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ARTICLEINFO ABSTRACT

Article history: Environmental contamination resulting from the production or release of harmful chemicals
Received 6 March 2017 can lead to negative consequences for wildlife and human health. Perfluorinated alkyl
Kevieerdss May 2017 acids (PFAAs) were historically produced as protective coatings for many household
Redéuesinatorpbyl acids items and currently persist in the environment, wildlife, and humans. PFAAs have been
ARgReM GIgRL2G June 2017 hunt season and prepared for human consumption was collected and analyzed for
South Carolina PFAAs to determine meat concentrations and relationships with animal body size (total
Perfluorooctane sulfonate (PFOS) length), sex, and location of harvest. Of the 15 PFAAs analyzed, perfluorooctane sulfonate
Dietary exposure (PFOS) was found in all alligator meat samples and at the highest concentrations (median

6.73 ng/g). No relationship was found between PFAA concentrations and total length or sex.
Concentrations of one or all compounds varied significantly across sampling locations, with
alligators harvested in the Middle Coastal hunt unit having the highest PFOS concentrations
(median 16.0 ng/g; p = 0.0001). Alligators harvested specifically from Berkley County, SC (located
in the Middle Coastal hunt unit) had the highest PFOS concentrations and the greatest number of
PFAAs detected (p < 0.0001). The site-specific nature of PFAA concentrations in alligator meat
observed in this study suggests a source of PFAA contamination in Berkley County, SC.
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rinsed scalpel. Samples were extracted using 0.01 mol/L KOH
in methanol twice and furthered cleaned using graphitized
carbon. Quantification of 15 PFAAs was completed using liquid
chromatography tandem mass spectrometry (LC-MS/MS; Agilent
1100 HPLC interfaced to APl 4000, Applied Biosystems-MDS
Sciex). Quality assurance and control methods included blanks
and Standard Reference Material (SRM) 1947 Lake Michigan
Fish Tissue that were extracted alongside tail meat samples.
The concentrations of PFOS, PFNA, PFDA, PFUNA, and PFTTiA
in SRM 1947 agreed with values reported on the Certificate
of Analysis. Reporting limits (RLs) were determined as the
maximum value of either the average mass (in ng) measured in
the extract plus 3 times the standard deviation of the blanks or
the lowest calibrant detected, all divided by the mass (in grams)
of extracted sample.

1.4. Statistical analysis

Statistical analysis was performed using Minitab 17 and SMS
software for compounds detected in greater than 70% of the
samples. Descriptive statistics were performed to determine
the mean, median, and range for PFNA, PFDA, PFUNA, PFDOA,
PFTTiA, PFTA, PFHXS, PFOS, and PFOSA concentrations in the
43 tail meat samples. A regression analysis was used to
examine the relationship between TL and PFAA concentra-
tion, accounting for sex, and a Student's t-test was used to
determine relationships between sex and PFAA concentra-
tion. Log transformation was used for PFDA, PFTriA, and PFOS
to improve distribution and model assumptions, and para-
metric tests were used for analysis. Non-parametric tests
were used for PFUNA, PFDoA, and PFHxS, as these compounds
were not normally or log normally distributed. Differences
in PFAA concentrations based on location of harvest were
examined using a one-way analysis of variance (ANOVA).
Harvest locations were analyzed two ways. The first being
based on their geographically designated hunt unit (Fig. 1) and
also by the county in which the alligator was harvested. When

PFAA concentrations fell below the RL, they were replaced
with half the RL.

2. Results and discussion

PFDA, PFUNA, PFDoA, PFHxS, and PFOS concentrations were
above the RL in all of the study samples (Table 1). PFOS was
found in the highest concentration for all samples (median
6.73 ng/g; range 1.02-36.4 ng/g). Previous studies on PFAA
levels in wild reptiles have reported similar results with
PFOS found frequently and at the highest concentrations
(Bangma et al., 2017a; Keller et al., 2012). Although few studies
have examined PFAAs in reptiles, those on crocodilians report
higher PFOS concentrations in blood serum samples than
were found in muscle tissue in this study, with an average
PFOS concentration of 23.3 ng/g in wild Nile Crocodiles
(Crocodylus niloticus) (Christie et al., 2016) and 28.7 ng/g in
captive Chinese Alligators (A. sinensis) (Wang et al., 2013).
Keller et al. (2012) found similar PFOS concentrations in the
plasma of Kemps Ridley (Lepidochelys kempii) and Hawksbill
(Eretmochelys imbricata) sea turtles sampled from the Atlantic
Coast of the U.S. with median concentrations of 10.8 and
11.9 ng/g, respectively. The maximum PFOS concentration
found was 35.0 ng/g in a Kemps Ridley sea turtle, a species
that occupies a high trophic level; this is a similar maximum
PFOS concentration to that found in the present study.
A recent study describing PFAA concentrations in the plasma
of American alligators sampled from SC and Florida found
slightly higher PFOS concentrations than reported in this
study (median 11.2 ng/g; range 1.36-452 ng/g) (Bangma et al.,
2017a). However, these prior studies examined PFAA concen-
trations in blood (serum and plasma) while the present study
examined muscle, which may contain lower PFAA concentra-
tions than the former due to differential partitioning of PFAAs
in the body (Ahrens et al., 2009).

Table 1 - PFAA concentrations (ng/g wet mass) in tail muscle samples from American alligators (Alligator mississippiensis)

harvested in 2015 during the South Carolina public hunt.

Hunt unit 1 — Southern

Coastal Coastal

Hunt unit 2 — Middle

Hunt unit 3 — Midlands Hunt unit 4 — Pee Dee

Tail muscle tissue (n = 19)

Tail muscle tissue (n = 17)

Tail muscle tissue (n = 5) Tail muscle tissue (n = 2)

Range Median n>RL" Range Median n>RL" Range Median n > RL" Range Median n>RL"
PFNA  <0.088-0.551  0.107 14 <0.073-0.553  0.102 11 NA NA 0 0.100-0.135  0.117 2
PFDA  0.182-3.09 0.556 19 0.172-4.06 221 17 1.14-2.93 1.74 5 0.716-0.990 0.853 2
PFUNA 0.194-5.32 0.504 19 0.228-9.27 3.77 17 2.58-6.87 5.71 5 0.725-1.61 1.17 2
PFDoA 0.111-3.72 0.248 19 0.143-9.09 2.99 17 2.31-6.97 5.03 5 0.262-1.63 0.946 2
PFTriA <0.063-0.785  0.164 18 0.102-2.58 0.789 17 0.592-2.37 1.36 5 0.115-0.456  0.286 2
PFTA <0.07-1.57 0.050 8 <0.07-1.32 0.492 13 0.381-1.6 0.834 5 <0.07-0.131 NA 1
PFHxS 0.051-0.252  0.087 19 0.063-0.272  0.099 17 0.054-0.158 0.0816 5 0.071-0.115  0.093 2
PFOS  1.02-17.3 3.01 19 3.24-36.4 16.0 17 8.29-19.9 131 5 5.78-7.35 6.56 2
PFOSA <0.056-1.43  NA 4 <0.061-1.06  0.482 14 0.087-0.560 NA 5 <0.068-0.193 NA 1

NA: not applicable; PFAA: perfluorinated alkyl acid; PFNA: perfluorononanoic acid; PFDA: perfluorodecanoic acid; PFUnA: perfluoroundecanoic
acid; PFDoA: perfluorododecanoic acid; PFTriA: perfluorotridecanoic acid; PFTA: perfluorotetradecanoic acid; PFHxS: perfluorohexanesulfonic
acid; PFOS: perfluorooctane sulfonate; PFOSA: perfluorooctanesulfonamide.

*

n > RL indicates the number of samples above the reporting limit (RL).
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Conflicting results have been observed in wildlife studies
examining the relationship between PFAA concentrations and
age as well as sex (Bangma et al., 2017a; Christie et al., 2016;
Fair et al., 2012; Wang et al., 2013). In this study, no significant
relationship was observed between any PFAAs and alligator
TL or sex (p > 0.05). In a previous study examining PFAAs in
captive Chinese alligators, the highest PFOS concentrations
were found in the “youngest” animals, and males exhibited
higher concentrations than females (Wang et al., 2013). PFAA
concentrations in a recent study examining American alliga-
tor plasma samples described a similar relationship with
males exhibiting higher concentrations of some PFAAs and
PFAA burden increasing with body size (Bangma et al., 2017a).
Although not directly studied in reptiles, laboratory studies of
mammals have shown sex-based differences in clearance of
PFAAs (Gannon et al., 2011; Kudo et al., 2001). Previous studies
examining PFAA concentrations in wild marine mammals
also found similar relationships with PFOS concentrations.
PFAA concentrations in bottlenose dolphin populations have
been shown to decrease with age, with males also having
higher concentrations than females (Fair et al., 2012). Sex-
based differences may result from maternal offloading of
contaminants in milk or eggs, which has been reported for
marine mammals and bird species (Fair et al., 2012; Newsted
et al.,, 2007). However, PFAA excretion rates are extremely
species-specific (Chang et al., 2012), and PFAA bioaccumula-
tion patterns in reptiles need further examination. A study on
wild Nile crocodiles found no significant relationship between
PFAA concentration and length or sex, similar to this study
(Christie et al., 2016). In contrast to body size and sex,
the growth and feeding patterns of American alligators (and
crocodilians in general) complicate the potential for
uncovering a relationship between PFAA concentrations and
age, as comparing concentrations in alligators of similar
length, but with potentially varied age and diet obscures
potential relationships between contaminants they may have
bioaccumulated over their lifetimes. Alligators are a long-lived
species with determinate growth (Wilkinson et al., 2016;
Wilkinson and Rhodes, 1997). That is, they may continue growth
for a period after reaching reproductive maturity, but growth
stops well before reaching senescence (Wilkinson et al., 2016). As
a result, although several animals in a given population might be
the same size (TL), they may be very different in age. As such,
body size (e.g., length) of alligators, especially adults, cannot
reliably be used as a proxy for age. Ontogenetic and site-specific
differences in alligator diet may also influence exposure of
alligators to PFAAs (Smith et al., 2007).

Site-specific PFAA accumulation has been well documented
in wildlife from around the world (Berger et al., 2009; Christie
et al., 2016; Persson and Magnusson, 2015). Tail muscle samples
from alligators harvested from two specific hunt units in SC,
the Southern Coastal and Middle Coastal units, were used to
examine spatial variation in PFAA concentrations. The two
other hunt units, Midlands and Pee Dee, were not included in
these comparisons due to small samples sizes from these areas
(n =5 and n = 2, respectively). This study found a significant
relationship between PFAA concentrations and the location of
harvest, with samples from the Middle Coastal hunt unit having
significantly higher concentrations of PFDA (p = 0.01), PFUNA
(p = 0.0039), PFDOA (p = 0.0002), PFTriA (p = 0.0003), and PFOS

25
H Southern coastal

Middle coastal

Concentration (ng/g)

PFDA PFUnA PFDoA PFOS
PFAA

Fig. 2 - Mean PFDA, PFUnA, PFDoA, and PFOS concentrations
in American alligator (Alligator mississippiensis) tail muscle
samples collected from the Southern Coastal (n = 19) and
Middle Coastal (n = 17) hunt units during the 2015 South
Carolina public hunt. Error bars represent the standard
deviation. * indicates statistical significance (p < 0.05).

(p = 0.0001) than those from the Southern Coastal hunt unit
(Fig. 2). Median PFOS concentrations (Table 1) in the Middle
Coastal and Midlands hunt units were elevated (16.0 and
13.1 ng/g, respectively) compared to the Southern Coastal
hunt unit (3.01 ng/g). The Midlands hunt unit was also found
to have comparable median concentration levels to the Middle
Coastal unit for PFDA, PFUNA, PFDoA and PFTriA (Table 1).
The two hunt units with the highest PFAA concentrations,
the Middle Coastal and Midlands, are roughly adjacent to one
another and fall within the same watershed, suggesting a
potential shared PFAA source (Fig. 1).

Comparison between individual water body of harvest
(within hunt units) and PFAA concentrations were also
examined to explore potential local sources of contaminant
exposure. Charleston Harbor is centrally located in the Middle
Coastal hunt unit and has been described as a hotspot
for PFAA contamination in previous wildlife and sediment
studies (Fair et al., 2012; White et al., 2015). Both studies found
PFOS to be the dominant compound in samples, similar to this
study. Despite the phase-out of many PFAAs used by industry,
the elevated PFAA concentrations in the Charleston Harbor area
could indicate that sources of contamination to this watershed
are potentially active, there is transport and accumulation of
PFAAs in this area from an upstream location, and/or there is
accumulation of PFAAs in a closed system.

The Cooper River runs through Berkley County, SC re-
ceiving water from Lake Moultrie within the Midlands unit,
and flowing toward the coast into Charleston Harbor. When
alligator harvest locations were separated by county for
further site-specific investigation, Berkley County within the
Middle Coastal hunt unit exhibited the highest PFDA, PFTriA,
and PFOS concentrations of the four counties included in
the study. Four out of the five samples with the highest PFOS
concentrations were from Berkley County (Supplemental
information, Table S1), with a maximum PFOS concentration
of 36.4 ng/g in an alligator harvested from the Cooper River.
Both Beaufort and Colleton Counties, within the Southern
Coastal hunt unit, were found to have significantly lower PFOS
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concentrations than Berkley County (p < 0.0001). These data
illustrate the site-specific nature of PFAA exposure, with the
highest concentrations detected from hunt units within the
same watershed and supporting previous studies demonstrat-
ing Charleston Harbor as a hotspot for PFAA contamination.
This study also provides evidence that Charleston Harbor may
be receiving PFAAs from potential inputs higher (upstream)
in the watershed such as the Cooper River, indicated by
the highest concentrations of PFAAs in samples from this
waterbody. Many potential sources for PFAAs exist along the
Cooper River, including industry, development, a naval station,
and wastewater treatment outflows, all of which have been
previously identified as sources of PFAA pollution (Adams et al.,
2008; Arvaniti and Stasinakis, 2015; Gallen et al., 2014).

The lack of species-specific advisories leave SC wild game
consumers to rely on fish consumption guidelines set by other
states and European countries. No samples examined in this
study had PFOS concentrations exceeding the no restrictions
limit for fish of <40 ng/g set by the Minnesota Department
of Health (Minnesota Department of Health, 2008). However,
there are many waterbodies within Minnesota for which their
Department of Health recommends fish consumption of no
more than one meal per month for women who are or may
become pregnant and children under the age of 15 (Minnesota
Department of Health, 2016). The maximum PFOS concentra-
tions found in the present study (36.4 ng/g) was not far
from reaching the general Minnesota consumption threshold
based on one meal per week (from 40 to 200 ng/g). The general
consumption advisory, based on PFOS levels found in fish,
does not describe consumption rates, meal sizes or provide
a guideline specific to vulnerable populations. Although the
health effects from chronic PFOS exposure are not yet fully
understood, the U.S. Environmental Protection Agency recently
decreased the drinking water advisory (for combined PFOS and
PFOA) from 400 to 70 pg/mL based on new evidence of long term
exposure health effects (e.g., developmental abnormalities,
cancers, liver and thyroid disorders) found in laboratory and
human studies (EPA, 2016). Consumption advisories for PFOS
also do not take into account the potential health effects from
mixtures of PFAAs or total PFAAs combined. Overall, this study
illustrates the need for further studies on PFAA accumulation
in wildlife, particularly game species, and the potential effects
of these chemicals on wildlife and human health.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jes.2017.05.045.

Disclaimer

Certain commercial equipment or instruments are identified
in the paper to specify adequately the experimental proce-
dures. Such identification does not imply recommendations or
endorsement by the NIST nor does it imply that the equipment
or instruments are the best available for the purpose.

Acknowledgments

We would like to acknowledge Jackie Bangma and Thomas
Galligan for their assistance with sample collection. We

would like to give special thanks to Cordray's Processing and
Taxidermy for allowing us to utilize their facility and to collect
samples. Support for this research was provided partially by
the Graduate School at the College of Charleston. This paper
represents Technical Contribution No. 6542 of the Clemson
University Experiment Station.

REFERENCES

Adams, J., Houde, M., Muir, D., Speakman, T., Bossart, G., Fair, P.,
2008. Land use and the spatial distribution of perfluoroalkyl
compounds as measured in the plasma of bottlenose dolphins
(Tursiops truncatus). Mar. Environ. Res. 66, 430-437.

Ahrens, L., Siebert, U., Ebinghaus, R., 2009. Total body burden and
tissue distribution of polyfluorinated comopunds in harbor
seals (Phoca vitulina) from the German Bight. Mar. Pollut. Bull.
58, 520-525.

Allsteadt, J., Lang, J.W., 1995. Sexual dimorphism in the genital
morphology of young American alligators, Alligator
mississippiensis. Herpetologica 51, 314-325.

Armitage, J., Cousins, I.T., Buck, R.C., Prevedouros, K., Russell,
M.H., MacLeod, M., et al., 2006. Modeling global-scale fate and
transport of perfluorooctanoate emitted from direct sources.
Environ. Sci. Technol. 40, 6969-6975.

Armitage, J.M., MacLeod, M., Cousins, I.T., 2009. Modeling the
global fate and transport of perfluorooctanoic acid (PFOA) and
perfluorooctanoate (PFO) emitted from direct sources using a
multispecies mass balance model. Environ. Sci. Technol. 43,
1134-1140.

Arvaniti, O.S., Stasinakis, A.S., 2015. Review on the occurrence,
fate and removal of perfluorinated compounds during
wastewater treatment. Sci. Total Environ. 524-525, 81-92.

Bangma, J.T., Bowden, J.A., Brunell, A.M., Christie, I., Finnell, B.,
Guillette, M.P,, et al., 2017a. Perfluorinated alkyl acids in
plasma of American alligators (Alligator mississippiensis)
from Florida and South Carolina. Environ. Toxicol. Chem. 36,
917-925.

Bangma, J.T., Reiner, J.L., Jones, M., Lowers, R.H., Nilsen, F.,
Rainwater, T.R., et al., 2017b. Variation in perfluoroalkyl acids
in the American alligator (Alligator mississippiensis) at Merritt
Island National Wildlife Refuge. Chemosphere 116, 72-79.

Berger, U., Glynn, A., Holmstrom, K.E., Berglund, M., Ankarberg,
E.H., Tornkvist, A., 2009. Fish consumption as a source of
human exposure to perfluorinated alkyl substances in
Sweden — analysis of edible fish from Lake Vattern and the
Baltic Sea. Chemosphere 76, 799-804.

Butfiloski, J., 2014. Alligator Hunting Season Report 2013. South
Carolina Department of Natural Resources, Wildlife and
Freshwater Fisheries Division (F&AP Report).

Butfiloski, J., 2015. Alligator Hunting Season Report 2015. South
Carolina Department of Natural Resources, Wildlife and
Freshwater Fisheries Division (F&AP Report).

Butt, C.M., Mabury, S.A., Kwan, M., Wang, X.W., Muir, D.C.G., 2008.
Spatial trends of perfluoroalkyl compounds in ringed seals
(Phoca hispida) from the Canadian Arctic. Environ. Toxicol.
Chem. 27, 542-553.

Butt, C.M., Berger, U., Bossi, R., Tomy, G.T., 2010. Levels and
trends of poly- and perfluorinated compounds in the arctic
environment. Sci. Total Environ. 408, 2936-2965.

Chang, S.C., Noker, P.E., Gorman, G.S., Gibson, S.J., Hart, J.A,,
Ehresman, D.J,, et al., 2012. Comparative pharmacokinetics of
perfluorooctanesulfonate (PFOS) in rats, mice, and monkeys.
Reprod. Toxicol. 33, 428-440.

Christie, I., Reiner, J.L., Bowden, J.A., Botha, H., Cantu, T.M.,
Govender, D., et al., 2016. Perfluorinated alkyl acids in the



