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Abstract

Temporal trends in plasma concentrations of per- and polyfluoroalkyl substances (PFAS) in free-
ranging bottlenose dolphins ( 7ursiops truncatus) inhabiting two geographic areas: Indian River
Lagoon, Florida over the years 2003—2015 and the waters surrounding Charleston, South Carolina
over 2003-2013, were examined. Nine PFAS met the inclusion criteria for analysis based on
percent of values below level of detection and sampling years. Proportionate percentiles
parametric quantile regression assuming lognormal distributions was used to estimate the average
ratio of PFAS concentrations per year for each chemical. Plasma concentrations decreased over
time for perfluorodecanoate (PFDA), perfluorohexane sulfonate (PFHXS), perfluorooctanoate
(PFOA), perfluorooctane sulfonate (PFOS), and perfluoroundecanoate (PFUNDA) in both
locations. Perfluorononanoate (PFNA) decreased with time in Indian River Lagoon dolphins.
Perfluorododecanoate (PFDoDA) concentrations significantly increased over time among female
Indian River Lagoon dolphins. Regulation and phaseout of specific PFAS groups may have led to
the decreasing levels of those PFAS and increasing levels of other replacement PFAS.

Keywords

perfluoroalkyl substances; PFOS; PFOA; persistent organic pollutants; bottlenose dolphins;
Tursiops truncatus

INTRODUCTION

Per- and polyfluoroalkyl substances (PFAS) are fluorinated chemicals that have oleophobic,
hydrophobic, and thermostable properties, making them useful in products such as
firefighting foams, paints, textiles, and lubricants.! PFAS can be released directly from
manufacturing or from sources that contain the compound or its derivatives.23 They can also
occur through degradation of precursors such as those found in fluorotelomer-based
products.24 Two major categories of PFAS include perfluoroalkyl carboxylic acids
[ChF2r+1COOH (PFCA)] and perfluoroalkyl sulfonic acids [(CpFon+1SO3H (PFSA)].# Long-
chain PFAS, which include PFCAs with eight carbons or greater and PFSAs with six
carbons or greater, were the main types of PFAS used until their phasing out by
manufacturers starting in 2000 with a major producer, 3M.45

Perfluorooctane sulfonate (PFOS), a long-chain PFSA, and perfluorooctanoate (PFOA), a
long-chain PFCA, have received attention due to concerns about their health and
environmental impacts such as their tendency to accumulate in animal and human tissue,
persistence in the environment, and concerns about potential health effects®=8 (e.g.,
developmental, reproductive, and hepatic).® In 2009, PFOS was listed as a persistent organic
pollutant (POP) under the Stockholm Convention,® and a decision was recently made in
2019 to list PFOA.10 Perfluorohexane sulfonate (PFHxS), a PFSA, is a current POP
candidate.1! POP criteria include bioaccumulation, persistence, long-range transport, and
evidence of, or the potential for, adverse effects on health or the environment.12 Even with
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PFOS restrictions, acceptable purposes remain and production continues in some parts of the
world.13.14 The phasing out of these compounds has led to replacement with short-chain
PFAS, such as perfluorobutane sulfonate (PFBS) and other fluorinated alternatives,1>4 but
information on properties and potential health and environmental impacts of replacement
substances is limited and gaps remain.15:6

Numerous PFAS have been detected globally in the environment,8 human blood 816 and
wildlife including fish and marine mammals.16 Research on the presence and distribution of
replacement PFAS is limited, but short-chain PFAS [e.g., PFBS, perfluorobutanoate (PFBA),
perfluoroethylcyclohexane sulfonate (PFECHS)] have been detected in marine mammals
and water samples from different locations.1>:17 Previous studies by the Bottlenose Dolphin
Health and Risk Assessment (HERA) Project have reported concentrations of a series of
PFAS in the plasma of free-ranging bottlenose dolphins from the United States East Coast.
18,19 Concentrations reported previously in dolphins from the Charleston area, South
Carolina were some of the highest found in the wildlife.16:17 Associations found between
PFAS concentrations and immunological and hematological parameters in the plasma of
bottlenose dolphins from the water surrounding Charleston, SC suggested possible immune,
kidney, liver, and hematopoietic effects.20 However, other contaminants, such as
polybrominated diphenyl ethers, polychlorinated biphenyls, and pesticides, were identified
in Charleston dolphins, which might have contributed to the health effects seen.20-22

Because of the changes in PFAS manufacturing that have occurred, the potential health
effects of PFAS, and the importance of understanding trends of these chemicals in the
environment, it is relevant to study the exposures of bottlenose dolphins through time. This
study aimed to examine the temporal trends of the plasma levels of PFAS among bottlenose
dolphins at the two U.S. locations using the data collected and analyzed by that long-term
biomonitoring project.

MATERIALS AND METHODS

Sample Collection

Blood samples were collected during capture-release studies from the Bottlenose Dolphin
Health and Risk Assessment Project (HERA) for PFAS analysis. Details of the blood
collection for PFAS analyses are described earlier.18 Briefly, blood was drawn from the
fluke vein of free-ranging bottlenose dolphins and centrifuged immediately after sampling,
and plasma samples were placed in liquid nitrogen dewar and then kept frozen at —20 °C
until analysis.

All methods used for dolphin capture and sample collection were conducted under National
Marine Fisheries Service Research Permit Nos. 998-1678 and 14352-02 issued to G.
Bossart and Institutional Animal Care and Use Committee protocol number A10-13 issued
by Indian River Lagoon Atlantic University. Samples were collected from a total of 135
individual Indian River Lagoon dolphins during June and/or July of years 2003—2006, 2010-
2012, and 2015 and a total of 91 individual Charleston dolphins in August of years 2003—
2005 and 2013. Eleven Indian River Lagoon dolphins and 10 Charleston dolphins had a
repeat capture and sampling in a second year. Age was determined by examination of
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dentine layers from an extracted tooth.23 If the tooth was extracted in a different year than
the plasma sample for a given dolphin, then approximate age at the time of the sample was
calculated using the difference in the tooth extraction and plasma sample dates.

Chemical Analysis

Chemical analyses for PFAS in plasma of bottlenose dolphins have been described earlier.
18,25 Briefly, an ion-pair liquid-liquid extraction was used to extract PFAS from plasma.
Determination of the concentrations of a series of PFAS was performed using high-
performance liquid chromatography (HPLC) with electrospray tandem mass spectrometry
(MS/MS).18 Plasma samples were spiked with isotopically labeled PFCAs and PFSAs, and
an isotope dilution method was used for quantification. HPLC-MS/MS was operated in
negative electrospray ionization mode.2> A list of analytes and limits of detection (LODs)
are provided in Table S1.

Data Analysis

PFAS excluded from statistical analysis were those compounds with >30% of their values
below the limit of detection (LOD), and those with concentrations available from only one
sampling year, or two sampling years in succession (e.g., 2003 and 2004), because the focus
of the analysis in this paper is on longer time trends. Values below the LODs were replaced
with the LOD/sgrt2. Only those PFAS that met the criteria for analysis for both Charleston
and Indian River Lagoon dolphins were included in this paper. The PFAS that met the
criteria for analysis for both Charleston and Indian River Lagoon dolphins included
perfluorodecanoate (PFDA), perfluorododecanoate (PFDoDA), perfluorodecane sulfonate
(PFDS), perfluoroheptanoate (PFHpA), PFHXS, perfluorononanoate (PFNA), PFOA, PFOS,
and perfluoroundecanoate (PFUNDA). Perfluorotridecanoate (PFTriA) and perfluorooctane
sulfonamide (PFOSA) had <30% of samples below the LODs for Charleston, but not Indian
River Lagoon dolphins. Concentrations of PFDS and PFHpA were not analyzed in 2003 for
Indian River Lagoon dolphins or 2004 for both locations. PFTriA concentrations were not
analyzed in 2004 for Charleston dolphins.

The statistical analysis accounted for the skewed distribution of biomarkers across a
population of dolphins within each year and considered the change over time on the
multiplicative scale since the contaminant concentrations differed substantially between
locations within each year. We used proportionate percentile parametric quantile regression
assuming lognormal distributions to estimate the average ratio of PFAS concentrations per
year for each chemical.26:27 This approach to time trends analysis estimates the same scalar
to be multiplied by each quantile of 1 year’s chemical distribution to arrive at the next year’s
chemical distribution; this allows for interpretable results such as “concentrations increased
10% per year on average” to describe a percentile ratio of 1.1 per year. Percentile ratios per
year above 1 indicate increasing PFAS concentrations with time, and ratios per year below 1
indicate decreasing PFAS concentrations over time. Robust standard errors were used to
account for dependent observations from the few dolphins contributing multiple
observations. Although there are gaps in the years sampled within the study period for both
locations, we chose a parametric regression modeling method appropriate for skewed data,
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and the extrapolated trend is the average change observed over this period as best supported
by the available data.

Analysis included stratification by location and sex to compare trends. Analysis also
included restriction to adult dolphins (=10 years for males and =6 years for females)
stratified by location. Due to the small number and limited sample years for strata of some
of the PFAS, juvenile dolphins were not analyzed separately. Distribution summaries for
PFAS concentrations were also calculated, by location, across all years. This included
geometric means, medians, 25th and 75th percentiles, and minimum and maximum values
for each PFAS. As a sensitivity analysis for the shape of the temporal trend, we
parameterized the change across years using piecewise linear splines with a knot at 2005,
rather than coding the year as a single linear predictor. This analysis results in two ratios per
year for each chemical and location: a ratio per year for 2003—-2005 for both Charleston and
Indian River Lagoon dolphins and another ratio per year for 2005-2013 in Charleston
dolphins and 2005-2015 in Indian River Lagoon dolphins. This allows for different trends
for the two time periods; the main analysis assumes any trends remained constant over the
entire study period. The results of the two analyses were compared to determine if the
conclusions differed under the assumptions of each analysis.

All statistical analysis was implemented using Stata/SE 16.0. Figures 2 and S1-S8 were
generated using Stata/SE 16.0 and Figures 1, S9 and S10 were generated using SAS
University Edition/SAS 9.4M6 (SAS Institute Inc, Cary, NC).

RESULTS AND DISCUSSION

Demographics and Predominant PFAS

Among Indian River Lagoon dolphins with known sex, 74% (7= 106) were male and 26%
(n=37) were female. Among Charleston dolphins with known sex, 61% (/7= 60) were male
and 39% (n= 39) female. Among Indian River Lagoon dolphin observations with known
age, 71% (n = 85) were categorized as adults and 29% (7= 34) as juveniles. Two Indian
River Lagoon dolphins with known age (both 6 years) did not have data recorded on their
sex and could not be categorized as adult or juvenile. The median age was 11 years for
Indian River Lagoon dolphins across all capture years. Among Charleston observations with
known age, 76% (/7= 63) were classified as adults and 24% (/7= 20) as juveniles, with a
median age of 15 years across all capture years. The distributions of PFAS in each dolphin
population across all years are presented in Table 1 and by year in Tables S2 and S3 of the
Supporting Information. Measurement of PFAS indicated that, for both Charleston and
Indian River Lagoon dolphins, PFOS was the dominant compound with concentrations (ng/g
wet weight) higher than other measured PFAS, with medians (25th percentile, 75th
percentile) of 960 (660, 1550) for Charleston dolphins and 390 (247, 968) for Indian River
Lagoon dolphins across all years. Among Indian River Lagoon dolphins, PFHXS had the
second highest average concentration (ng/g wet weight) of the PFAS, with a median (25th
percentile, 75th percentile) of 19.7 (10.2, 61.7). Among Charleston dolphins, PFDA had the
second highest average concentration (ng/g wet weight) with a median (25th percentile, 75th
percentile) of 109 (73.9, 196). Plasma concentrations represent a portion of the overall body
burden of PFAS in bottlenose dolphins; one study found that plasma concentrations were
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much higher than concentrations in urine, feces, or blubber tissue compartments among
dolphins sampled from Indian River Lagoon and Charleston.28 Similar to this current study,
which found PFOS as the predominant PFAS in dolphin plasma from both locations, PFOS
has been identified as a predominant PFAS in other studies of marine mammals 29-32 Long-
chain PFSAs and PFCAs such as those identified in both Charleston and Indian River
Lagoon bottlenose dolphins in this study have been found in marine mammals around the
world, and the short-chain PFCA, PFHpA, has also been identified.17.29.30.32

The median concentrations of PFAS differed by location, with higher concentrations for all
PFAS in Charleston dolphins compared to Indian River Lagoon dolphins, when considering
all capture years combined. Median concentrations remained higher for most PFAS in
Charleston compared to Indian River Lagoon dolphins when considering individual years,
although after 2005, sample years differed between locations. In a previous study,
Charleston dolphins were found to have significantly higher concentrations of most PFAS
analyzed compared to Indian River Lagoon dolphins.1® The findings resulted in a study of
estuarine sediment concentrations in Charleston Harbor and tributaries, which found that
concentrations in Charleston were higher than other U.S. urban areas studied.1”33 The
predominant PFAS found in the sediment was PFOS followed by PFDA and then PFOA.33

Charleston is an industrialized region containing an airport, naval weapons station, and a
previously active naval base,34 whereas the Indian River Lagoon has residential,
commercial, and agricultural areas.3® These differences might help explain the higher
concentrations of PFAS in Charleston. Facilities that produce fluoropolymers or use them in
their production are sources of PFAS contamination.# Additionally, studies have found
military and civilian airport fire training areas contaminated with PFAS,36:37

PFSAs Trends

The results of this long-term study suggest similar decreasing temporal trends in
concentrations of the PFSAs analyzed (PFDS, PFHXS, and PFQOS) in dolphins from
Charleston, SC and Indian River Lagoon, FL during the studied years. In the main analysis
that included all ages and males and females combined, statistically significant average
percentage decreases per year were seen for all PFSA concentrations analyzed (PFDS,
PFHxS, and PFQOS) for both locations (Figure 1, Table S4). The greatest average percentage
decrease was seen for PFDS for dolphins from both Indian River Lagoon [-16% (95% CI:
—-22%, —11%)] and Charleston [-21% (95% CI: —26%, —15%)] followed by PFHXxS and
then PFOS. However, the PFDS trend models are limited by smaller sample sizes and fewer
earlier years of analysis than the other perfluoroalky! sulfonic acids, so PFDS trend
estimates may be less reliable than for the other PFAS.

When considering PFSAs in the piecewise linear splines analysis (Table S6), PFHxS and
PFDS concentrations in Charleston dolphins were found to be significantly increasing from
2003-2005 and decreasing from 2005-2013; PFOS concentrations were not significantly
trending for 2003-2005 and were significantly decreasing from 2005-2013. For Indian River
Lagoon dolphins, PFHxS and PFOS concentrations were not significantly trending from
2003-2005 and were significantly decreasing from 2005-2015. Due to small sample sizes,
results for 2003-2005 generally had wide confidence intervals. Supporting these findings of
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decreasing trends from 2005 and later, the median concentrations for PFDS, PFHXS, and
PFOS were greatest in 2005 and then decreased among both Charleston and Indian River
Lagoon dolphins (Tables S2 and S3). The peaks in 2005 are reflected in the scatterplots
(Figure 2 and Figures S1-S8). However, prior to 2005, PFDS was not analyzed in plasma of
Indian River Lagoon dolphins and was only analyzed in the plasma of two Charleston
dolphins in 2003 and none on 2004. The peak concentrations in 2005 might indicate phasing
out of PFOS and related chemicals; however, this phase out started in 2000,% which suggests
that sources may have remained stable or increasing in the environment before beginning to
decline, even after manufacturing stopped. This might have resulted from the continued use
of already manufactured products. Median PFOS concentrations (ng/g wet weight) in Indian
River Lagoon dolphins seemed to decline rapidly from 2005 (2330) to 2006 (399). Reasons
for this are unclear, but speculatively could include rapid elimination kinetics in bottlenose
dolphins, a topic which warrants further study, or a change in the local dolphin population
such as through migration.

In 2005, Indian River Lagoon dolphins had a higher median concentration of PFOS (2330
ng/g wet weight) than Charleston dolphins (1890 ng/g wet weight). In other sample years,
and for all years combined, median concentrations were higher in Charleston than Indian
River Lagoon dolphins. The higher median PFOS concentrations for Indian River Lagoon
dolphins compared to Charleston dolphins in 2005 could be due sampling variability in the
limited number (7= 12) of Indian River Lagoon dolphins sampled that year. In addition,
there may have been a greater percentage increase in PFOS concentrations from 2003 to
2005 for Indian River Lagoon dolphins compared to Charleston dolphins as suggested by the
linear splines analysis, although results were not significant and estimation precision-limited
[25% increase (95% CI: —2%, +60%) for Indian River Lagoon dolphins; 11% increase (95%
Cl: =7%, +33%) for Charleston dolphins].

Even though the concentrations of these PFSAs may have initially been increasing or stable,
both the main analysis and the sensitivity analysis suggest that concentrations of these
PFSAs were decreasing over time in both locations in more recent years. Similar to our
results, PFOS concentrations were found to have decreased over time in some North
American and European marine mammals in studies of trends including the early 2000s or
later, such as in northern sea otters (Enhyara lutris kenyoni) from south-central Alaska,38
harbor seals (Phoca vitulina) from Central Bay San Francisco, CA,39 and polar bears (Ursus
maritimus) from Norway.*? While PFOS decreased among harbor seals from Central Bay
San Francisco (2004-2011), harbor seals from the South Bay San Francisco did not show a
decrease until the most recent sampling year, 2014.39 In contrast, PFOS concentrations
increased over time among beluga whales (Delphinapterus leucas) from Alaska (1989-
2006),%3 and in 2011 among beluga whales from Hendrickson Island, NT (1984-2013):41
concentrations in beluga whales from Pangnirtung, NU (1982-2010)*! may have been
increasing or stable over time. Among marine mammals in Asia, no significant trends were
found for Indo-Pacific humpback dolphins (Sousa chinensis) or finless porpoises
(Neophocaena phocaenoides) from the South China Sea (2002- 2014)29 or Indo-Pacific
humpback dolphins in the Pearl River Estuary, China (2004—2016).42 In addition, the
median liver concentrations of dolphins from the Pearl River Estuary were found to be the
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highest reported worldwide among cetaceans.#? Taken together, these studies suggest
differences in PFOS trends by location.

The findings of the present study are consistent with the possibility that regulation of PFOS
and related compounds may have resulted in decreasing concentrations of those PFAS in
dolphins. However, although PFOS concentrations were found decreasing over time at both
locations in this study, analyses of whole fish and fillets collected from the Charleston
Harbor and tributaries in 2014 showed that PFOS was the predominant PFAS and that, in
83% of whole fish sampled, PFOS levels exceeded guidelines for protecting the wildlife.24
Despite the decrease in PFOS over time, PFOS exposure may remain a concern for dolphins
in the Charleston Harbor area.

PFCAs Trends

Concentrations of several PFCAs were also found to be significantly decreasing in
bottlenose dolphins from both locations during the studied years including PFDA, PFOA,
and PFUNDA when considering the main analysis that included all ages and both males and
females. A slight significantly decreasing trend in PFNA concentrations was also seen
among Indian River Lagoon dolphins, but not Charleston dolphins. Among the Charleston
dolphins, the median and geometric mean concentrations for PFDA and PFUnDA were
greatest in 2005 and then decreased from 2005 to 2013 (Table S2). PFOA concentrations
among Charleston dolphins did not differ much in terms of median or geometric mean
between 2003 and 2005; however, the median and geometric mean concentrations were
lower in 2013 than 2005. The scatterplot for PFOA reflects the maximum concentration (561
ng/g wet weight), which appears as an outlier in 2005, and the lower concentrations in 2013.
Although the trend was not significant for Charleston dolphins, median and geometric mean
concentrations for PFNA peaked in 2005 followed by lower concentrations in 2013. The
highest median concentration for PFDA was seen in 2003 for Indian River Lagoon dolphins,
while the highest geometric mean concentration was seen in 2005, with lower concentrations
in later years. PFUnDA concentrations were similar from 2003- 2005 for Indian River
Lagoon dolphins, although slightly higher geometric mean and median concentrations were
seen in 2005 followed by lower concentrations in 2006 and subsequent years. The median
and geometric mean concentrations for PFOA and PFNA peaked in 2005 and then decreased
in subsequent years among Indian River Lagoon dolphins.

PFDoDA was not significantly trending for either location in the main analysis. The analysis
found a nonsignificant increase among Indian River Lagoon dolphins and nonsignificant
decrease among Charleston dolphins. PFDoDA concentrations did not show much change in
median or geometric mean concentrations over time for Charleston dolphins. For Indian
River Lagoon dolphins, the PFDoDA median and geometric mean concentrations were
highest in 2012 and lowest in 2005, although the maximum concentration among individual
dolphins for PFDoDA was seen in 2005. PFHpA was found significantly increasing in
Charleston dolphins, but not Indian River Lagoon dolphins in the main analysis. However,
the PFHPpA results are limited by the smaller sample sizes and fewer earlier years of analysis
than the other PFCAs, so the trend estimates may be less reliable than for other compounds.
For PFHpA among Charleston dolphins, geometric mean concentrations were higher in

Environ Sci Technol. Author manuscript; available in PMC 2020 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynch et al.

Page 9

2005 than 2003, and both geometric mean and median concentrations were higher in 2013
than 2005. Average PFHpA concentrations for Indian River Lagoon dolphins did not show
much variation across the years.

When considering the piecewise linear splines analysis for the PFCAs, a notable difference
from the main analysis among the Indian River Lagoon dolphins was the significant annual
percentage decrease from 2003 to 2005 [-31% (95% CI: —-49%, —5%)] and the significant
annual percentage increase from 2005 to 2015 [+11% (95% CI: +3% +18%)] for PFDoDA.
PFDoDA was not found to be significantly trending in the main analysis that looked at
2003-2015 combined; however, it was found significantly increasing for female Indian
River Lagoon dolphins [+9% (95% CI: +4%, +16%)]. The sensitivity analysis might further
support increasing concentrations of PFDoDA over time, at least in more recent years.
However, due to the lower median and geometric mean concentrations in 2015 compared to
2012 for PFDoDA, it is possible if PFDoDA was increasing over time, this was only until
2012 and not from 2012-2015. Other than PFDoDA, the sensitivity analysis results for
PFCAs among Indian River Lagoon dolphins suggest similar findings to the main analysis
that most of the remaining PFCAs were significantly decreasing over time. The trends for
2003-2005 were not significant, though, suggesting that concentrations may not have started
decreasing until 2005 or later. One exception was PFNA for which no significant trend was
found despite the slightly decreasing trend found in the main analysis.

Among Charleston dolphins, in the sensitivity analysis, PFNA and PFUnDA concentrations
were found significantly increasing from 2003 to 2005 and significantly decreasing from
2005 to 2013. PFDA concentrations were not significantly trending from 2003 to 2005 but
were significantly decreasing from 2005 to 2013. While PFOA was significantly decreasing
in the main analysis, the decrease was not significant in the sensitivity analysis. For PFHpA,
concentrations were found significantly increasing from 2003 to 2005 and not significantly
trending in later years. However, for PFHpA, there were only two dolphins in 2003 and none
in 2004, which is a limitation of the analysis for years 2003-2005. The results of the
sensitivity analysis for PFCAs among Charleston dolphins suggest that some of the PFAS
shown to decrease in the main analysis may not have been consistently decreasing across all
years from 2003-2013 but that, overall, they were still decreasing or remaining stable over
time in more recent years. The decrease in PFCASs in both locations could be a result of the
phaseout of PFOA and related chemicals by eight major manufacturers starting in 2006.44

Some other studies reported similar findings for long-chain PFCAs. For example,
concentrations of total PFCAs (sum of PFOA, PFNA, PFDA, PFUNDA, and PFDoDA) were
found to be decreasing in beluga whales from Sanikiluag, NU (2003-2013) and Hendrickson
Island, NT (1984-2013) in the Canadian Arctic.* Also, a recent study of Indo-Pacific
humpback dolphins from the Pearl River Estuary, China (2004-2016) found that certain
PFCAs (PFNA, PFHpA, PFOA, and PFDA) peaked in 2011 before decreasing, and
PFUNDA was found consistently decreasing.#2 In contrast, some studies found increasing
trends in PFCAs among marine mammalsl” such as total PFCAs (sum of PFOA, PFNA,
PFDA, PFUNDA, and PFDoDA\) in beluga whales from Pangnirtung, NU (1982—2010)*! and
PFNA, PFDA, PFUNDA, and PFTriA among North Atlantic pilot whales (G/lobicephala
melas) (1986-2013) from the Faroe Islands.*> However, differences in the range of years
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studied, with some studies spanning earlier years than others, mean that the trends must be
compared while considering the time frame of the study.

Differences observed in the temporal trends of specific PFCAs in Charleston and Indian
River Lagoon dolphins may indicate different potential sources and/or environmental
changes. The possible increase in PFHpA concentrations in Charleston dolphins, but not
Indian River Lagoon dolphins, and the higher median concentration across all years in
Charleston versus Indian River Lagoon dolphins (5.1 vs 0.7 ng/g wet weight) raises the
question of whether there is a local source or sources of this chemical resulting in higher
concentrations in the waters around Charleston, SC. As discussed, PFAS contamination
could occur because Charleston is an industrialized region containing an airport, naval
weapons station, and a previously active naval base.3* One study found associations between
PFHpA levels in U.S. drinking water and military fire training areas, so these could
potentially be contributing sources.*6 PFHpA is a short chain PFCA, and if PFHpA
concentrations are increasing, then it could represent new or increased production of this
chemical. A 2012 study of estuarine sediment in Charleston Harbor and its tributaries found
that 77% of the samples were above the quantification limit for PFHpA, with a mean of 0.04
ng/g wet weight (range of <0.01-0.06 ng/g wet weight) in samples from the Charleston
Harbor sediment.33 This suggests that local PFHpA sources might exist, but it was not a
predominant PFAS found in the sediment.33 While research on trends of short-chain PFAS
in marine mammals is limited, PFBS, a short-chain PFSA, was shown to have increased
from 2002 to 2014 in Pacific humpback dolphins from the South China Sea.2® This supports
a shift toward increasing concentrations of shorter-chain PFAS in marine mammals close to
source areas. Further studies on sources and locations could help reveal the patterns of the
exposures and why, for PFHpA, there was an overall median increase despite the lower
maximum concentrations in 2013 compared to 2005 among Charleston dolphins.

The significantly increasing trend for PFDoDA among Indian River Lagoon female dolphins
and for 2005-2015 in the sensitivity analysis could indicate possible sources of this
chemical near the waters of Indian River Lagoon, FL. The Indian River Lagoon is
surrounded by residential, commercial, and agricultural areas and is continuing to develop.3®
Known point source pollutants from wastewater treatment plants have been regulated in the
Indian River Lagoon starting with the Indian River Lagoon Act in 1990.3% Nonpoint source
pollution, which is pollution that cannot be traced back to a single point of origin (e.g.,
stormwater discharge), has been a concern for the Indian River Lagoon and may continue to
be a growing problem with the continued development.3> PFAS could reach the lagoon as
stormwater runoff when water containing contaminants is released from agricultural and
residential sources;3° for example, contaminated products, which can include household
consumer products,*” are potential sources of PFAS.2

PFDoDA is a long-chain PFCA, and therefore has more potential for bioaccumulation than
shorter-chain PFAS.#8 There is limited research on the health effects of PFDoDA, and
according to a recent draft for public comment of a report by the Agency for Toxic
Substances and Disease Registry, no minimal risk levels have been developed for this PFAS.
6 The risk of bioaccumulation and lack of information about safe levels make the possibility
of a local source a concern. The concentrations of PFDoDA levels in Indian River Lagoon
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dolphins are lower than those measured in Charleston dolphins, though, and low relative to
concentrations of other PFAS measured in Indian River Lagoon dolphins. In addition,
median and geometric mean concentrations were lower in 2015 than 2012. As a result of the
uncertainty of risk and source, continued monitoring may be important to determine if a
source of exposure remains for Indian River Lagoon dolphins.

Sex, Age, and Other Factors

When the temporal trend analyses were stratified by sex, female dolphins had smaller
sample sizes and, therefore, wider confidence intervals than males for all compounds from
both locations. Among Indian River Lagoon dolphins, PFDA, PFNA, PFOA, PFUNDA,
PFDS, PFHxS, and PFOS were significantly decreasing for male dolphins and PFUnDA was
significantly decreasing for female dolphins (Table S7 and Figure S9). PFDoDA was the
only PFAS found significantly increasing among female dolphins from Indian River Lagoon
for the sex-location stratified analysis. For most of the PFAS, the average percent decrease
per year was similar among male and female Indian River Lagoon dolphins or the percent
decrease was slightly greater in males than females, although the percentages were not
significant for most PFAS among females.

Among Charleston dolphins, PFDA, PFUNDA, PFDS, PFHxS, and PFOS were found
significantly decreasing for both male and female dolphins and PFOA significantly
decreasing for male dolphins. There were no significantly increasing PFAS found in either
male or female Charleston dolphins in this sex-location stratified analysis. For most PFAS,
the average annual percentage changes were similar for Charleston males and females or the
percentage decrease was greater for females (for PFNA, PFOA, PFDA, and PFDS), although
there were overlapping confidence intervals for the male and female results. In contrast, for
PFHXS, the annual percentage decrease was slightly less for females than males among
Charleston dolphins. For PFHpA, results suggested a nonsignificant increasing trend for
both male and female dolphins in Charleston with a smaller annual percentage increase
among females. Of those PFAS with a greater percentage decrease seen in females, only
PFDA and PFDS were significant for both males and females, and PFOA was significant for
males only. The differences were generally small between males and females; however, there
was a greater difference in the percentage decrease seen for PFDS: 17% (95% Cl: —24%,
-11%) for males and 26% (95% CI: —32%, —19%) for females. The small sample size for
PFDS is a limitation of this analysis though.

These findings by sex were similar to another study of concentrations of PFAS in bottlenose
dolphins inhabiting these locations, in which adult female dolphins from Charleston, SC
were found to have lower total PFAS concentrations and lower concentrations of certain
individual PFAS (PFDA, PFHxS, PFNA, and PFOS) than adult males,1® supporting the
differences in the trends seen by sex. However, adult dolphins inhabiting the Indian River
Lagoon, FL were not found to have patterns of concentrations by sex in that study; only
PFNA levels were significantly higher among adult males than females.19 The slightly
greater decrease over time for some of the PFAS in female versus male dolphins could
reflect differences in excretion by females due to offloading to their young, although it is
unclear why this was found more often in Charleston dolphins. Transfer of PFAS from
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bottlenose dolphin mothers to offspring is supported by a study of bottlenose dolphins in
Sarasota Bay, FL that detected PFAS in milk and found that female dolphins who had not
been observed with calves had significantly greater concentrations of PFAS than those
observed with one calf;*? other studies of marine mammals including killer whales (Orcinus
orca)®® and melon-headed whales (Peponocephala electra)®! also found evidence of
maternal transfer of PFAS. In this current study, the parity of the female bottlenose dolphins
was not known. One possible reason for the differences between locations in the decrease in
PFAS among females compared to males could be differences in parity and the proportion of
females in the sample who had had offspring. Additionally, because of small sample sizes,
the analysis could not be stratified by sex and age combined, so both adult and juvenile
dolphins were included in the trends by sex which is a limitation.

Regarding age, results from the present study were similar for most PFAS trends between
adult dolphins and dolphins of all ages (Table S8 and Figure S10), suggesting that age may
not have had a major effect on trends of these PFAS during the study period, although when
considering age distribution, the percentage of adults was greater than juveniles for both
locations among dolphins with known ages. However, the average percentage increase of
PFHpA concentrations was greater among adult Charleston dolphins [21% (95% ClI: +7%,
+37%)] than Charleston dolphins of all ages [12% (95% CI: +1%, +25%)]. This could
indicate differences by age, but the analysis was limited by the small sample sizes,
preventing direct comparisons between trends of juvenile and adult dolphins.

Several studies have shown differences in PFAS concentrations in marine mammals by age.
Decreased concentrations of certain PFAS with increased age were found in previous studies
of bottlenose dolphins from Charleston, SC, Indian River Lagoon, FL,18:19 and sexually
immature calves had higher concentrations than their mothers among bottlenose dolphins
from Sarasota Bay, FL.4% Decreasing concentrations of PFAS with increasing age has also
been suggested by a study that found higher plasma concentrations of PFHxS, PFOS,
PFDoDA, PFUNDA, and PFTriA in hooded seal pups than their mothers, although PFDA
and PFNA concentrations were higher in mothers than pups.>2 However, an increase in
PFOS concentrations with age was found in marine tucuxi dolphins (Sotalia guianensis)
after exclusion of a 1 year old calf from analysis,>3 and a study of harbor porpoises found no
differences in concentrations by age.>* Maternal transfer could be one reason for differences
seen by age among some marine mammals. In regards to life history stage, a study of harbor
porpoises found differences by stage, for example, neonates, suckling juveniles, and
lactating females were found to have the highest PFOS levels.>® Taken together, these
previous studies suggest that differences in PFAS exposures or kinetics by age may exist for
some marine mammals, possibly related to life history stage. Because of possible differences
by age, further trend analysis of PFAS concentrations among bottlenose dolphins
considering age, and the potential interactions with life history stage, and sex could be
informative.

Several other factors could also influence the PFAS concentrations in bottlenose dolphins
and the geographic differences and temporal changes seen. Diet can influence concentrations
among marine mammals; diet was a main factor predicting PFAS concentrations in female
polar bears in a recent study.>® PFAS concentrations were found to differ by species of fish

Environ Sci Technol. Author manuscript; available in PMC 2020 December 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lynch et al.

Page 13

captured from Charleston Harbor and tributaries,24 so which fish species are consumed by
bottlenose dolphins might influence exposure within the same location or between locations.
Migratory patterns might also influence PFAS concentrations in the dolphins and changes
over time because dolphins may move to, or from, areas where PFAS exposure is more or
less likely. Bottlenose dolphins generally have high site fidelity,>” but a recent study found
possible seasonal migration in dolphins around the Charleston area.>8 Seasonal abundance
estimates were highest in the summer,58 which is when dolphins in the present study were
captured. Dolphin condition could affect PFAS plasma concentrations because processes like
starvation or fasting might remobilize stored PFAS from blubber.1’ Environmental changes
might also influence differences by location or over time.

CONCLUSIONS

Despite the exceptions noted, stable or decreasing concentrations for most of the PFAS
analyzed could indicate effective reduction or maintenance of concentrations in the
environment. Increases in other PFAS such as PFHpA in Charleston dolphins may indicate
an increase in the production of shorter-chain PFAS. Short-chain PFSAs were not measured
in the present study. Additionally, there are other short-chain fluorinated alternatives not
analyzed in this study, including perfluoroalky! ether carboxylic acids and sulfonic acids,
which have been identified as contaminants, such as in waters in North Carolina.>9-60
Although bioaccumulation decreases with decreasing chain length, there is limited
information on potential health and environmental impacts of replacement substances.1® In
addition to the sample size limitations mentioned previously, the slightly different capture
years and range between the locations and the gaps in the years with available data within
the study time period were limitations of this study. Samples were only collected from
dolphins until 2013 in Charleston, SC and until 2015 in Indian River Lagoon, FL. This could
influence the different results seen by location.

Differences in PFAS concentrations seen between Charleston and Indian River Lagoon may
indicate different potential sources of the PFAS in these locations. Future research should
include source tracking of PFAS, such as PFHpA in Charleston, SC to determine if local
sources exist. Additionally, because of the limitations of small sample size and fewer sample
years for PFHpA and PFDS, further analysis that includes more years and a larger sample
size could be completed to see if the findings can be replicated. The distribution,
accumulation, fate, and trends for shorter-chain PFAS (C3-C5) and longer-chain PFAS
(>C15) should be investigated in future studies.

In summary, results of this study suggest that plasma concentrations of most of the PFAS in
this study were stable or decreasing over time, which could indicate effective reduction or
maintenance in the environment resulting from regulation and phaseout. However, other
PFAS concentrations may be increasing such as PFDoDA among female Indian River
Lagoon dolphins and PFHpA concentrations among Charleston dolphins, although the
analysis was limited by the small sample size and, for PFHpA among Charleston dolphins,
fewer sample years. This study adds to the understanding of trends in PFAS among dolphins
in urban U.S. environments. Because bottlenose dolphins serve as sentinel species, they may
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reflect environmental exposure trends, making the results relevant to understanding
exposures and risks to other species.>’

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Relative concentrations of plasma per- and polyfluoroalkyl substances (PFAS) per increasing
year, with 95% confidence intervals, among bottlenose dolphins (Tursiops truncatus)
sampled from Charleston, SC and Indian River Lagoon, FL stratified by location.
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Concentrations of PFOS in plasma, with estimated population medians and 95% confidence
intervals, by year, in bottlenose dolphins (Tursiops truncatus) from Charleston, SC and

Indian River Lagoon, FL.
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Table 1

Summary of demographics and median, 25t and 75™ percentiles (p25, p75), geometric mean (GM), and range
of per- and polyfluoroalkyl substances (PFAS) plasma concentrations (ng/g wet weight), in bottlenose
dolphins (Tursiops truncatus) from Charleston, SC and Indian River Lagoon, FL.

PFAS Carbon Chain N MaleN FemaleN Age(Min,Max) AgeN Median p25p75 GM Min, Max
Length

Indian River Lagoon, FL

PFCAs

PFHpA 7 78 65 10 4.5, 26 62 0.7 0.6,1.0 0.8 0.1, 26.6
PFOA 8 146 106 37 25,26 121 5.7 3.8,10.7 6.4 0.2,70.3
PFNA 9 146 106 37 25,26 121 8.9 6.1,12.5 8.9 0.3, 65.6
PFDA 10 146 106 37 25,26 121 9.0 4.8,16.3 9.2 2.1,138
PFUNDA 11 146 106 37 25,26 121 7.8 5.8,11.0 8.5 18,738
PFDoDA 12 146 106 37 25,26 121 13 08,24 1.2 0.2,14.0
PFSAs

PFHXS 6 146 106 37 25,26 121 19.7 10.2,61.7 251 23,757
PFOS 8 146 106 37 25,26 121 390 247,968 462 69.2, 3620
PFDS 10 78 65 10 4.5, 26 62 15 11,32 2.2 0.9,51.0

Charleston, SC

PFCAs

PFHpA 7 38 20 16 25,33 31 5.1 06,103 3.9 0.6, 95.2
PFOA 8 101 60 39 25,33 83 315 19.0,54.7 313 0.2,561
PFNA 9 101 60 39 25,33 83 64.9 416,900 639 11.2,561
PFDA 10 101 60 39 25,33 83 109 739,196 123  40.7,667
PFUNDA 11 101 60 39 25,33 83 55.1 309,944 57.0 102,583
PFDoDA 12 101 60 39 25,33 83 7.8 47,146 7.6 0.2, 135
PFSAs

PFHXS 6 101 60 39 25,33 83 34.2 142,603 322 41,471
PFOS 8 101 60 39 25,33 83 960 660, 1550 1050 288, 6260
PFDS 10 38 20 16 25,33 31 115 39,254 125 2.0, 267
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