCD. Reporting limits (RLs) were deter-
mined as described previously [29] and were typically
<0.1 ng/g wet mass or <2 ng/g lipid (Supplemental Data,
Table S1). When summing compound classes, concentrations
below the RL were set to zero.

Statistical methods

Statistical tests were performed using JMP 10.0 software
(SAS Institute) when all concentrations were >RLs or as
suggested by Helsel [30] using the NADA package for handling
data with nondetects (left censored data) in the open-source R
software package. Unless otherwise specified, p< 0.05 was
considered significant. An analysis of variance with repeated
measures was used in JMP with lipid-normalized, log-
transformed POP concentrations to compare fresh eggs from
the top, middle, and bottom of nests and to compare fresh eggs
to unhatched eggs. For compounds with <100% detection
(
P

PBDEs and a-HBCD), these tests were performed using
only nests that had detectable concentrations. Concentrations in
all eggs from a single nest were used to calculate each nest’s
mean concentration. Mean concentrations for each nest were

used to calculate mean, median, and variance across all 10 nests.
When some eggs or nests had concentrations <RL, Kaplan-
Meier or regression on order models in R, NADA, were
chosen to estimate these values. Differences between the South
Carolina loggerhead turtle egg POP concentrations in the
present study and loggerhead egg concentrations from other
regions previously published by Alava et al. [2] were deter-
mined in NADA with an analysis of variance followed by
pairwise Wilcoxon tests with a Bonferroni correction to the
alpha value (p< 0.017 was considered significant for the spatial
comparisons). Alava et al. [2] measured a larger number of PCB
and PBDE congeners than the present study; therefore, new
compound sums and ratios were calculated from their original
data for the best comparisons to the present study. Kendall’s
tau correlations were used to determine relationships between
lipid-normalized POP concentrations and reproductive success
variables. For POPs with <100% detection (cis-chlordane,
PBDEs 100 and 153, and

P
PBDEs), a Kendall’s tau correlation

for left-censored data was used. To account for the
multiple correlations assessed (eight variables per compound),
a Bonferroni correction was applied to the alpha value
(p< 0.006 was considered statistically significant); however,
for this preliminary assessment, p< 0.05 was considered
marginally significant.

RESULTS

The mean (� standard deviation) clutch count for the
10 nests was 90� 20 eggs, with a mean incubation duration
of 47� 2 d (Table 1). None of these nests were overwashed. A
total of 178 unhatched eggs were available for developmental
staging and selection for contaminant analysis. The number of
unhatched eggs ranged from 0 to 55 per nest, with a mean of 18
eggs per nest. Mean embryonic development, hatch, and emer-
gence success measures were 76, 73, and 43%, respectively.
Most unhatched eggs (n¼ 155) contained either no or early
arrested embryonic development. Embryos of later develop-
mental stages (n¼ 10) were seen in only five nests. Three of
these five nests had one to three dead pipped embryos (10-BTB-
154, 10-BTB-153, and 10-BTB-156), and two of these five
nests had one or two late-stage embryos (10-BTB-165 and
10-BTB-163; Table 1).

Fifty-four eggs were selected for contaminant analyses, but
POP data from two of these were excluded because of problems
during analysis (Table 1). Selected samples included three fresh
eggs from each of the 10 nests plus zero (from nests where all
eggs hatched) to three unhatched eggs from these same nests
postemergence. The selected unhatched eggs were typically in
good condition, with a few being slightly decomposed or
showing bacteria or fungus evidenced by pink or black colo-
ration. Contents from the selected unhatched eggs often
weighed a few grams less than contents from fresh eggs, most
likely because of dehydration (Table 1). Unhatched eggs had
higher average total extractable organics content than fresh
eggs, and although this was not statistically significant
(p¼ 0.0694), it indicated the importance of lipid normalizing
the POP concentrations.

The total extractable organics and POP concentrations
measured in the control materials did not deviate from certified
or previously measured values. The percentage of difference
averaged across all compounds was 9.3 and �2.2% for NIST
Standard Reference Material 1946 and the loggerhead turtle egg
composite, respectively.

POP levels in fresh versus unhatched loggerhead sea turtle eggs Environ. Toxicol. Chem. 32, 2013 749
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The following compounds were not detected above the RL in
any South Carolina sample: PBDE 47, PBDE 99, pentachlor-
obenzene, hexachlorobenzene, a-HCH, b-HCH, g-HCH, 4,4’-
DDT, heptachlor, octachlorostyrene, b-HBCD, and g-HBCD.
Four DDT-related compounds (2,4’-dichlorodiphenyldichloro-
ethylene, 2,4’- and 4,4’-dichlorodiphenyldichlorethane, and
2,4’-DDT) were detected in only one egg at concentrations
very near the RL. Concentrations of POPs with more frequent
detection are shown in Figure 1 for each fresh egg and the mean
of the unhatched eggs. No significant difference was observed
in any POP concentration among fresh eggs at different depths
within a nest (p� 0.25) or between fresh eggs and unhatched
eggs of the same nest (p� 0.10). Thus, POP concentrations in
all eggs from the same nest could be combined to determine
mean POP concentrations for each nest.

The POP concentrations in this study were significantly
greater than concentrations previously measured [2] in logger-
head turtle eggs from western and eastern Florida but not
significantly different from concentrations in eggs from North
Carolina (Table 2). Statistical power was enough to detect these
differences, even though the sample sizes were small from each
location (n¼ 10 nests from South Carolina). The ratio of PCB
206 to PCB 153þ 132, an indicator of exposure to Aroclor
1268, was highest in eggs from South Carolina but not sig-
nificantly different from the other regions (Table 2, Fig. 2).
Three South Carolina nests had ratios higher than 0.1, with one
of these nests (10-BTB-154) having a ratio of 0.393. A ratio

above 0.1 was seen in only one nest from the other locations.
The PBDE congener profile seen in these eggs was unusual
compared to most other wildlife [31]. Amounts of PBDEs 47
and 99 were below RL, and PBDEs 100 and 154 were pre-
dominant, making the South Carolina profile different from
those of the other three regions (Fig. 3).

None of the eight reproductive success variables signifi-
cantly correlated to concentrations of any POP, using p< 0.006
as a strict threshold for multiple correlations; however, one
variable, the mass of fresh eggs, correlated in a marginally
significant manner (p< 0.05) to several POP concentrations
(see Supplemental Data, Table S2 for correlation coefficients
and p values). The variables that were not significantly corre-
lated to POPs using either p-value threshold were clutch count,
incubation duration, embryonic development success, hatch
success, emergence success, nest success index, and total
extractable organics content. Nests with higher concentrations
of PCB 138, cis-nonachlor, PBDEs 100 and 153, and total
PBDEs had lower fresh egg masses (Supplemental Data, Table
S2; Fig. 4; p< 0.05). Nests with higher ratios of PCBs
206:(153þ 132) had lower egg masses (Supplemental Data,
Table S2; Fig. 4; p< 0.05).

DISCUSSION

Variability within a nest was minimal (mean within-nest
relative standard deviation averaged across all compound
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classes was 10%), and there was no gradient from the top to the
bottom of the nests, suggesting that all eggs in a single clutch
have similar POP concentrations. This confirms the low relative
standard deviations previously measured in sea turtle nests
[12,13] and suggests that egg order in the oviduct does not
affect POP concentrations as was previously suspected in
snapping turtles. The tendency for snapping turtle eggs found
at the bottom of a nest to have slightly higher POP concen-

trations than eggs higher in the same nest could be an artifact of
low sample size in the previous study (four nests were analyzed)
[19] or a difference in yolk deposition physiology between
freshwater and sea turtles. Regardless, this finding suggests that
any egg collected for the BEMAST specimen banking project,
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Fig. 3. Polybrominated diphenylether (PBDE) congener profiles in egg
samples from loggerhead nests from four regions along the southeasternU.S.
coast. Data are means and one standard deviation across nests. SC¼South
Carolina (data are from the present study); NC¼North Carolina; E
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Table 2. Summary of persistent organic pollutant concentrations (mass fractions as ng/g lipid wt) in egg contents of 10 loggerhead turtle nests from Botany Bay
Plantation, Edisto Island, South Carolina, USA, compared to previously published concentrations in egg yolks from nests laid in different regions along the

southeastern coast of the U.S.

Compound

Botany Bay Island, SC (n¼ 10) W FLa E FLa NCa

% >RL Median Mean SE Min Max Median SE Median SE Median SE

PCB 99 100 46.9 61.5 26.6 4.48 285 0.888b 0.679 4.58b 10.5 78.2 28.3
PCB 105 100 19.1 21.1 6.6 2.35 61.5 0.528b 0.425 3.21 10.0 43.2 24.0
PCB 118 100 78.8 116 55 9.91 592 1.59b 1.32 10.7b 20.6 200 56
PCB 128 100 15.4 19.8 7.4 2.34 78.4 0.432b 0.292 2.89 4.47 40.9 15.9
PCB 138 100 87.2 87.5 27.1 12.0 290 0.445b 1.61 12.0b 26.9 165 97
PCB 153þ 132 100 199 222 65 41.1 677 5.26b 5.83 49.0 42.9 233 125
PCB 170 100 9.60 13.4 3.9 3.42 35.6 0.343b 0.315 3.79b 2.61 12.2 8.2
PCB 180þ 193 100 20.8 31.0 9.4 8.97 87.8 0.914b 1.07 7.78 15.46 36.2 22.4
PCB 187 100 38.0 43.4 13.2 6.93 131 0.600b 0.454 3.60b 6.84 53.5 30.9
PCB 199 100 4.51 24.6 19.2 1.77 197 0.470b 0.165 1.52b 1.32 7.1 4.7
PCB 206 100 2.14 19.3 15.9 1.18 163 0.421b 0.055 0.755b 0.9 2.14 1.38P

13PCBs 100 527 659 216 107 2220 11.0b 12.3 109b 131 876 405
Ratio of PCBs

206:(153þ 132)
100 0.0178 0.0741 0.0381 0.00607 0.393 0.0184 0.00885 0.0177 0.00355 0.0116 0.00292

4,40-DDE 100 125 325 185 29.4 1970 12.4b 7.0 55.0 55.7 824 250P
6DDTs 100 125 325 185 30.8 1970 13.9b 7.1 55.0 55.9 829 251

oxychlordane 100 15.8 37.3 16.8 4.70 176 2.67b 5.52 19.9 13.0 105 57
trans-chlordane 100 4.88 11.5 5.6 0.938 59.7 <0.591b NA 0.183b 0.094 <0.669b NA
cis-chlordane 60 0.590 0.801 0.183 <0.477 2.37 1.09 NA 0.444 0.019 <0.648 NA
trans-nonachlor 100 35.2 44.2 18.9 6.39 207 1.88b 2.68 15.7 15.1 145 68
cis-nonachlor 100 1.25 1.48 0.30 0.376 2.95 0.126b 0.117 0.559 0.300 4.16 1.61P

5chlordanes 100 58.4 94.9 41.2 13.0 448 4.06b 8.23 49.7 27.4 299 124
mirex 100 2.16 6.11 2.85 1.35 30.2 0.174b 0.529 1.84 3.78 9.56 3.00
PBDE 100 60 1.02 1.61 0.27 <0.599 3.13 0.243b 0.027 0.261 0.143 2.73 1.61
PBDE 153 40 0.179 0.988 0.457 <0.654 4.76 <0.156 NA 0.111 0.094 0.685 0.146
PBDE 154 30 0.459 1.27 0.52 <1.01 4.56 <0.0504 NA 0.031 0.160 3.09 1.34P

5PBDEs 60 1.02 3.36 1.31 0.599 12.1 0.664 0.202 1.44 0.55 7.80 4.75
a-HBCD 10 <0.210 <0.213 NA <0.163 0.277 NA NA NA NA NA NA
Total extractable

organics (%)
100 6.10 6.15 0.30 4.74 7.66 8.42 0.82 7.40 0.54 7.41 0.33

a Values from Alava et al. [2]; some totals were recalculated from original data for the best comparison to the present study.
b Indicates a significant difference from South Carolina eggs (p< 0.017).
SC¼South Carolina; NC¼North Carolina; E FL¼ eastern Florida; W FL¼western Florida; SE¼ standard error; PCB¼ polychlorinated biphenyl;
PBDE¼ polybrominated diphenylether; DDE¼ dichlorodiphenyldichloroethylene; DDT¼ dichlorodiphenyltrichloroethane; HBCD¼ hexabromocyclododecane;
NA¼ not available.
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Fig. 2. Concentration ratios of polychlorinated biphenyl congeners (PCB
206 to PCB 153þ 132), as an indicator of exposure to Aroclor 1268, in
loggerhead turtle egg samples from four regions along the southeastern U.S.
coast. Data points are individual nests. SC¼ South Carolina (data are from
the current study); NC¼North Carolina; E FL¼ eastern Florida; W
FL¼western Florida (data are taken from Alava et al [2]).
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regardless of its location within the nest, should represent the
POP concentration of that nest.

Collection of unhatched eggs during a nest inventory is a
nonlethal sampling technique that is preferred by federal and
state conservation managers because taking a fresh egg sacri-
fices a potential future hatchling. Most sea turtle nests have
hatch success rates that allow for the collection of many
unhatched eggs [14], and the mean hatch success of 73% from
these 10 nests agrees with that previous conclusion. Unhatched
eggs had the same POP concentrations as fresh eggs, indicating
that decomposition and exposure to the physical conditions of
the beach environment do not influence compound concentra-
tions. It validates the use of unhatched eggs in previously
published monitoring studies [2,11,13,18] and confirms that
fresh eggs of endangered or threatened sea turtle species do not
need to be sacrificed for monitoring POPs.

Geographical comparisons of POP concentrations can now
be made from loggerhead turtles nesting in North Carolina,
South Carolina, and eastern and western Florida (Table 2).
Concentrations in South Carolina nests were most similar to
those in North Carolina nests. Both South Carolina and North
Carolina nests were higher than Florida nests, with eastern
Florida having higher concentrations than western Florida [2].
Alava et al. [2] reviewed the available tracking data of nesting
loggerhead turtles (see Fig. 3 in that citation) and concluded that
spatial differences in POP levels were due to different adult
foraging areas. As new satellite tracks become available
[21,22,32], the differences in preferred adult foraging areas
are becomingmore apparent. Generally, postnesting loggerhead
turtles from the genetically distinct Northern Recovery Unit
(those nesting in Virginia, North Carolina, South Carolina, and
Georgia [15]) prefer to forage in Continental Shelf waters from

Georgia to New Jersey, with fewer foraging off eastern Florida
and as far south as northern Cuba [21–23] (D. Griffin et al.,
South Carolina Department of Natural Resources, Charleston,
SC, USA, unpublished data). Nesting beach selection (Georgia,
North Carolina, or South Carolina) does not appear to be
influenced by the foraging strategy (determined by location
of the adult foraging area) [22] (D. Griffin, South Carolina
Department of Natural Resources, Charleston, SC, USA, per-
sonal communication), which supports the similarity of POP
concentrations in eggs from nests laid in North Carolina and
South Carolina. The majority of western Florida nesting
females forage along the western Florida coast, with smaller
percentages choosing the Yucatan Peninsula, northern Cuba to
the Bahamas, or the Louisiana to Florida panhandle area
[32,33]. It is clear, by combining the tracking and contaminant
data, that regions in the Gulf of Mexico are less contaminated by
POPs than regions used by the Northern Recovery Unit in the
Mid-Atlantic and South Atlantic Bights. Eastern Florida nesting
loggerheads choose a wide range of adult foraging areas that
overlap with all areas used by Northern Recovery Unit and
western Florida nesting loggerheads [34,35]. This may explain
why their POP concentrations are intermediate. North–south
latitudinal gradients in POP levels have been seen before in
loggerhead eggs [2], adult male loggerhead plasma [29], and
juvenile loggerhead plasma [36]. These baseline POP concen-
trations in a new location (South Carolina) further support the
idea that loggerhead turtles can be good indicators of region-
scale marine contamination. Even though they are highly
migratory, their exposure to a particular concentration and
pattern of contaminants is constrained because of their strong
site fidelity [22]. Taken together, these studies indicate that
loggerhead turtles foraging in more northern regions of the
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northwest Atlantic Ocean are exposed to higher POP concen-
trations and, thus, should be the focus of future health and
toxicity studies.

Aside from the spatial trends addressed above, a temporal
comparison can be made between these PCB concentrations and
those measured in loggerhead eggs from South Carolina two
decades ago. In 1993, Cobb andWood [17] collected unhatched
loggerhead eggs from four nests on Cape Island, South Caro-
lina, USA, and measured a mean of 2,556 ng/g lipid with a
standard error of 1,202 ng/g lipid for

P
66PCBs in the egg

contents. Based on North Carolina loggerhead egg data in
Alava et al. [2], the 13 PCB congeners summed in the current
study (

P
13PCBs) contribute 85% to the total PCB concentra-

tions (
P

49PCBs), which would translate to a mean of approx-
imately 758 ng/g lipid in these more recent South Carolina
samples. This comparison suggests that PCB concentrations
have declined approximately 30% at maternal adult foraging
areas over 17 years, which may not be surprising since PCBs
were banned from use in the United States in the late 1970s.
Arguably, though, this finding was derived from a simple two–
time point comparison, and the findings are complex from the
few other temporal trends from this region. Concentrations of
PCBs significantly declined in mollusks from 1965 to 1993
[37]; however, increases have been documented in coastal
Florida marine mammals and sharks over a time period
(1990s–2000s) similar to the sea turtle comparison [38]. Tem-
poral trends for the other POPs cannot be assessed due to a lack
of past baseline data in sea turtle eggs.

At least one South Carolina nest had an elevated ratio of PCB
206 to PCB 153þ 132, suggesting that it may be exposed to the
unusual mixture of highly chlorinated PCBs known to contam-
inate a Superfund site in Brunswick, Georgia, USA. Botany Bay
Plantation is 277 km (driving distance) from Brunswick, Geor-
gia, which is closer than any other nesting beach tested yet for
POPs (Cape Lookout, NC, USA, is 740 km away; Melbourne
Beach, FL, USA, the northernmost eastern Florida beach moni-
tored, is 404 km away). The proximity of the nesting beach does
not automatically increase the chance of exposure to the Aroclor
1268 mixture from this Superfund site because the majority of
the turtles travel far distances to reach their preferred adult
foraging areas, commonly anywhere from Cuba to New Jersey
for turtles from the Northern Recovery Unit [21,22]. Only one
of the 15 satellite-tracked nesting females from South Carolina
chose an adult foraging area off the coast of Georgia (D. Griffin,
South Carolina Department of Natural Resources, Charleston,
SC, USA, personal communication). More research is needed to
understand how far the contamination of Aroclor 1268 has
spread from the Brunswick Superfund site and to determine the
exposure of turtles known to forage in coastal areas near this
site.

Another interesting contamination pattern seen in sea turtles
is an unusual profile of PBDEs observed in various species
sampled from 30 to 408N latitude along the east coast of the
United States [2,29] (B. Carlson, 2006, Master’s thesis, College
of Charleston, Charleston, SC, USA). Most wildlife accumulate
a pattern with concentrations of PBDE congeners in this order:
47> 99 � 100> 153 � 154 [31]. This typical pattern was seen
in loggerhead turtle eggs from eastern and western Florida but
not in eggs from North Carolina [2] or South Carolina. In North
Carolina eggs, PBDEs 100 and 154 made up a larger percentage
of the total PBDEs than expected. In South Carolina eggs, the
pattern was even more unusual, with PBDEs 100 and 154
predominating and no PBDEs 47 or 99 detected. This finding
supports several previous reptile studies showing this unusual

pattern [2,29,39,40] (B. Carlson, 2006, Master’s thesis, College
of Charleston, Charleston, SC, USA), and furthermore, it
suggests that this unusual PBDE pattern may originate from
regions within adult foraging areas of the Northern Recovery
Unit from Cuba to New Jersey, rather than the Caribbean or
Gulf of Mexico. The use of individual PBDE congeners is not
common, and these congeners (PBDEs 100 and 154) are known
to come from the penta-BDE technical mixture, which contains
more PBDEs 47 and 99; so the predominance of these con-
geners remains unexplained.

The POP concentrations measured in the present study
correlated with marginal statistical significance (p< 0.05) to
only one reproductive success variable, reduced fresh egg mass.
It should be mentioned that this correlation cannot elucidate
whether female loggerhead turtles that had higher POP con-
centrations were unable to produce larger eggs or if females
with greater egg masses diluted their POP concentrations.
However, evidence is growing in several recent bird studies
that POPs can cause a reduction in egg size [41–44]. This is
important because, at least in birds, egg size is an important
predictor of hatchling and juvenile fitness [45]. Therefore,
contaminant exposure could plausibly lead to smaller eggs
and less fit hatchlings, thereby reducing the survival and
population growth of this threatened species. The lack of
correlations with other reproductive variables could indicate
that (1) these contaminants are not influencing the reproductive
success of loggerhead turtles, (2) a sample size of eight to ten is
insufficient to detect significant relationships, or (3) these
reproductive success variables are not the most sensitive meas-
urements of adverse effects of contaminants. Future studies
should consider a larger sample of nests and include additional,
more sensitive variables that have been shown previously to
relate to POP concentrations, such as hatchling body condition
(negatively correlated with higher POP concentrations in green
sea turtle eggs [12]), neurobehavioral tests (righting response
times were slower in diamondback terrapin [Malachlemys
terrapin] hatchlings from nests with higher PBDE 47
concentrations [46]), sex ratios (skewed in red-eared sliders
[Trachemys scripta] exposed to PCBs in the laboratory [47]),
and hatchling growth rates (slower in diamondback terrapins
exposed to PCB 126 in the laboratory [48]).

As another way to preliminarily assess toxicity risk, POP
concentrations measured in the current study were compared to
previously published levels in wild reptile eggs from highly
contaminated sites where endocrine disruption has been
observed, leading to altered sexually dimorphic characteristics
or reproductive organs [26,27,49]. Snapping turtle eggs from a
highly PCB-contaminated site in Lake Ontario (Hamilton
Harbor) showing signs of endocrine disruption had a meanP

59PCB mass fraction (or concentration) of 43,157 ng/g lipid
[26], which is 57 times higher than that in the South Carolina
loggerhead turtle eggs. This difference affords a margin of
safety of less than 100, which is not considered protective
against risk by regulatory agencies [50] and suggests that
loggerhead turtles may be at risk of reproductive or develop-
mental toxic effects from PCB exposure. American alligator
eggs from Lake Apopka, Florida, USA, where a pesticide spill
was suspected to cause a significant population decline and
long-lasting endocrine-disrupting effects [27], had 4,40-dichlor-
odiphenyldichloroethylene mass fractions of 5,800 ng/g wet
mass (or 58,000 ng/g lipid using 10% lipid as an estimate)
[49]. This concentration is 178 times higher than those of the 10
loggerhead turtle nests in the present study. These comparisons
suggest that the average loggerhead hatchlings from South
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Carolina beaches have POP concentrations lower than those of
wild reptiles inhabiting grossly contaminated areas where toxic
effects have been observed. However, there is still potential risk
because we do not know the sensitivity of sea turtles to these
toxic compounds and the eggs have a margin of safety of less
than 100 for toxic effects of PCBs.

CONCLUSIONS

The present study confirms that the NIST sea turtle specimen
bank (BEMAST) or any contaminant-monitoring program can
collect unhatched eggs with the knowledge that any egg rep-
resents the POP burden of that nest regardless of its nest depth
and that sacrificing a fresh egg is not necessary. The Northern
Recovery Unit of the northwest Atlantic distinct population
segment [15] loggerhead sea turtle is a small, genetically
distinct population nesting from Georgia to Virginia. It is faced
with the highest POP exposure compared to other tested pop-
ulations (Table 2). Its foraging areas encompass offshore waters
from New Jersey to Cuba, including shelf waters of Georgia
which could be a source of PCB exposure from the Brunswick,
Georgia, USA, Superfund site [21–23]; and it demonstrates
exposure to an unexplained, unusual PBDE pattern (Fig. 3).
Future studies should investigate the spatial gradient of PCB
contamination in prey extending from Brunswick, Georgia,
and analyze samples from sea turtles that are known to forage
in this locality. In addition, investigations into the reason for
the unusual PBDE pattern seemingly localized to turtles from
the Northern Recovery Unit should be conducted as well as
toxicity studies that address the sensitivity of sea turtle hatch-
lings to these POP exposures.

SUPPLEMENTAL DATA

Table S1–S2. (70 KB DOC).
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