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Abstract

Background: People living in coastal communities are at risk for exposure to environmental
hazards, including legacy chemicals. We can use databases such as NHANES to assess whether
contaminants in coastal communities are present in higher levels than in the United States overall.
We can use information from studies of local animal populations to assess which of these
contaminants could have been transferred to people from their shared environment.

Obijective: Our objectives were to examine the POP profiles in human populations in areas where
there are published POP profiles in resident dolphins and to compare our results with data from
NHANES and the dolphin studies.

Methods: We identified three areas where POPs have been analyzed in local resident dolphin
populations (total A/=73). We identified human communities in the same areas, and asked 27
eligible adults to read and sign a consent form, complete a questionnaire about demographics and
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seafood consumption, provide nine 10-mL blood samples, and provide one sample of seafood (V=
33). Blood and seafood were analyzed for a suite of POPs similar to those analyzed in published
dolphin population studies. We compared the results from human blood analyses with NHANES
and with data from the published reports of dolphin studies.

Results: Levels and proportions of specific POPs found in people and animals reflect POPs
found in the local environment. Compared with the nationally representative data reported in
NHANES, the levels of many POPs found in high levels in dolphins were also higher in the
corresponding human communities.

Conclusions: Contaminants measured in marine animals, such as dolphins, can be used to
identify the types and relative levels of environmental contaminants expected to occur in people
sharing the same environment. Likewise, contaminants measured in coastal human populations
can provide insight into which contaminants may be found in nearby animal populations.

GRAPHICAL ABSTRACT

in Coastal

lighli from i i
People Compared to Resident Dolphins

Keywords
Ocean toxins; Sentinel animals; Marine mammals; Biomonitoring

1. Introduction

Coastal communities are at risk for a number of environmental hazards, including exposure
to legacy chemicals found in local fauna, flora, sediment, air, and water. Many studies have
linked consumption of marine-based food sources with human exposure to environmental
contaminants in maritime communities, including communities on the Faroe Islands and
Seychelles Islands and in the Inuit (see review by Dewailly et al., 2008). Tang-Péronard et
al. (2014) suggested that children from the Faroe Islands were at increased risk for obesity
from prenatal exposure to PCBs! and DDE. The Seychelles child development study
evaluated the effects of in utero exposure to methyl mercury (Myers et al., 2003). Although
they did not identify an associated neurodevelopment risk, the investigators documented
prenatal exposure to methyl mercury. Boucher et al. (2014) reported adverse effects on
cognitive development of Inuit infants from prenatal exposure to PCBs, methyl mercury, and
lead. Exposure from environmental contaminants accumulating in seafood is not limited to
maritime communities, however. Recreational fishers and Tribal communities who consume
fish from the Great Lakes are also exposed to environmental contaminants and may be at

1 Polychlorinated biphenyl (PCB) and polybrominated diphenyl ether (PBDE) congener nomenclature follows the IUPAC designation
(IUPAC, 2017).
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increased risk for diabetes (Turyk et al., 2009) and other diseases (Turyk et al., 2012). More
recently, Fair et al. (2018) examined environmental contaminants in fish from Charleston
Harbor, South Carolina, and found levels of some POPs exceeding current EPA human
screening values for human cancer risks.

The association between environmental contaminants in food sources and subsequent
exposures is not limited to humans. The National Oceanic and Atmospheric Administration
(NOAA) conducted studies on resident common bottlenose dolphins ( 7ursiops truncatus),
hereafter referred to as dolphins, in Biscayne Bay, Miami, Florida; Sapelo, Georgia; and
Charleston, South Carolina. The studies confirmed that dolphins are exposed to a location-
specific suite of contaminants through the food web and that some of these contaminants
were present in higher levels compared with dolphins in other regions in the Southeast
United States. Litz et al. (2007) analyzed dart biopsy blubber samples from Biscayne Bay,
Florida dolphins and found differences in persistent organic pollutant (POP) concentrations
related to geographic distribution of the dolphins. For example, total PCBs were five times
higher in males with sighting histories in northern areas than in those with sighting histories
in southern areas of the bay, demonstrating that habitats influence the specific contaminant
concentrations in these mammals. Kucklick et al. (2011) compiled data from dolphin
specimens from 14 sites in the U.S. Atlantic and the Gulf of Mexico including rural and
urban estuaries near a Superfund site in Brunswick, Georgia. POP profiles varied by
location, and the profiles from dolphins sampled near the Brunswick and Sapelo, Georgia
estuaries were significantly different from others in the study. For example, PCB congeners
from Aroclor 1268 were the most predominant in dolphins sampled in the estuaries near an
area with historic Aroclor 1268 contamination, reflecting widespread contamination by this
specific PCB mixture in these estuaries as noted by Maruya (1997). Finally, Fair et al.
(2012) found high levels of perfluorinated alkyl substances (PFAS) in plasma of dolphins
from the Indian River Lagoon, Florida, and Charleston Harbor, South Carolina. The
differences in PFAS congener mixtures and concentrations suggested that the pollutants
accumulating in these animals reflect site-specific contamination.

Animals, including wild animals, livestock, and pets, can serve as sentinels for human
exposure to and health effects from environmental contaminants (e.g., Rabinowitz et al.,
2009; Bossart, 2010; Reif, 2011; Buttke, 2011). Because humans and other animals can be
exposed to environmental contaminants, for example, through their food, we can use test
results from local animal populations to reveal clues about what to expect in people sharing
the same environment.

One example of applying animal test results to a relevant human population was a study by
Reif et al. (2015) in which they found elevated blood mercury levels in the dolphins of the
Indian River Lagoon in Florida and hypothesized that the coastal human population might
also be exposed to mercury. When they examined hair samples from local residents, they
found elevated hair mercury levels that were associated with both the frequency of eating
seafood and the proportion of seafood obtained from the Lagoon. As noted by Bossart
(2010), dolphin populations could likely serve as sentinels for other coastal environmental
public health hazards, including long-term exposures to POPs.
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We examined POPs in three coastal communities where subsistence fishers and others
consume local seafood and where there were data on environmental contaminants in the
blood or blubber of nearby dolphin populations. Our objectives were to examine the
environmental contaminant profiles in coastal human populations in areas where these
contaminants have been found in resident dolphins and compare our results with data from
NHANES and the dolphin studies.

2. Methods

2.1.

Participant recruitment for three studies

Our study was approved by the Institutional Review Boards of the Centers for Disease
Control and Prevention (CDC) and the Medical University of South Carolina (for Charleston
Harbor). We used convenience samples.

2.1.1. Sapelo Island, Georgia—We collaborated with the Research Coordinator for the
Sapelo Island National Estuarine Research Reserve (SINERR), who already had a trusted
relationship with the community. We recruited nine individuals who were at least 18 years of
age, who responded to posted flyers about the study, had lived on Sapelo Island for at least
five years, and who ate at least two meals each week over the last two years that included
seafood from the waters near Sapelo Island.

2.1.2. Miami, Florida—We collaborated with investigators from the National Oceanic
and Atmospheric Administration (NOAA) to recruit nine individuals who were at least 18
years of age, were fishing from the Rickenbacker Causeway bridge pier during our recruiting
days, and who ate at least two meals each week over the last two years that included seafood
from the Miami area.

2.1.3. Charleston Harbor, South Carolina—We collaborated with physicians at the
Medical University of South Carolina (MUSC) to recruit nine women who presented for
prenatal care at the MUSC hospital during our recruiting period, were at least 18 years of
age, who received prenatal care at the Medical University of South Carolina, were in their
first trimester of their first pregnancy, and who ate at least two meals each week over the last
two years that included seafood from Charleston Harbor and surrounding areas.

2.2. Study activities

We asked a total of 27 eligible adults to do the following activities: read and sign a consent
form to participate in the study and complete a study questionnaire in October 2010 (Sapelo
Island and Miami) or November 2010 (Charleston Harbor). The questionnaire asked
questions about demographics, hunting and fishing practices, and seafood consumption.
Each study participant provided a sample of freshly-caught local seafood.

A certified phlebotomist collected nine 10-mL venous blood specimens from each
participant. Blood specimens were collected, processed, and handled as specified in the
NHANES MEC Laboratory Procedures Manual (CDC, 2016).
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2.3. Seafood sample handling

Locally caught seafood provided by the study participants for these studies were cataloged
using a unique number per sample. In Miami, in addition to the fish provided by study
participants, NOAA staff collected seven fish (6 pinfish, 1 mutton snapper) from the fishing
pier on the same day as our study. We analyzed 8 fish fillets from Sapelo Island, 17 from
Miami, and 8 samples of seafood (crab and shrimp) from Charleston Harbor.

Samples were handled with nitrile gloves, placed on pesticide residue analysis-grade
hexane-rinsed aluminum foil, and lengths and weights recorded when appropriate. All
samples were then wrapped in pesticide-grade hexane-rinsed aluminum foil, placed in
plastic bags, and maintained at —20 °C for the duration of the field sampling and then stored
at —80 °C. Samples were placed on dry ice during transport to the National Institute of
Standards and Technology (NIST; Charleston, SC). Upon arrival, samples were held at —80
°C until analyzed.

2.4. Laboratory methods

Human blood samples were analyzed by the CDC Division of Laboratory Sciences (DLS)
and fish samples were analyzed by Pace Analytical Laboratory and NIST with methods
summarized here. CDC’s DLS used methods described in the National Report on Human
Exposure to Environmental Chemicals, Updated Tables, March 2018 (CDC, 2018) to
analyze contaminants in human specimens. Specific methods include CDC (2003) (trace
elements); Jones et al., 2012 (preparation of serum samples), Kuklenyik et al., 2005; Kato et
al., 2011a (PFAS); Patterson Jr. et al., 1991 (dioxins, furans), and Sjédin et al., 2004 (PCBs,
PBDES).

NIST used the method described in Litz et al. (2007) to analyze organochlorine pesticides,
PCBs, and PBDEs in fish samples with some modifications. Fish were removed from the
-80 °C freezer, placed on a clean Teflon™ cutting board, and allowed to thaw for
approximately 5 min. Fish were filleted, and then ground in a stainless steel meat grinder
(Waring Pro, MG800, Lancaster, PA) by passing the sample at least twice through the
grinder. The homogenate was collected in a stainless steel container, mixed manually with a
hexane-rinsed spatula and then transferred into a glass jar with Teflon™ lined lid and stored
in a —80 °C freezer. Prior to analysis, the glass jar was thawed to room temperature then 4 g
of tissue was analyzed as outlined in Litz et al. (2007). Standard Reference Material (SRM)
1947 Lake Michigan Fish Tissue was analyzed along with fish samples as a control. The
material has certified values for a variety of organohalogen contaminants. Pace Analytical
Laboratory used EPA Methods 6020 (EPA, 2014) to analyze trace elements in fish samples
and EPA method 3545 (EPA, 1997) to extract POPS, EPA method 8290A (EPA, 2007) to
analyze dioxins, and EPA method 8082a (EPA, 2007a) to analyze PCBs in fish samples
provided to them by NIST.

2.5. Dolphin data

With exception of PFAS levels from dolphins collected near Sapelo Island (Jessica Reiner,
National Institute of Standards and Technology, unpublished), all dolphin data are published
elsewhere: Sapelo Island (Balmer et al., 2011, = 27), Charleston Harbor (Kucklick et al.,
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2011, and Fair et al., 2012, 7= 20), and Biscayne Bay, Miami (Litz et al., 2007, 7= 16). The
results represent analysis of plasma samples for PFAS and blubber samples for the other
analytes.

2.6. Statistical analyses

We used SAS version 9.4 (SAS Institute Inc., Cary, NC) to calculate univariate statistics.
Results are presented for contaminants that were measured above the analytic limit of
detection LOD (see Supplemental Table for LOD values) in at least 60% of the human
specimens or fish samples. We reported medians and ranges, thus there were no substitutions
for values <LOD, which were in the dataset as zeros.

2.6.1. Comparisons—We compared the data from human specimens with the 50th and
95th percentiles from the National Health and Nutrition Examination Survey (NHANES) as
follows: NHANES 2003-2004 for the persistent compounds, because after 2004,
measurements of these chemicals were made in pools of serum and are not comparable to
individual sample results; NHANES 2009-2010 for metals because samples were analyzed
for metals in 2010; and NHANES 2011-2012 for selenium because this was the first cycle in
which this metal was measured (CDC, 2018). In an attempt to match the demographics of
our three study populations with NHANES populations, we used NHANES data for all
males for the Sapelo Island participants, data for all NHANES participants (data include
males and females) for the Miami participants, and data for all females for the Charleston
Harbor participants. See Supplemental Table 2 for NHANES 50th and 95th percentiles and
95% confidence intervals for these population categories within the noted specific survey
years.

We compared data from our study participants with data from the seafood samples they
provided and with published data from the resident dolphins of Sapelo Island (Balmer et al.,
2011, n=27), Charleston Harbor (Kucklick et al., 2011, and Fair et al., 2012, n= 20), and
Biscayne Bay, Miami (Litz et al., 2007, /7= 16).

3. Results

3.1. Study participant demographics and fish consumption

Study participants’ demographics and fish consumption information are in Table 1. All study
participants confirmed eating seafood they caught themselves at least two to three times per
week for at least the last two years. Participants from Sapelo Island and Biscayne Bay
reported eating seafood that was likely locally caught. For Charleston, although participants
provided locally-caught seafood (shrimp) for our study, most of the seafood these
participants reported eating (e.g., catfish, bass, sardines, tilapia, and mahi mahi) was not
associated with the Charleston Harbor area and was likely purchased from fish markets. Of
the nine participants in Miami, seven indicated they were unemployed and were likely
relying on local fish as a primary food source.
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3.2. Contaminants

The contaminant concentrations in human blood specimens, dolphin blood or blubber
specimens, and fish samples are in Tables 2, 3, and 4, respectively. The seafood samples
from participants in Charleston Harbor were crabs or shrimp. And did not have detectable
levels of any of the contaminants we tested for; thus, we present no data for these samples in
Table 4.

3.2.1. Metals and selenium—We detected cadmium, lead, mercury and selenium in all
human blood specimens (Table 2). Blood specimens from Miami had the highest levels of
lead, mercury (above NHANES Survey 2009-2010 95th percentile) and cadmium (above
NHANES Survey 2009-2010 50th percentile). Sapelo Island blood specimens had median
concentrations of cadmium, lead, and mercury between the 50th and 95th percentiles of the
comparison group in NHANES 2009-2010. Blood specimens from Charleston had the
lowest levels of the metals listed above but the highest selenium concentrations. Mercury
and selenium were found in fish samples from Sapelo Island and Miami; the levels of
mercury in fish from Miami were four times higher than those found in fish from Sapelo
Island (0.2 mg/kg versus 0.05 mg/g, respectively, Table 4).

3.2.2. Brominated flame retardants—For PBDEs, we provided individual PBDES
and the median sums of PBDEs 47, 99, 100, 153, and 154 (the congeners most commonly
found in the environment [DeWit, 2002]), for people, dolphins, and fish (Tables 2, 3, and 4,
respectively). PBDEs were detected in blood from all three human study populations (Table
2). The median concentrations for most congeners were below the 50th percentile of the
respective NHANES comparison group. However, the median levels of PBDEs 99 and 153
were between the 50th and 95th percentiles of NHANES comparison categories in the three
study populations and the level of PBDE 183 in Miami study participants was above the
NHANES 95th percentile. The presence and concentrations of PBDEs in dolphins varied
across the populations; however, all blubber specimens contained measurable concentrations
of PBDEs (Table 3). PBDE congeners 100, 153, and 154 were detected in more than 60% of
fish samples from Miami whereas only PBDEs 47 and 153 were detected in more than 60%
of fish samples from Sapelo Island.

3.2.3. Chlorinated pesticides—Many of the chlorinated pesticides we examined were
present in human serum at median concentrations less than the 50th percentile for the
NHANES comparison group (Table 2, Supplemental Table 2). Some of the compounds were
above the NHANES 2003-2004 50th percentile in Sapelo and/or Miami, including
oxychlordane, trans-nonachlor, and mirex. The types and quantities of chlorinated pesticides
varied across dolphin populations (Table 3). DDT and metabolites were detected in fish
samples (Table 4) from Sapelo Island and Miami.

3.2.4. Dioxins—The median concentrations of nearly all the dioxins and furans measured
in study participants were above either the 50th percentiles or the 95th percentiles for their
respective NHANES comparison groups (Table 2). In particular, the median concentrations
of 1,2,3,7,8,9-Hexa CDD and OCDF were above the 95th percentiles of their NHANES
comparison groups for all areas.
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3.2.5. PFAS—Six FAS compounds were detected in all serum specimens from Sapelo
Island (Table 2). Of these, the median concentrations of four (PFDeA, PFNA, PFOA, and
PFOS) were well above the NHANES 95th percentile; and the median concentrations of
Me-PFOSA-AcOH and PFHXS were between the NHANES 50th and 95th percentiles for
males. We did not test blood specimens from people in Miami or Charleston Harbor for
PFAS. PFAS were also measured in dolphin plasma from animals sampled near Sapelo
Island and Charleston Harbor (Table 3). The sum of PFASs was three fold higher in
Charleston Harbor dolphin plasma than in plasma from dolphins near Sapelo Island (1430
ng/g versus 467 ng/g) and was largely driven by higher PFOS concentrations (1140 ng/g vs
335 ng/g; Table 3).

3.2.6. PCBs—Study participants from Sapelo Island and Miami had levels of most of the
dioxin-like PCBs greater than the 50th percentile of the respective NHANES comparison
groups. Dolphins and fish samples were not analyzed for dioxin-like PCBs.

For the non-dioxin-like PCB congeners known to be part of Aroclor 1268 (PCBs 180, 187,
194, 196, 199, 201, 202, 206, 207, 208, and 209 comprising 0.6%, 0.9%, 1.8%, 2.7%, 3.0%,
3.0%, 7.1%, 9.1%, 9.9%, 11%, 50% of congeners in that mixture, respectively) (Maruya,
1997; Schwope et al., 2005) the lipid-adjusted median concentrations tended to be higher in
fish than in people (Tables 4 and 2, respectively). The highest concentrations of these
Aroclor 1268 PCB congeners were found in dolphins (Table 3). This suite of congeners
comprised twice the proportion of PCB congeners in Sapelo Island dolphins (60%) versus
those sampled from Charleston, SC (30%) and Miami, FL (20%) (Table 3). Aroclor 1268
congeners represented 52%, 24%, and 34% of the total PCBs present in human specimens
from Sapelo Island, Charleston Harbor, and Miami, respectively (Table 2). These congeners
represented a much higher proportion of total PCBs in fish from Sapelo Island than in fish
from Miami (71% and 8.29%, respectively).

The sum of non-dioxin-like PCB congeners was highest in dolphins from Miami, followed
by those from Sapelo Island and then Charleston Harbor (median 201,000 ng/g lipid,
133,000 ng/g lipid, and 95,700 ng/g lipid, respectively). In human serum specimens from
Sapelo Island, the median PCB concentrations were greater than the NHANES comparison
group 95th percentiles for three congeners (196, 199, 206) and were between the NHANES
comparison group 50th and 95th percentiles for 11 additional congeners (146, 157, 167, 170,
172, 178, 180, 183, 187, 194, and 209) (Table 2). In serum specimens from Miami, median
PCB concentrations were greater than the NHANES comparison group 50th percentile for
22 congeners (99, 105, 118, 138 + 158, 146, 153, 156, 157, 167, 170, 172, 177, 178, 180,
183, 187, 189, 194, 195, 196, 199, and 206). Study participants from Charleston had the
lowest PCB levels with all detected congener concentrations below the NHANES 50th
percentile.

For PCBs that were analyzed in both human serum specimens and fish (Tables 2 and 4,
respectively), the percent detected in each type of sample varied with the individual PCB
congener. For example, PCB 28 was detected in human serum specimens from Miami and
Charleston Harbor, but not in those from Sapelo Island. PCB 74 was detected in fish samples
from Miami, but not in fish samples from Sapelo Island.
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The Sapelo Island community is near a former production site for the PCB mixture Aroclor
1268. PCB congeners known to be part of Aroclor 1268 are: PCBs 180, 187, 194, 196, 199,
201, 202, 206, 207, 208, and 209 comprising 0.6%, 0.9%, 1.8%, 2.7%, 3.0%, 3.0%, 7.1%,
9.1%, 9.9%, 11%, 50% of congeners in that mixture, respectively (Maruya, 1997; Schwope
et al., 2005). Figs. 1-3 are examples of how study participant data compared with NHANES
(Survey 2003, 2004 results).

Comparisons of the Log10(minimums, medians, and maximums) for the contaminants found
in at least 60% of both human specimens and dolphin samples are presented in Figs. 4-6 for
Sapelo Island, Miami, and Charleston Harbor, respectively. In general, the analytes that were
higher in dolphins were also higher in people.

4. Discussion

4.1.

4.2.

Metals and selenium

The occupations reported by study participants (e.g., boat crew, teacher; data not shown)
were not those typically associated with exposure to metals measured in this study; however,
we detected cadmium, lead, mercury, and selenium in blood specimens from all study
participants, often at levels above the NHANES comparison group 50th or 95th percentiles
(see Table 2). The higher concentrations of cadmium in some participants may reflect
smoking-related exposures as nearly half (44%) of participants from Sapelo Island and
nearly all (90%) participants from Miami reported current smoking. Mercury and selenium
were also found in nearly all fish samples from Sapelo Island and Miami, indicating that
locally-caught seafood is one source of ongoing exposures for these communities. The
concentrations of lead and mercury in blood specimens was particularly high, i.e., above the
95th percentile for the NHANES comparison group in human samples from Miami (for lead:
median, range in ug/L, 8.96; 2.35-35.0 and for mercury: 6.26; 2.22-40.1) and may reflect
ongoing exposure from their food, fishing gear and/or other environmental sources.

PBDEs

PBDEs are a class of brominated flame retardants widely used in consumer products. U.S.
manufacturers phased out PBDE congener production between 2004 and 2013 (EPA, 2017);
however, these chemicals remain ubiquitous in the environment and have been detected in
wildlife (DeWit, 2002; Muir et al., 2006; Hoguet et al., 2013) and in every person tested
(Hites, 2004; Sjodin et al., 2003). In addition to diet, human exposure sources include house
dust (Sjodin et al., 2003).

Regarding locational differences in PBDEs, Fair et al. (2007) reported concentrations of
PBDEs in over 100 dolphins from the Indian River Lagoon and Charleston Harbor estuary.
The sum of five PBDE congeners (lipid based) in male bottlenose dolphins (7= 31) sampled
in the vicinity of Charleston Harbor was 6830 ng/g * 2, 970 ng/g (mean + SD) (Fair et al.,
2007) compared to a median value of 4900 ng/g (range 410 ng/g to 52,200 ng/g) from
Balmer et al., 2011 (Table 3). The sum of PBDEs in our study was similar to that reported
by Fair et al. (2007), supporting the overall conclusion that PBDE concentrations are higher
in Charleston Harbor dolphins than in the other locations studied. PBDE concentrations
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were considerably higher in dolphins from Charleston than in those from Miami. By
contrast, total PBDE concentrations in people from Miami tended to be higher than in
people from Charleston, suggesting an alternate source of environmental exposure. This
exposure could be affected by how much time people spend indoors in areas full of
consumer products containing PBDES. Frederiksen et al. (2009) reported higher
concentrations of PBDEs in indoor air and dust in North America than in Europe and Asia,
possibly a result of different fire safety standards. The literature and our study results
suggest that a portion of human exposure to PBDEs is through diet; however, the most
important source of these chemicals is household dust and indoor air contaminated with
flame retardants used in consumer products, such as upholstery (Frederiksen et al., 2009).

Sums of lipid-normalized PBDE congener concentrations were of the same magnitude in
human blood and fish (Tables 2 and 4) while concentrations in dolphin blubber were
approximately two orders of magnitude greater (Table 3). Lipid-normalized POPs
concentrations in dolphin blubber are approximately the same as lipid-normalized
concentrations in dolphin blood (Yordy et al., 2010). The finding that concentrations of the
PBDEs measured in dolphins are much greater than those in people suggests that, in general,
the routes of exposure to these PBDEs may be different between humans and dolphins. This
finding also indicates that a seafood-dominated diet, which is the case for dolphins and for
some human populations, is a major route of exposure to PBDEs.

4.3. Chlorinated pesticides

Although the organochlorines we analyzed were previously banned in the U.S., they are in
limited use elsewhere (ATSDR, 2002). In general, organochlorine pesticide concentrations in
serum are decreasing both in frequency of detection and in concentrations from year to year
in the U.S. population (see CDC, 2018). However, our results suggest that regional pesticide
use may have affected the detection rates and concentrations. Here, we focus on the results
for 3 pesticides and metabolites that were commonly used in the Southeast: 1) p,p’-DDE a
metabolite of DDT, which was used for mosquito and insect control on crops and inside
buildings; 2) mirex, which was used to control imported fire ants and on corn and citrus; and
3) trans-nanochlor, the primary metabolite of chlordane, which was used for home termite
control (National Pesticide Information Center, 1999; Buha, 2011; National Pesticide
Information Center, 2001).

0,0’ -DDE, a breakdown product of p,p"-DDT, is more persistent in the body than p,p"-DDT
itself and so is thought to reflect historical exposure. Interestingly, despite very high p,p’ -
DDE concentrations in all the dolphin populations and the presence of p,p’-DDE in fish, the
0,0 -DDE concentrations in human serum samples were generally lower across these three
areas when compared with national NHANES 2003-2004 values. The medians for Sapelo
Island and Charleston human serum specimens (90.8 ng/g lipid, 34.6 ng/g lipid,
respectively) were well below the NHANES 50th percentiles for males and females (200
ng/g lipid and 207 ng/g lipid, respectively). The median for Miami human serum specimens
(231 ng/g lipid) was higher than the NHANES 2003-2004 50th percentile (203 ng/g lipid),
possibly reflecting the high concentrations of p,p" DDE in Miami fish (93.2 ng/g lipid) or
other lifestyle-associated exposure sources.
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The median level of mirex was highest in Sapelo Island human serum specimens followed
by Miami (6.9 ng/g lipid and 3.3 ng/g lipid, respectively) and both were above the 50th
percentile for the NHANES comparison group (<LOD). The median concentration of mirex
in resident dolphins was an order of magnitude higher for animals collected near Sapelo
Island (2130 ng/g lipid) than from near Miami (159 ng/g lipid) and mirex was detected in
100% of the fish samples from Sapelo Island, suggesting mirex was used more extensively
in and around Sapelo Island. Mirex was heavily used in the Southeast until it was banned in
1978 (Huckins et al., 1982). We did not detect mirex in blood specimens from Charleston
Harbor participants. By contrast, dolphins from that area had high levels of mirex (median
1170 ng/g lipid).

Trans-nonachlor levels were highest in people from Sapelo Island (median 16.6 ng/g lipid),
whereas the median frans-nonachlor concentration was highest in dolphins from Charleston
Harbor (median 7180 ng/g lipid). Our results for mirex and frans-nonachlor may reflect
historic rather than current use of some pesticides in that part of the southeastern United
States. Information about specific pesticide use (types, brands, amounts, etc.) would help
determine what was in the local environment during the 1950s-1970s and might help
explain the differences in contaminant concentrations between species and populations.

4.4. Dioxins

4.5. PFAS

We detected dioxins in all samples from Sapelo Island and Charleston Harbor. This finding
is likely associated with the historic prevalence of the paper industry in the southeast.
Concentrations of dioxins in human serum specimens tended to be one to two orders of
magnitude higher than concentrations in fish filets; thus, local fish are a source, though
likely not the only source, of dioxin exposure for these population.

PFAS are distributed throughout the global environment, leading to extensive exposure of
people and wildlife and concerns about associated health effects (Fromme et al., 2009;
Steenland et al., 2010; Vestergren and Cousins, 2009). The concentrations of four PFAS
(PFDeA, PFENA, PFOA, PFOS) in Sapelo Island serum specimens were greater than the 95th
percentile from NHANES (NHANES 2009-2010, males). For PFOS, the median for Sapelo
Island serum specimens was 88 pg/L, twice the NHANES comparison group 95th percentile
(37.4 ug/L). The median level of PFOS in Sapelo Island participants was also greater than
the 95th percentile for NHANES 1999-2000 for non-Hispanic blacks (Kato et al., 2011a).
For humans, we do not know the source of exposure to PFAS in the Sapelo community. Kato
et al. (2011b) found that PFAS levels in NHANES varied by sociodemographics, including
age, race, ethnicity, and sex. Environmental sources of exposure include carpets and
kitchenware that have leached these chemicals into household air or food over time. Many
sites in the United States have reported contamination of drinking water from use of
firefighting foams containing PFAS (ASTDR, 2016; EPA, 2016).

Giesy and Kannan (2001) and Houde et al. (2006) found that PFAS were widely distributed
in birds, fish, and mammals, with the highest concentrations in apex predators, including
eagles, polar bears, and marine mammals. PFAS measurements in plasma from Charleston
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Harbor and Sapelo Island dolphins were also high, suggesting that these contaminants were
widespread in the environment and could accumulate in all apex predators, including people,
through food. Interestingly, the median concentration of PFOS in Sapelo dolphin plasma was
considerably less than the geometric mean (Inv 3098 ng/g wet weight) reported for
Chareston Harbor dolphins by Fair et al. (2012), suggesting that people in Charleston with
high seafood intake may also be expected to have elevated PFOS levels.

The PCB congeners that we found in people and fish were found in dolphins at high
concentrations. For example, we detected PCB congeners 146 and 153 in Sapelo Island
serum specimens and in fish filets. The same congeners were detected at high concentrations
in resident dolphins (median concentrations: 1690 and 16,000 pg/g lipid, respectively),
suggesting a common exposure source, likely the food web. The median sum of PCBs in
Sapelo Island dolphins (133,000 ng/g lipid) reported in this study is similar to the levels of
10,000 to 761,000 pg/g lipid in blubber samples reported by Schwacke et al. (2012) in
another study of male dolphins from Sapelo Island. These levels were associated with
increased risk for anemia, hypothyroidism, and immune suppression in the dolphins.

Of particular interest were the more highly chlorinated PCB congeners detected in Sapelo
Island people, dolphins, and fish. We detected a suite of congeners comprising a PCB
mixture called Aroclor 1268 (Maruya, 1997; Ishikawa et al., 2005, and Schwope et al.,
2005). Aroclor 1268 was produced and used at a manufacturing facility in Brunswick,
Georgia, U.S. As a result of on-site contamination that threatened the nearby environment,
the facility was named a Superfund site (Maruya and Lee, 1998; Kannan et al., 1997). Wirth
et al. (2014) detected the Aroclor 1268 pattern of congeners in sediment and fish from the
Sapelo Island area.

PCB congeners found in Sapelo Island dolphins, humans, and their seafood included
congeners 196, 199, and 206, all components of Aroclor 1268. The median concentrations of
these congeners in fish were of the same order of magnitude as we found in human serum;
however, the concentrations in dolphins were up to three orders of magnitude higher. This
makes sense considering the relative contributions of seafood to the diets of people
compared with that of dolphins. These same four PCB congeners were present in Sapelo
Island human serum specimens at concentrations above the 95th percentile. Finally, as noted
above, PCB congeners associated with Aroclor 1268 represented 50% to 60% of total PCBs
in humans and dolphins in Sapelo Island compared to 20% to 35% in humans and dolphins
in Miami and Charleston Harbor. This difference demonstrates that local sources of
contamination, i.e., a nearby Superfund site known to be contaminated with Aroclor 1268,
are of the greatest concern both for coastal wildlife and for people.

Blood specimens from participants in Miami showed different patterns of PCB congeners
than those from participants in Sapelo Island or Charleston Harbor. For example, Miami
participants had higher concentrations of PCB 153 and much lower concentrations of the
Aroclor 1268 congeners, a pattern more consistent with NHANES. However, Miami
participants’ blood contained twenty-two PCB congeners present at median levels above the
NHANES comparison group 50th percentile. As noted earlier, the median blood lead level
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was nearly 9 pg/dL in our study participants from Miami, well over both the NHANES
comparison group 95th percentile and the reference blood level (5 pg/dL) specified by
NIOSH (https://www.cdc.gov/niosh/topics/ables/description.htm). These participants were
subsistence fishers and locally-caught seafood was a critical part of their diets. This group of
subsistence fishers is particularly vulnerable to bioaccumulating local contaminants,
particularly those in their food supply.

By comparing concentrations of POPs in human blood specimens with those from
NHANES, we found that some populations are more highly exposed to specific suites or
congeners of environmental contaminants than the U.S. population overall and that some of
the exposures are site-specific. In general, the POPs that were higher in dolphins were also
higher in people. Our results suggest that the presence and concentrations of pollutants in
resident marine mammals can be useful in predicting which pollutants of concern should be
further studied in human populations who share that environment, especially when human
data are not available or would be difficult to obtain. Similarly, data from human
biomonitoring research involving coastal communities may be useful in indicating the
potential presence and relative levels of pollutants in marine animals, including protected
species or those difficult to capture and evaluate. Finally, we found that a number of
contaminants in our study were detected in fewer than 60% of the seafood samples from
each area; and no contaminants were detected in at least 60% of the seafood provided by
study participants in Charleston. Thus, although analyzing seafood may help assess the types
of contaminants found at high levels in a given environment, we found that these data are
less useful in assessing human exposure than the results from the dolphin studies were.

5. Conclusion

The patterns of environmental contaminants observed in human blood specimens, dolphin
blood and blubber samples, and fish samples from three specific coastal communities reflect
the types and quantities of pollutants in their respective environments. Data describing the
types and amounts of environmental contaminants found in one coastal population (e.g.
people) can be used to identify environmental pollutants of potential concern for other
coastal populations of similar trophic level (e.g., dolphins) and thus guide future exposure
and health outcome studies. It would be useful to more fully examine these and additional
coastal communities to determine how living on the coast affects risks for exposure to
specific environmental contaminants and associated adverse health outcomes compared to
risks faced by non-coastal communities.
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Nomenclaturel

Abbreviations

DDD Dichlorodiphenyldichloroethane

DDE Dichlorodiphenyldichloroethylene

DDT Dichlorodiphenyltrichloroethane

PFAS Per- and polyfluoroalkyl substances
Et-PFOSA-AcOH 2-(N-ethyl-perfluorooctane sulfonamido) acetic acid
Me-PFOSA-AcOH 2-(N-methyl-perfluorooctane sulfonamido) acetic acid
PFDeA Perfluorodecanoic acid

PFHXS Perfluorohexane sulfonic acid

PENA Perfluorononanoic acid

PFOA Perfluorooctanoic acid

PFOS Perfluorooctane sulfonic acid

PFOSA Perfluorooctane sulfonamide

Polychlorinated dibenzo-p-dioxins and furans

OCDD 1,2,3,4,6,7,8,9-Octachlorodibenzo-p-dioxin
1234678-Hepta CDD 1,2,3,4,6,7,8-Heptachlorodibenzo-p-dioxin
1234789-Hepta CDD 1,2,3,4,5,8,9-Heptachlorodibenzo-p-dioxin
123678-Hexa CDD 1,2,3,6,7,8-Hexachlorodibenzo-p-dioxin
123789-Hexa CDD 1,2,3,7,8,9-Hexachlorodibenzo-p-dioxin
12378-Penta CDD 1,2,3,7,8-Pentachlorodibenzo-p-dioxin
OCDF Octachlorodibenzofuran

1234678-Hepta CDF 1,2,3,4,6,7,8-Heptachlorodibenzofuran
123478F Hexa CDF 1,2,3,4,7,8-Hexachlorodibenzofuran

Sci Total Environ. Author manuscript; available in PMC 2020 December 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Backer et al. Page 15
123678-Hexa CDF 1,2,3,6,7,8-Hexachlorodibenzofuran
12378-Penta CDF 1,2,3,7,8-Pentachlorodibenzofuran

Polybrominated diphenyl ethers

BDE 17 2,2" 4’ -Tribromodipheny! ether

BDE 28 2,4,4"-Tribromodipheny! ether

BDE 47 2,2’ 4,4’ -Tetrabromodipheny! ether

BDE 66 2,3,4,4’ -Tetrabromodipheny! ether

BDE 85 2,2°,3,4,4"-Pentabromodiphenyl ether

BDE 99 2,2" 4,4 5-Pentabromodiphenyl ether

BDE 100 2,2" 4,4 6-Pentabromodiphenyl ether

BDE 153 2,2'm4,4’ 5,5"-hexabromodiphenyl ether

BDE 154 2,2" 4,4 5,6”-Hexabromodiphenyl ether

BDE 183 2,2",3,4,4’ 5" 6-Heptabromodiphenyl ether

BDE 209 2,2',3,3",4,4’ 55",6,6"-Decabromodiphenyl ether

BB 153 2,2" 4,4 55 -Hexabromobiphenyl
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HIGHLIGHTS

. Levels and proportions of specific POPs found in people and animals reflect
POPs found in the local environment

. Animal populations can be indicators of environmental pollutants of concern
to coastal human populations

. Humans may be indicators of pollutants of concern to nearby animal
populations, including protected species.
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PCBs in Sapelo Island Study Participants and

NHANES 2003-2004 Males
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Serum concentrations of non-dioxin-like PCBs comprising Aroclor 1268 that were analyzed
in study participants. Comparison values from NHANES 2003-2004 (CDC, 2018) are in
Supplemental Table 2; comparison values are from NHANES males.
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Serum concentrations of non-dioxin-like PCBs comprising Aroclor 1268 that were analyzed
in study participants. Comparison values from NHANES 2003-2004 (CDC, 2018) are in

Supplemental Table 2. Values are ng/g lipid.
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PCBs in Charleston Harbor Participants and
NHANES 2003-2004 Females
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Fig. 3.
Serum concentrations of non-dioxin-like PCBs comprising Aroclor 1268 that were analyzed

in study participants. Comparison values from NHANES 2003-2004 (CDC, 2018) are in
Supplemental Table 2; comparison values are from NHANES females. Values are ng/g lipid.
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Fig. 4.

Contaminants in Sapelo Island people (ug/L for PFAS, ng/g lipid for others) and Dolphins
(ng/g Lipid). Analytes are those detected in at least 60% of samples from both people and
dolphins. Values are Log10(minimum, median, maximum). For minimum values below the
analytical LOD, we substituted (LOD x 0.5).
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Log 10 concentrations in people (ng/g lipid) and

Dolphins (ng/g wet mass).
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Fig. 5.
Contaminants in Miami people (ug/L for PFAS, ng/g lipid for others) and Dolphins (ng/g

Lipid). Analytes are those detected in at least 60% of samples from both people and
dolphins. Values are Log10(median). For minimum values below the analytical LOD, we
substituted (LOD x 0.5).
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antaminants in Charleston Harbor people (ug/L for PFAS, ng/g lipid for others) and
Dolphins (ng/g Lipid). Analytes are those detected in at least 60% of samples from both
people and dolphins. Values are Log10 (minimum, median, and maximum). For minimum
values below the analytical LOD, we substituted (LOD x 0.5).
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Table 1

Selected demographic characteristics and types of fish study participants reported eating.

Sapelo Island Miami Charleston
Number of study participants 9 9 9
Number (percent) female 1(11%) 1(11%) 9(100%)
Age in years: median (range) 51(21-74) 52(22-57) 24 (18-35)
Current smokers 4(44%) 8(90%) 0(0%)
Race/ethnicity (number, percent)White  3(33%) 0 4(44%)
Black 6(67%) 0 5(56%)
Hispanic 0 9(100%) 0
Self-reported fish caten? Brim/spot Bluefish Bass
Catfish Chopa (chub) Bream
Clams Clams Catfish
Crawfish Cojinua (jack) Clams
Croaker Crabs Crabs
Flounder Crawfish (spiny lobster) Flounder
Mullet Croaker Grouper
Oysters Cubera (snapper) Mahi mahi
Red drum Jiguagua (jack) Oysters
Shark Ladyfish Sardines
Sheepshead Lorro (parrotfish) Shrimp
Shrimp Mullet Snapper
Silver perch Oysters Tilapia
Southern kingfish Pargo (snapper) Tile fish
Spottail bass/red fish Picuda (barracuda) Tuna
Spotted sea trout Whiting  Ronco (grunt) Sardines Shrimp Snapper ~ Whiting

Snook
Tiberun (shark) Tracha (mackerel)

aTransIations from Spanish from: Speardiver, Mexfish.com.
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