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ABSTRACT: Documentation of exposure of threatened and endangered sea turtles to petroleum
and dispersant released into the northern Gulf of Mexico (GoM) during the Deepwater Horizon
(DWH) oil spill was a critical component of the Natural Resource Damage Assessment (NRDA)
process. Substances collected from the skin of oiled and suspected oiled turtles were analyzed for
petroleum hydrocarbons to determine oiling status and oil sources. Tissue, gastroenteric and bile
samples from a subset of visibly oiled and unoiled turtles that died during the spill in 2010 and in
2011 were analyzed for evidence of internal exposure and absorption of polycyclic aromatic hydrocarbons (PAHs) and the dispersant component dioctyl sodium sulfosuccinate (DOSS). The volume of external oil collected from sea turtles was sufficient to confirm the presence of petroleum
on 61% of turtles, and oil from the DWH spill was identified as the source in 97% of those turtles in
which conclusive comparison was possible. Visibly oiled turtles had higher concentrations of
tissue PAH or biliary fluorescent PAH metabolites compared to those determined in unoiled animals. Findings in most of the unoiled turtles were suggestive of low-level PAH exposure from various sources that may represent background values for sea turtles from the northern GoM. DOSS
levels were below the limit of quantitation in all samples analyzed except in an esophagus sample
of a heavily oiled sea turtle. Overall, the results for petroleum or petroleum-derived compounds of
both external and internal samples of sea turtles supported visual observations of oiling.
KEY WORDS: Deepwater Horizon oil spill · Sea turtles · Oil exposure · Dispersant · Oil spills

INTRODUCTION
After the collapse of the Deepwater Horizon (DWH)
drilling platform and the subsequent failure of the
Macondo 252 (MC252) wellhead on 22 April 2010, an
estimated 3.19 million barrels of Louisiana crude oil
were released into the waters of the northern Gulf of
Mexico (GoM) approximately 1500 m below the surface (DWH NRDA Trustees 2016). The DWH oil spill
*Corresponding author: gina.ylitalo@noaa.gov

was the largest marine oil spill in US history.
Extensive oil spill response activities occurred in the
northern GoM region, including skimming and booming operations in nearshore areas, skimming, booming
and burning of oil offshore, and application of approximately 1.84 million gallons (7.0 × 106 l) of dispersant
to offshore surface waters and at depth near the
MC252 wellhead. The marine waters of the northern
GoM support a wide range of biota and were contami© The authors and (outside the USA) the US Government 2017.
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nated by crude oil and dispersants, and potentially
impacted by oil spill response activities. Thus, there is
great concern about the effects of the oil spill and the
associated response activities on wildlife in the region.
The N atural Resource Damage Assessment
(NRDA) process is the legal framework in the USA by
which injuries from oil spills are evaluated and measures needed to restore those injuries are identified.
An important component of this process is clear
demonstration of exposure of natural resources to the
spill, which supports causal linkages to subsequent
negative effects that are then considered during the
injury determination and restoration phases. Five
species of sea turtle are found within the GoM and
are federally listed under the US Endangered Species Act. The DWH oil spill overlapped with important sea turtle habitats and multiple life stages, thus
sea turtles were one of the major taxa included in the
DWH N RDA (DWH N RDA Trustees 2016, Section
4.8). Chemical analysis of samples collected from sea
turtles during and following the oil spill was an
important part of the damage assessment process
and demonstration of exposure to DWH oil.
Crude oil contains thousands of chemical compounds, with the polycyclic aromatic hydrocarbons
(PAHs) being some of the most toxic components.
Concerns have been raised over the effects of exposure to PAHs on marine organisms because of the
worldwide use of fossil fuels (Geraci & St. Aubin
1990, Peterson et al. 2003) and the occurrence of oil
spills in areas that support populations of marine life.
Marine organisms can be exposed to PAHs by various routes (e.g. dermal absorption, inhalation, consumption of contaminated prey and sediment) and
rapidly take up those present in the environment
(Meador et al. 1995). However, the persistence of
these compounds in tissues and body fluids of
exposed marine organisms varies, depending upon
the rates of uptake, metabolism and elimination
(Krahn & Stein 1998). Vertebrates, such as fish and
marine mammals, quickly metabolize PAHs into
more polar forms that are then excreted into urine or
secreted into the bile for rapid elimination via the
gastroenteric tract (Roubal et al. 1977, Krahn et al.
1992, Varanasi et al. 1993).
Sea turtles have diverse life stages, use many
habitat types and were at risk of oil exposure at all
life stages following the DWH oil spill. These included incubating eggs, post-hatchlings, juveniles,
subadults and adults, and nesting females, with the
oiling of nesting beaches, nearshore and oceanic
habitats potentially affecting all of these life stages

(Milton et al. 2003). The routes of exposure to oil in
sea turtles include dermal contact (skin), inhalation
of volatiles, direct oil ingestion, consumption of contaminated prey and sediment, and oil fouling of
sense organs, as well as oiling of eggs on nesting
beaches (Milton et al. 2003). Very limited data are
available on PAH exposure in sea turtles as compared to other taxa (Alam & Brim 2000, Camacho et
al. 2012, 2013, 2014). Physical oiling or oil ingestion
by sea turtles has been documented, but tissue levels
of petroleum-related compounds were not reported
in most cases (Gramentz 1988, Bugoni et al. 2001,
Orós et al. 2005, reviewed in Yender & Mearns 2003).
Hall et al. (1983) reported concentrations of petroleum hydrocarbons in tissues of sea turtles exposed
to oil after the Ixtoc spill in the Bay of Campeche,
Mexico, in 1979. In freshwater turtles, studies have
focused on PAH concentrations in eggs and subcutaneous fat (Bell et al. 2006, Holliday et al. 2008, Rowe
et al. 2009) or blood (Drabeck et al. 2014, Meyer et al.
2016) of turtles from known contaminated habitats.
In general, information is lacking on baseline exposure, uptake and tissue distribution of parent and
alkylated PAH homologs for juvenile and adult turtles. Information is also very minimal on the effects of
oil exposure in sea turtles, although much is known
about its toxic effects in other vertebrate species. A
summary of what is known about oil toxicity to sea
turtles, and estimation of the impacts of oil exposure
to sea turtles following the DWH oil spill, is provided
in Mitchelmore et al. (2017, this Theme Section).
In the present study, hundreds of samples collected
from the skin of sea turtles reported as oiled based on
field observations during and following the DWH
spill were analyzed for hydrocarbons to determine
petroleum exposure and potential petroleum source
(e.g. MC252 oil). In addition, postmortem samples
collected from oiled and non-visibly oiled turtles that
were found dead or died within the northern GoM
during 2010 and 2011 were analyzed for PAHs and
PAH metabolites, as well as the dispersant component dioctyl sodium sulfosuccinate (DOSS), in order
to investigate internal exposure and absorption of
these potentially toxic compounds.

MATERIALS AND METHODS
Sea turtle sample collection and inclusion
in analysis
Live and dead green (Chelonia mydas), hawksbill
(Eretmochelys imbricata), Kemp’s ridley (Lepido-
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chelys kempii) and loggerhead (Caretta caretta) sea
turtles were collected offshore in the northern GoM
during surveys of oiled habitat during the DWH spill;
on and nearshore in Alabama, Florida, Louisiana,
Mississippi and Texas by stranding responders; and
opportunistically during other activities. All sample
collection, handling and analyses were conducted
under evidentiary procedures followed during the
DWH spill. In this study, 2 general types of sample
were analyzed: material collected from external surfaces of live and dead sea turtles, and postmortem
samples collected from sea turtles that were found
dead or that later died.
The oiling status of sea turtles based on visual
examination was categorized as follows: no oil visible; minimally oiled, where oil was either limited to
one region of the body or coverage was very light
(thin smear or staining only); lightly oiled, where a
thin layer of oil lightly covered multiple parts of the
body and thicker aggregated oil, if present, was
focally distributed; moderately oiled, where heavier
layers of oil covered multiple areas of the body,
often accompanied by generalized brown staining;
and heavily oiled, where aggregates of thick, tenacious oil diffusely covered the body. If insufficient
information was available on the quantity of oil
present, degree of oiling was classified as unknown
(Stacy 2012). Oil, or any substance suspected to be
oil, was collected using cotton gauze or wooden
tongue depressors, which were wrapped in aluminum foil, placed into a plastic bag and frozen at
−80 or −4°C until shipped on dry ice to the US
Coast Guard Marine Safety Laboratory for analysis.
Most of the oiled turtles sampled in this manner
were surface-pelagic juvenile sea turtles rescued
alive from oiled habitat in offshore areas during the
spill (Stacy 2012). Analyses of postmortem samples
included 13 visibly oiled sea turtles found during
the DWH spill that were confirmed to be oiled with
DWH oil based on chemical analysis of an external
sample.
In addition, samples of organs and gastrointestinal
contents from 66 visibly unoiled sea turtles collected
in 2010 and 2011 were analyzed for potential cryptic
exposure that was not associated with apparent
external oiling. These cases were from different
areas of the northern GoM and had a variety of postmortem findings, including known and undetermined causes of death. Those with a known location
and circumstances of death, which are often lacking
in stranded animals, were specifically included.
At the time of necropsy, 35 carcasses were in good
postmortem condition, 40 were moderately decom-
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posed and 4 were severely decomposed. Thirty
turtles were refrigerated and necropsied within 4 d of
death (mean = 1.87 d, range = 0 to 4 d), while 49
turtles were frozen prior to necropsy (mean = 104.3 d,
range = 8 to 247 d). Carcasses were carefully inspected for oil, including examination of the mouth
and digestive tract. Samples of liver, skeletal muscle,
lung, esophagus (visibly oiled turtles only), bile and
gastroenteric contents (i.e. enteric, colon content, gastric content, feces) were collected during necropsy
into certified glass containers or aluminum foil using
alcohol-rinsed instruments and glass syringes. The
esophageal and enteric samples analyzed in this
study contained the contents of each organ, as well
as portions of the lining (mucosa) and muscular wall.
Esophageal samples, which consisted almost entirely
of oil, were the only samples analyzed from 3 of the
severely decomposed turtles and were analyzed
specifically for compositional comparisons with DWH
reference oil samples and for detection of DOSS, as
described below.
All samples were preserved at −80°C until shipped
on dry ice to the Northwest Fisheries Science Center
(N WFSC) in Seattle, WA, where tissues and gastroenteric samples were stored at −80 or −20°C (bile
only) until analysis. Bile rapidly degrades, which
interferes with instrumentation; therefore bile samples for analyses were selected from sea turtles that
were in good postmortem condition and had been
refrigerated — not frozen — after death and necropsied within 96 h.

Chemical analyses
Analysis of external samples
External samples were analyzed for normal and
branched-chain aliphatic hydrocarbons, PAHs and
petroleum biomarkers by gas chromatography
equipped with flame ionization detection (GC-FID)
and gas chromatography-mass spectrometry (GCMS) (see description in Section 1.0 in the Supplement at www.int-res.com/articles/suppl/n033p009_
supp.pdf).

PAH analyses of gastroenteric and tissue samples
Tissue and gastroenteric content samples were
extracted and analyzed for PAHs using the GC-MS
method of Sloan et al. (2014). See Section 2.0 in the
Supplement for details.
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Biliary PAH metabolite analyses
Sea turtle bile samples (n = 25) were analyzed for
fluorescence PAH metabolites using high-performance liquid chromatography with fluorescence
detection (HPLC-F) (Krahn et al. 1992). Biliary protein content was determined as described in da Silva
et al. (2006). See Section 3.0a in the Supplement for
details.
Bile samples from 20 turtles were also analyzed for
individual hydroxylated PAH metabolites (OHPAHs)
using a modified liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method described
by Xu et al. (2004). See Section 3.0b in the Supplement for description.

Kramer HSD test were used to determine if mean
concentrations of sum low molecular weight aromatic
hydrocarbons (sum LMWAHs), sum high molecular
weight aromatic hydrocarbons (sum HMWAHs) and
sum PAHs (see Section 2.0 in the Supplement for
description of sum LMWAHs, sum HMWAHs and
sum PAHs calculations), as well as biliary fluorescent
PAH metabolites, differed between visibly oiled and
non-visibly oiled turtles. The relationships between
percent lipid and PAH concentrations of tissues were
assessed by simple correlation analyses (Zar 1999).
All statistical analyses were completed using JMP
statistical software (SAS Institute). For all statistical
tests, results were considered significant at p < 0.05.

RESULTS
DOSS analysis
Oiling status and identification of oil source
Analyses of sea turtle tissues and bile for the dispersant component DOSS were conducted using a
QuEChERS (i.e. quick, easy, cheap, effective, rugged
and safe) sample extraction procedure (Anastassiades et al. 2003, Ramalhosa et al. 2009) followed by
LC-MS/MS analysis (Benner et al. 2010, Flurer et al.
2010) (description of method in Section 4.0 in the
Supplement).

Statistical analysis
If a concentration of an individual PAH was below
the lower limit of quantitation (LOQ) in a sample, a
value of zero was used prior to calculating sums and
subsequent statistical analyses. Concentrations of
PAHs were log10-transformed and the percent lipid
values were arcsine transformed to increase the
homogeneity of variances. AN OVA and the Tukey-

Cutaneous swab samples from 492 individual oiled
or suspected oiled turtles were analyzed for petroleum hydrocarbons (including petroleum biomarkers) and examined for potential sources (Table 1).
Most of these animals (n = 448) were surface-pelagic
juveniles collected alive during offshore rescue of
turtles from pelagic habitat. The rest of the sampled
turtles were found as strandings, except for 3 turtles
that were recovered by vessels skimming oil during
the spill. Sampled external material was confirmed to
be petroleum and matched with DWH oil for all
heavily oiled turtles, 94% (44/47) of moderately oiled
turtles, 78% (67/86) of lightly oiled and 13% (34/262)
of minimally oiled turtles. N otably, petroleum was
confirmed on an additional 20% (51/262) of minimally oiled turtles and 11% (9/86) of lightly oiled turtles, but the amount of material was insufficient to
establish the oil source. Only 6 turtles were found to

Table 1. Results of chemical analysis of external samples from oiled sea turtles by degree of visible oil coverage. ‘Inconclusive
detection result’ represents samples that contained non-petroleum contamination and traces of hydrocarbons. Based on the
analysis conducted, it was not possible to conclusively attribute the presence of hydrocarbons to the presence of petroleum oil,
due to insufficient quantity of hydrocarbons in the samples. BPDWH: BP Deepwater Horizon
Minimally Lightly Moderately Heavily Unknown Total
oiled
oiled
oiled
oiled
Petroleum oil confirmed: derived from BPDWH
Petroleum oil confirmed: not derived from BPDWH
Petroleum oil confirmed: source inconclusive
Petroleum oil confirmed: insufficient quantity for comparison
Petroleum oil not detected by analysis conducted
Inconclusive detection result
Total

34
3
2
51
92
80
262

67
3
2
9
2
3
86

44
0
2
1
0
0
47

68
0
0
0
0
0
68

8
0
1
3
7
10
29

221
6
9
62
101
93
492
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have oil on them that definitively did not originate
from the DWH spill, 4 of which were found near one
another off the southwestern coast of Louisiana.
A total of 14 stranded turtles were reported as oiled
or suspect oiled in 2010 and 2011. All of these turtles
were either of indeterminate degree of oiling or were
minimally oiled. The observed external material was
confirmed to be petroleum in 6 instances and the
source could be concluded in 3 cases — 2 were DWH
oil and 1 was another source. Both of the stranded
turtles with DWH oil on them were found in 2011,
and included the last sea turtle confirmed to be externally oiled with DWH oil, which was found in Jefferson Parish, Louisiana, on 23 October 2011.

Analysis of postmortem samples for PAHs, PAH
metabolites and DOSS
PAH concentrations and patterns in gastroenteric
and tissue samples
Wide ranges of PAH concentrations were determined in the sea turtle tissues, with the highest sum
PAHs determined in turtle esophagus (10 000 to
360 000 ng g−1 wet wt), followed by enteric tissue and
contents (4.8 to 15 000 ng g−1 wet wt), liver (4.7 to
560 ng g−1 wet wt), lung (2.7 to 130 ng g−1 wet wt),
colon contents (3.9 to 57 ng g−1 wet wt) and feces (6.8
to 44 ng g−1 wet wt) (Table 2). Similarly, wide ranges
of percent lipid values were measured in the samples
(esophagus, 1.0 to 10%; enteric tissue and contents,
0.1 to 15%; liver, 0.5 to 30%; lung, 0.2 to 1.6%; colon
contents, 0.1 to 3.9%; feces, 0.6 to 9.4%) (Table S1 in
the Supplement). A single gastric content sample
collected from a non-visibly oiled Kemp’s ridley
(RAW2010061002) was also analyzed that had relatively low levels of sum PAHs (8.5 ng g−1 wet wt) and
a percent lipid value of 1.9%. Similarly, low concentrations of sum PAHs (9.4 ng g−1 wet wt) were also
measured in the corresponding liver of this turtle.
Externally oiled turtles had higher mean concentrations of sum PAHs in tissues compared to the mean
values in unoiled turtles (Table 2). For example, the
mean enteric sum PAH concentration of oiled turtles
(3100 ± 6100 ng g−1 wet wt, mean ± SD) was 2 orders
of magnitude higher than for unoiled turtles (31 ±
100 ng g−1 wet wt). The mean sum PAHs measured in
liver (140 ± 210 ng g−1 wet wt) and lung (34 ± 49 ng
g−1 wet wt) samples of oiled turtles were approximately an order of magnitude higher than the mean
values of non-oiled turtles (liver, 14 ± 7.1 ng g−1 wet
wt; lung, 3.4 ± 0.5 ng g−1 wet wt). However, large
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Table 2. Concentrations (ng g−1 wet wt) of sum low molecular
weight polycyclic aromatic hydrocarbons (LMWAHs), sum
high molecular weight polycyclic aromatic hydrocarbons
(HMWAHs) and sum polycyclic aromatic hydrocarbons
(PAHs) measured in gastroenteric and tissue samples of postmortem sea turtles from the northern Gulf of Mexico in
response to the Deepwater Horizon oil spill. Values given as
mean ± SD or as a range. <LOQ: less than the lower limits of
quantitation. For statistical analyses, a value of zero was used
for <LOQ. Statistical analyses were not conducted for colon
content and feces, as samples from a single oiled turtle were
analyzed. Esophageal samples consisted almost entirely of oil.
*p < 0.05 using 1-way ANOVA and Tukey-Kramer HSD test
Sample type
Colon content
Number (n)
Sum LMWAHs
Sum LMWAHs
Sum HMWAHs
Sum HMWAHs
Sum PAHs
Sum PAHs
Enteric content
Number (n)
Sum LMWAHs*
Sum LMWAHs
Sum HMWAHs*
Sum HMWAHs
Sum PAHs*
Sum PAHs
Esophageal
Number (n)
Sum LMWAHs
Sum LMWAHs
Sum HMWAHs
Sum HMWAHs
Sum PAHs
Sum PAHs
Feces
Number (n)
Sum LMWAHs
Sum LMWAHs
Sum HMWAHs
Sum HMWAHs
Sum PAHs
Sum PAHs
Liver
Number (n)
Sum LMWAHs*
Sum LMWAHs
Sum HMWAHs*
Sum HMWAHs
Sum PAHs*
Sum PAHs
Lung
Number (n)
Sum LMWAHs*
Sum LMWAHs
Sum HMWAHs
Sum HMWAHs
Sum PAHs*
Sum PAHs

Visibly oiled

Unoiled

1
42
42
15
15
57
57

16
11 ± 6.4
3.9−22
4.1 ± 4.1
<LOQ−10
16 ± 9.7
3.9−24

6
2500 ± 5200
18−13 000
550 ± 940
17−2400
3100 ± 6100
39−15 000

27
25 ± 77
4.3−410
5.9 ± 23
<LOQ−120
31 ± 100
4.3−530

6
160 000 ± 110 000
7900−300 000
32 000 ± 22 000
2200−59 000
190 000 ± 130 000
10 000−360 000

0
-

1
20
20
13
13
33
33

6
17 ± 10
6.8−34
3.2 ± 3.6
<LOQ−10
20 ± 14
6.8−44

10
130 ± 200
8.4−530
8.5 ± 13
<LOQ−33
140 ± 210
8.4−560

58
13 ± 6.9
4.7−48
0.6 ± 0.7
<LOQ−3.5
14 ± 7.1
4.7−48

7
31 ± 45
2.7−120
2.3 ± 3.9
<LOQ−8.7
34 ± 49
2.7−130

6
3.4 ± 0.5
2.8−4.1
<LOQ
<LOQ
3.4 ± 0.5
2.8−4.1
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Fig. 1. Comparisons of percent contribution of individual and alkylated
polycyclic aromatic hydrocarbons (PAHs) to (A) summed PAHs determined in Louisiana oil samples (MC252 riser oil, gray; a weathered
MC252 oil sample collected by a skimmer in May 2010, striped; and a
weathered MC252 oil sample collected by numerous skimmers in July
2010, black) to those determined in (B) enteric contents, (C) liver and
(D) lung of a visibly oiled Kemp’s ridley sea turtle (BAS2010060109)
sampled in June 2010. Concentrations of summed low molecular
weight PAHs (sum LMWAHs), summed high molecular weight PAHs
(sum HMWAHs) and summed PAHs (sum PAHs) are summarized
for each tissue. <LOQ: less than lower limit of quantitation

standard deviations were associated with
many of the mean values as a result of a
wide range of concentrations for the samples analyzed.
Concentrations of PAHs varied in matched
tissue samples of oiled and non-visibly
oiled sea turtles. For example, sum PAHs
(15 000 ng g−1 wet wt) measured in an
enteric sample of a heavily oiled Kemp’s ridley turtle (BAS2010060109) was more than 2
orders of magnitude higher than the concentrations in the matched liver (22 ng g−1
wet wt) and lung (11 ng g−1 wet wt) samples
from the same animal (Fig. 1). Interestingly,
the enteric sample (Fig. 2B) collected from
a non-visibly oiled loggerhead turtle
(PAK2010072161) had PAH concentrations
that were more than 50 times higher than
those determined in the corresponding liver
(Fig. 2C) and lung (Fig. 2D). However, analyses of biliary PAH metabolites of this loggerhead did not indicate recent exposure to
a crude oil, as the fluorescent chromatographic pattern (Fig. 3C) did not resemble
those of a visibly oiled turtle (Fig. 3A) and
crude-oil-dosed Atlantic salmon (Fig. 3B).
As variable percent lipid concentrations in
tissue samples were also observed, the relationships between PAH concentrations and
lipid content were examined. Percent lipid
values were significantly correlated (p <
0.05) to sum LMWAHs and sum PAHs for all
tissues except enteric samples (p > 0.490).
However, these relationships were weak
(r2 < 0.53) except for fecal sum LMWAHs
(r2 = 0.9297) and sum HMWAHs (r2 = 0.8028).
No other significant relationships (p > 0.05)
were found.
Contributions of LMWAHs — PAHs closely
associated with petroleum — to sum PAHs
measured in internal samples of turtles were
examined to help determine if they were
derived from petroleum or pyrogenic
sources. In all gastroenteric and tissue samples of heavily oiled turtles, sum LMWAHs
were the major contributors to sum PAHs,
with the percent contribution ranging from
71 to 100% (Table S1). Similarly, tissues
of other oiled turtles also had high
percent sum LMWAH values ranging from
61 to 100%, except an enteric sample
(46%) of an oiled Kemp’s ridley turtle
(CDD2011032901). In unoiled turtles, sum
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LMWAHs contributed 47 to 100% to sum
PAHs. In lung and liver samples, the mean
percent sum LMWAHs contributing to sum
PAHs (98 ± 3.3 and 95 ± 4.4%, respectively)
were elevated compared to the mean values
determined for samples of enteric content
(87 ± 12%), feces (84 ± 13%), esophagus
(82 ± 2.6%) and colon content (79 ± 16%)
(Table S1).
Examination of the PAH composition patterns of the sea turtle tissues indicated exposure to petroleum as well as to other sources
of PAHs. The esophageal samples of visibly
oiled Kemp’s ridley turtles (Fig. 4B,C) had
PAH patterns similar to weathered MC252 oil
patterns (Fig. 4A) (patterns derived from PAH
concentration data for MC252 oil samples
reported previously in Incardona et al. 2014),
with both tissue and weathered oil samples
showing losses of naphthalene (N PH) and
C1-naphthalenes and increased contributions
of C2-, C3- and C4-naphthalenes to sum
PAHs. Similarly, PAH composition patterns of
other matched tissues (Fig. 1B–D) of heavily
oiled turtles were also similar to those of
weathered MC252 oil (Fig. 1A). In certain tissues of oiled turtles (Fig. 5B–D), the PAH
composition patterns contained higher proportions of 4- and 5-ring PAHs (e.g. chrysene,
benzo(a)pyrene [BaP], perylene) than did the
weathered MC252 oil samples (Fig. 5A).
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Fig. 2. Comparisons of percent contribution of individual and
alkylated polycyclic aromatic hydrocarbons (PAHs) to (A) summed
PAHs determined in Louisiana oil samples (MC252 riser oil, gray; a
weathered MC252 oil sample collected by a skimmer in May 2010,
striped; and a weathered MC252 oil sample collected by numerous
skimmers in July 2010, black) to those determined in (B) enteric
contents, (C) liver and (D) lung of an unoiled loggerhead sea turtle
(PAK2010072161) sampled in July 2010. N ote the much higher
concentrations of PAHs in the enteric contents sample compared to
the matching liver and lung samples. Concentrations of summed low
molecular weight PAHs (sum LMWAHs), summed high molecular
weight PAHs (sum HMWAHs) and summed PAHs (sum PAHs) are
summarized for each tissue. <LOQ: less than the lower limit of
quantitation. See Fig. 1 for x-axis acronym definitions

PAH metabolites in bile
Variable concentrations of fluorescent PAH
metabolites were measured in bile of oiled
and non-visibly oiled sea turtles, with
phenanthrene (PHN ) and N PH equivalents
ranging from 110 000 to 510 000 and 160 000
to 560 000 ng g−1 bile wet wt, respectively, in
visibly oiled turtles, and PHN and N PH
equivalents in non-visibly oiled animals ranging from 5400 to 30 000 and 23 000 to 140 000
ng g−1 bile wet wt, respectively. The biliary
BaP equivalent concentrations ranged from
1100 to 4200 ng g−1 bile wet wt in visibly oiled
turtles and 65 to 30 000 ng g−1 bile wet wt in
unoiled turtles. Protein-corrected PHN and
NPH equivalents ranged from 2400 to 22 000
and 3500 to 27 000 ng mg−1 protein, respectively, in visibly oiled animals. In non-visibly
oiled turtles, these values ranged from 180 to
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tles. Significantly different (p < 0.05) mean (± SD)
concentrations of PHN , N PH and BaP equivalents
(log10-transformed) were measured in bile of oiled
turtles compared to non-visibly oiled animals (Fig. 6).
Chromatographic HPLC-F patterns were examined to suggest a possible source of PAH exposure
(e.g. pyrogenic or petrogenic chemical contaminants)
(Krahn et al. 1993). Visibly oiled sea turtles had chromatographic patterns (example of pattern shown in
Fig. 3A) that were similar to those observed in bile of
Atlantic salmon exposed to Monterey crude oil (Fig.
3B), as well as the patterns of bile from harbor seals
that were visibly oiled by the Exxon Valdez oil spill
(Krahn et al. 1993). Although non-oiled turtles had
measurable levels of PAH metabolites in their bile,
their HPLC-F chromatographic patterns (Fig. 3C) did
not resemble those of visibly oiled turtles, as noted by
the absence of the characteristic 2-hump (12 to 15
and 15 to 21 min) chromatographic pattern of oil
exposure in bile from both the visibly oiled Kemp’s
ridley sea turtles and crude-oil-exposed Atlantic
salmon.
Concentrations of individual OHPAHs determined
by LC-MS/MS in bile collected from 20 turtles were
generally less than the LOQ (<12 ng g−1 wet wt) or,
when detected, were low (≤35 ng g−1 wet wt) (data
not shown). The highest levels of OHPAHs were
measured in 2 visibly oiled Kemp’s ridley turtles
(BAS2010060109 and BAS2010060605) and included
1-, 2- and 3-hydroxyphenanthrene. In addition, 1and 2-hydroxyphenanthrene were also measured in
a bile sample collected from a non-visibly oiled
Kemp’s ridley turtle (NME2010082301), but the concentrations of these 2 OHPAHs were near the LOQ
for each compound.

Fig. 3. Biliary fluorescent polycyclic aromatic hydrocarbon
(PAH) metabolite chromatograms collected at the phenanthrene (PHN) wavelength pair for (A) a visibly oiled Kemp’s
ridley sea turtle (BAS2010060110) collected in the northern
Gulf of Mexico during the Deepwater Horizon oil spill, (B)
Atlantic salmon exposed to 25 ppm Monterey crude oil in
water for 48 h and (C) an unoiled loggerhead sea turtle
(PAK2010072161) collected in the northern Gulf of Mexico
during the Deepwater Horizon oil spill. Note the characteristic 2-hump (9 to 15 and 15 to 21 min) chromatographic pattern of oil exposure in both the salmon and oiled sea turtle,
as compared with the pattern of multiple peaks with no
humps associated with the unoiled turtle (PAK2010072161)

Of the 171 samples from 78 individual sea turtles
analyzed for DOSS, only 1 sample had concentrations above the LOQ (ranging from <100 to < 5100 ng
g−1 wet wt). A sample of esophageal contents from a
heavily oiled sea turtle (SDD201006105) had a concentration of 1800 ng g−1 wet wt (Table S1).

1700 and 980 to 11 000 ng mg−1 protein, respectively.
Protein-corrected BaP equivalent concentrations
ranged from 57 to 140 ng mg−1 protein in visibly oiled
turtles and 1.5 to 1200 ng mg−1 protein in unoiled tur-

The chemical analyses conducted for this study
demonstrated both external and internal exposure of
protected sea turtles to DWH oil, and are the most
complete information of this kind for sea turtles

DOSS concentrations

DISCUSSION
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Fig. 4. Comparisons of percent contribution of individual and alkylated polycyclic aromatic hydrocarbons (PAHs) to (A) summed PAHs determined in
Louisiana oil samples (MC252 riser oil, gray; a weathered MC252 oil sample
collected by a skimmer in May 2010, striped; and a weathered MC252 oil sample collected by numerous skimmers in July 2010, black) to those determined in
esophageal samples of 2 heavily oiled Kemp’s ridley sea turtles sampled in (B)
June 2010 (SDD2010060105) and (C) June 2010 (MCT20100060701). Concentrations of summed low molecular weight PAHs (sum LMWAHs), summed high
molecular weight PAHs (sum HMWAHs) and summed PAHs (sum PAHs) are
summarized for each issue. See Fig. 1 for x-axis acronym definitions

recovered during an oil spill. Our findings bolster
visual observations and other data related to petroleum exposure by providing analytical chemical confirmation. Although the conclusions drawn from this
study are relatively straightforward and intuitive,
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these analyses are an important element of defensible documentation of
exposure under the N RDA process.
In addition, internal concentrations
of PAHs and metabolites measured
in sea turtles under a natural exposure scenario contribute to a very
limited body of such information.

External oil on sea turtles matched
DWH source
External samples collected from
most of the heavily and moderately
oiled sea turtles had conclusive
chemical confirmation and matched
DWH oil; however, identity of material from some lightly oiled turtles
and over 60% of minimally oiled turtles could not be confirmed. These
results suggest that the threshold of
detection for the methodology used
in this study was related to degree of
oiling. The small size (< 25 cm
carapace length) of surface pelagic
juveniles, which were the predominant life stage sampled, and the
tenacious adherence of oil to keratin
limited the volumes of collected
material, especially for some minimally and lightly oiled turtles. In
addition, oil can absorb into and
adhere to the sampling devices (i.e.
gauze, wooden tongue depressors)
used in this study, making it difficult
to extract a quantity of petroleum
sufficient to overcome analytical
thresholds.

Evidence of PAH absorption and
variability in visibly oiled sea turtles

Analysis of bile samples confirmed
internal exposure and absorption of
PAHs, as well as metabolism in externally oiled sea turtles, but results
were variable among animals. Individual hydroxylated PHN metabolites were measured in 2 of 5 visibly oiled Kemp’s ridley turtles. Oiled turtles had significantly higher concentrations of fluorescent PAH
metabolites (both non-protein and protein-corrected
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Fig. 5. Comparisons of percent contribution of individual and alkylated
polycyclic aromatic hydrocarbons (PAHs) to (A) summed PAHs determined in Louisiana oil samples (MC252 riser oil, gray; a weathered MC252
oil sample collected by a skimmer in May 2010, striped; and a weathered
MC252 oil sample collected by numerous skimmers in July 2010, black) to
those determined in (B) enteric contents of a lightly oiled Kemp’s ridley sea
turtle (KLH2010070901) sampled in July 2010, (C) enteric contents of an
oiled (unknown degree of oiling) Kemp’s ridley (CDD2011032901) sampled in March 2011 and (D) colon contents of a heavily oiled Kemp’s ridley
(MCT2010060701) sampled in June 2010. Note the higher proportions of
chrysenes (CHR), benzo(a)pyrene (BaP) and perylene (PER) in the turtle
tissues compared to the riser and weathered MC252 oil. Concentrations of
summed low molecular weight PAHs (sum LMWAHs), summed high
molecular weight PAHs (sum HMWAHs) and summed PAHs (sum PAHs)
are summarized for each tissue. See Fig. 1 for x-axis acronym definitions

values) compared to unoiled turtles (Fig.
6). Notably, the fluorescent PAH metabolite equivalents measured in bile of oiled
sea turtles were higher than those measured in bile from harbor seals collected
during a subsistence survey in Alaska in
1989 to 1990 after the 1989 Exxon Valdez
oil spill (Varanasi et al. 1993). Some of the
variability in bile analytes among oiled
turtles may be due to differences in dose
and timing of exposure; however, all
heavily oiled turtles had evidence of
ongoing exposure at the time of death
(i.e. all were covered in oil and had oil
within their gastrointestinal tract).
PAHs are generally categorized as
petrogenic (derived from petroleum
sources such as crude oil and tar sands)
or pyrogenic (derived from incomplete
burning of fossil fuels, wood products,
etc.) (Collier et al. 2014). Petrogenic
PAHs usually contain high proportions
of low molecular weight PAHs that
have 2 to 3 fused aromatic rings,
including high proportions of alkylated
PAHs (containing at least 1 or more
methyl, ethyl or other alkylated group
in place of a hydrogen atom on the
ring). Pyrogenic PAHs, on the other
hand, have higher proportions of high
molecular weight PAHs that contain 4
to 7 fused aromatic rings that do not
usually have alkyl-substituted groups
(Collier et al. 2014). Analyses of environmental samples collected from the
northern GoM indicate input of petrogenic and pyrogenic PAHs into this
region (Overton et al. 2004, Iqbal et al.
2007, Mitra et al. 2009). In our study,
PAH concentrations in gastroenteric
contents were consistently elevated in
oiled turtles, confirming that turtles
were exposed to DWH oil via multiple
pathways. Heavily oiled turtles had
high levels of PAHs (Table 2), and PAH
composition patterns of gastroenteric
and liver samples (Fig. 1B,C) were similar to those of weathered MC252 oil
(see Fig. 1A), with both sample matrices
containing high proportions of alkylated
naphthalenes, fluorenes and phenanthrenes/anthracenes. As expected, sea
turtles that were identified as lightly or
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minimally oiled with no oil noted in the mouth or
esophagus, had lower levels of PAHs in their gastroenteric samples compared to similar measurements in the heavily oiled animals. Further, the
composition patterns of the lightly or minimally
oiled turtles had higher proportions of HMWAHs
(see Fig. 4 and Table S1 in the Supplement) compared to those of weathered MC252 oil or heavily
oiled turtles, suggesting exposure to pyrogenic
sources of PAHs. Liver samples of oiled sea turtles
also indicated PAH exposure, but the concentrations were not as high as those in the matched
gastroenteric samples, and the PAH composition
patterns deviated from those of the MC252 oil samples (Fig. 1). These findings are likely due to metabolism of PAHs in sea turtles.

Tissue differences in PAH concentrations and
implications for metabolism in sea turtles
Although the relationships between PAH concentrations and corresponding percent lipid values in
the turtle tissues were generally not significant (p ≥
0.05), or were significant (p < 0.05) but not particu-

Visibly oiled
(n = 5)

Fig. 6. Mean ± SD non-proteincorrected
log10-transformed
concentrations of fluorescent
polycyclic aromatic hydrocarbon (PAH) metabolites measured in bile of oiled (striped)
and unoiled (black) sea turtles
at (A) naphthalene (N PH)
wavelength pair (292/335 nm),
(B)
phenanthrene
(PH
N )
wavelength pair (260/380 nm)
and (C) benzo(a)pyrene (BaP)
wavelength pair (380/430 nm).
Mean protein-corrected log10transformed concentrations of
fluorescent polycyclic aromatic hydrocarbon (PAH)
metabolites measured in bile
of oiled and unoiled sea turtles
at (D) N PH wavelength pair
(292/335 nm), (E) PHN wavelength pair (260/380 nm) and
(F) BaP wavelength pair
(380/430 nm). *p < 0.05 using
Tukey-Kramer HSD test

larly strong (r2 < 0.53), tissue samples with higher
lipid content (e.g. liver) generally had higher PAH
levels compared to those with lower percent lipid
values (e.g. lung), which is consistent with previous
PAH exposure studies in fish (Bruner et al. 1994,
Meador et al. 1995, Hellou & Leonard 2004). For
example, Hellou et al. (2002) fed rainbow trout
Oncorhynchus mykiss a diet spiked with 4 PAHs
over a 4 mo period and reported that fatty tissue
and internal organs (i.e. higher lipid content
tissues) had concentrations of PAHs that were 130
to 260 times higher than those measured in lowlipid blood samples at week 19 of exposure. In the
current study, a higher mean percent sum
LMWAHs contributing to sum PAHs was determined for sea turtle liver samples compared to
those of matched gastroenteric samples. Xenobiotics, including PAHs, are extensively metabolized
by fish and other vertebrates (Varanasi et al. 1989,
Parkinson 2001), which is likely the case for
sea turtles as well. Results from laboratory exposure
and field studies have shown that metabolism of
LMWAHs (e.g. N PH) is not as efficient as metabolism of HMWAHs (e.g. BaP) in some species of fish
and birds (Roubal et al. 1977, Varanasi & Gmur
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1981, Jonsson et al. 2004, Troisi et al. 2006). Data
collected in the current study clearly demonstrated
that externally oiled turtles had absorbed petroleum-related PAHs via ingestion as well as inhalation (based on gastrointestinal and lung PAH findings, respectively), and that they had metabolized
these compounds in the liver to more polar fluorescent aromatic compounds that were measured in
their bile.

Predominance of low molecular weight PAHs
consistent with exposure to petroleum
Sum LMWAHs were the major contributors to
sum PAHs in tissues of heavily oiled turtles (Table
S1). Reddy et al. (2012) conducted a study to determine the composition of oil and gas released into
waters of the GoM during the DWH oil spill. Similar
to the PAH analytical findings of other crude oils
and bunker fuels (Wang et al. 2003, Incardona et
al. 2012, Jung et al. 2013), the authors reported that
the MC252 crude oil had higher amounts of
2- and 3-ring LMWAHs (e.g. naphthalenes, fluorenes, phenanthrenes) compared to 4- and 5-ring
HMWAHs (e.g. chrysenes, benz(a)anthracenes).
Similarly, lightly to moderately oiled turtles analyzed in the current study also had high percentages of sum LMWAHs (61 to 100% of sum PAHs),
except for an enteric contents sample of a Kemp’s
ridley (CDD2011032901) (sum LWMAHs was 46%
of sum PAHs). In this gastrointestinal sample, perylene contributed 52% to the sum HMWAHs and
28% to the sum PAHs. Thus, for animals exposed
to oil originating from the MC252 wellhead or from
other sources of petroleum, higher proportions of
LMWAHs would be expected in their tissues compared to HMWAHs.

Results do not suggest cryptic exposure in unoiled
stranded turtles
Large numbers of dead, non-visibly oiled sea turtles were found stranded within the northern GoM
concurrent with the DWH oil spill and in subsequent
years (Stacy 2015). Many of these turtles had postmortem findings consistent with drowning in commercial fisheries or traumatic injuries, but there was
general concern that these animals may have been
exposed to oil and affected by the spill in some way.
In addition, as oil reached inshore areas where
stranded turtles likely originated, there were con-

cerns related to ongoing exposure after surface oiling
was no longer evident.
Much lower concentrations of biliary PAH metabolites were measured in unoiled sea turtles compared
to those of visibly oiled stranded turtles. Concentrations of individual OHPAHs measured in bile were
below the LOQ in all but 1 non-visibly oiled stranded
turtle. However, the biliary concentrations of the
detected OHPAHs determined for this animal were
quite low—near the LOQ for each analyte. Furthermore, chromatographic HPLC-F patterns in unoiled
stranded turtles were different from those of oiled
stranded turtles.
More variability was found in PAHs in tissue and
gastroenteric content samples of unoiled stranded
turtles; however, results generally showed lower
concentrations of sum LMWAHs and sum PAHs, and
very low sum HMWAH concentrations compared to
oiled stranded turtles. In unoiled turtles, sum
LMWAHs were the major contributors to sum PAHs
(> 55%) in all tissues except a colon content sample
(47%) of a Kemp’s ridley turtle (KLS2011043001)
(Table S1). In this sample, fluoranthene and pyrene
contributed approximately 35% to sum HMWAHs
and 20% to sum PAHs. These higher molecular
weight PAHs are components of crude oil and
bunker fuel, but are also associated with pyrogenic
sources of PAHs (da Silva & Bicego 2010, Hatlen et al.
2010, Incardona et al. 2012, Collier et al. 2014, Johnson et al. 2015). Perylene comprised a high proportion of PAHs in some tissue samples (including visibly oiled turtles). It is likely that these turtles were
exposed to a biogenic source via benthic feeding
behavior rather than to a petrogenic source of perylene, as relatively low proportions of this compound
have been reported in crude oils and bunker fuels
(da Silva & Bicego 2010, Hatlen et al. 2010, Incardona
et al. 2012). Perylene has been found to occur in
peats and marine sediments from various regions of
the world, especially in reducing sediments most
likely as a result of anaerobic breakdown of organic
compounds (Venkatesan 1988).
Potential exposure to crude oil was found in 1 nonvisibly oiled loggerhead (PAK2010072161), which
drowned as a result of dredging activities north of the
Chandeleur Islands in July 2010, after surface oil was
reported in this region during the DWH spill. Relatively high concentrations of PAHs were found in a
sample of enteric contents (Fig. 2B). Postmortem
examination confirmed that this turtle had been foraging on benthic invertebrates and may have been
exposed to petroleum through contaminated sediment or prey. The PAH composition pattern was sug-
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gestive of exposure to weathered oil and resembled
the composition of weathered MC252 oil. Likewise,
biliary PAH metabolite concentrations of this turtle
indicated that it had been recently exposed to PAHs,
but the corresponding HPLC-F qualitative data
(chromatographic pattern shown in Fig. 3C) did not
indicate exposure to a crude oil. Thus, results from
this animal are considered inconclusive with regard
to petroleum exposure.
Although baseline data on exposure of GoM sea
turtles to PAHs are lacking, the results of analyses of
bile, tissue and gastrointestinal content from unoiled
stranded turtles may represent background exposure
to a mixture of biogenic, petrogenic and pyrogenic
sources of PAHs. Thus, we did not find clear evidence of widespread crude oil exposure in unoiled,
stranded sea turtles found during the DWH spill or in
2011. These findings were consistent with field
observations, which documented most oiled sea turtles distant from shore, and very few as beach-cast
strandings (Stacy 2012). In general, strandings are
most representative of mortality occurring closer to
shore, and are not a good indicator of mortality
occurring offshore (Hart et al. 2006). Furthermore,
exposure in stranded turtles is not necessarily representative and may not be a good measure of population-level exposure, especially if petroleum has a
patchy distribution in the environment and exposures were not sufficient to cause acute mortality.

Limited evidence of exposure to dispersants
The only detectable concentration of the dispersant
component DOSS was measured in an esophageal
sample from a heavily oiled Kemp’s ridley
(SDD2010060105) (see Table S1). This turtle was
collected approximately 12 nautical miles offshore,
where most applications of dispersants were reported to occur (Houma ICP Aerial Dispersant Group
2010). Our finding of DOSS levels below the LOQ for
all other tissue and bile samples analyzed in the current study may be due to analytical limitations, habitat use and other factors. For example, certain
esophageal and bile samples of sea turtles in the current study had relatively high LOQ values (ranging
from 320 to 5100 ng g−1 wet wt) due to the small sample mass (<1 g) compared to the LOQs (ranging from
100 to 220 ng g−1 wet wt) for samples having >1g
mass available for the analyses. Thus, these turtles
may have been exposed to DOSS, but at concentrations that were below our reported LOQ values. In
addition, regardless of visible oiling status, we ex-
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pected to find low or non-detectable concentrations
of DOSS in certain tissues of the turtles, as a previous
laboratory exposure study on rainbow trout demonstrated rapid uptake of 14C-labeled DOSS, with
approximately 80% of the labeled compound accumulating in the bile compared to the trout carcass or
blood samples after a 72 h static water exposure
period (Goodrich et al. 1991). Similar to our turtle tissue findings, the DOSS concentrations measured in
more than 8000 seafood specimens collected in federal waters of the northern GoM as part of the
seafood safety response to the DWH spill were frequently below the LOQ or, when detected, were
found at low concentrations (50 to 290 µg g−1 wet wt)
(Ylitalo et al. 2012). Furthermore, most of the sea turtles that were not visibly oiled were size classes that
typically inhabit continental shelf, or neritic areas.
These larger neritic sea turtles are not expected to
have had the same probability of dispersant exposure as surface-pelagic juvenile life stages (or leatherback turtles), which are found offshore where the
greatest volume of dispersants were reported to be
used during the DWH spill (Kujawinski et al. 2011).
Recent laboratory studies have demonstrated that
bio- and/or photo-degradation of DOSS is more rapid
under surface water environmental conditions (e.g.
higher temperature, increased light) than degradation under deep water conditions (e.g. lower temperature, reduced light) (Campo et al. 2013, Batchu et al.
2014); thus, DOSS exposure in surface-pelagic juvenile turtles may have been minimized or not occurred
at all due to degradation, depending upon the timing
of the surface application of DOSS and the turtle
occurrence in the region. Information on exposure of
turtles to DOSS degradation products, however, is
unknown as these compounds were not measured in
the current study.
In conclusion, analyses from the current study
confirmed that most sea turtles observed to be oiled
during the 2010 DWH spill had, in fact, been oiled by
MC252 oil. Furthermore, results of chemical analyses
of internal bile and tissue samples demonstrated that
visibly oiled sea turtles from the northern GoM had
higher internal concentrations of PAHs or fluorescent
PAH metabolites compared to non-visibly oiled turtles, and that oil was taken up internally by turtles
that were externally exposed to petroleum. In addition, the fluorescent PAH metabolite chromatographic patterns in bile of oiled turtles were consistent with exposure to a petrogenic contaminant
source. Findings in most of the non-visibly oiled turtles were suggestive of low-level exposure to PAHs
from a combination of petrogenic, pyrogenic and bio-
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genic sources. These values may represent background exposure to PAHs for sea turtles in the northern GoM unrelated to the DWH spill, but pre-spill
samples were not available for comparison. Overall,
the results of petroleum chemical analyses of both
external oil samples and internal samples of sea turtles from the GOM during and after the DWH oil spill
supported the findings of visual oiling observations.
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