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Abstract

We surveyed offshore fish populations in the Gulf of Mexico in 2011 and 2012, following persistent reports of
abnormal skin lesions and other pathologies in the aftermath of the Deepwater Horizon oil spill. The incidence of
skin lesions in 2011 sampling was most frequent in some bottom-dwelling species along the continental shelf edge
north of the Deepwater Horizon site. Longline surveys revealed that by 2012 the overall frequency of lesions in
northern Gulf of Mexico (NGM) fishes in the vicinity of the Deepwater Horizon had declined 53 %, with severity
also declining. Relatively high concentrations of polycyclic aromatic hydrocarbon (PAH) metabolites (up to
470,000 ng naphthalene equivalents/g bile wet weight), indicative of oil-related pollution, were found in fish bile in
2011; concentrations of summed PAHs measured in fish liver and muscle were relatively low (<35 ng/g) due to the
efficient metabolism of these compounds by teleost fish. Significant declines in bile concentrations of naphthalene
and phenanthrene metabolites in Red Snapper Lutjanus campechanus between 2011 and 2012 indicate an episodic
exposure to elevated levels of hydrocarbons of petrogenic origin. The composition of PAH parent compounds and
alkylated homologs in Red Snapper liver samples was highly correlated with oil collected at the Deepwater Horizon
wellhead but was less coherent with other PAH sources in the NGM. The elevated 2011 prevalence of skin lesions in
some NGM species was unrelated to surface salinity or temperature anomalies and was not the result of an epizootic
observable in our histopathology samples but was positively correlated with PAH concentration. Thus, we fail to
reject the null hypothesis that elevated skin lesion frequency is unrelated to PAH exposure from the Deepwater
Horizon oil spill.

Persistent anecdotal reports of offshore fishes exhibiting resulting oil spill (April 20-July 15, 2010; Lubchenco
skin lesions and other symptoms began in the winter of et al. 2012; McNutt et al. 2012). Open skin lesions are a
2010-2011, following the Deepwater Horizon blowout and relatively rare occurrence in wild marine fish populations

© S. A. Murawski, William T. Hogarth, Ernst B. Peebles, and Luiz Barbeiri
*Corresponding author: smurawski @usf.edu
Received August 14, 2013; accepted March 26, 2014

1084



PATHOLOGIES IN GULF OF MEXICO FISHES, POST-DEEPWATER HORIZON

(van Banning 1987; Ziskowski et al. 1987), being generally
more prevalent in coastal regions and estuaries (Vethaak
1992; Lange et al. 1999; Vethaak et al. 2011), and thus
there were concerns that exposure to oil from the Deepwa-
ter Horizon may have been associated with the reported
symptomatology. The greatest health concerns for fish
from exposure to crude oil are from carcinogenic and non-
carcinogenic polycyclic aromatic hydrocarbons (PAHs;
Reynaud and Deschaux 2006; Carls et al. 2008). A number
of biological effects have been associated with PAH expo-
sure in fish, including developmental abnormalities, immu-
nosuppression, hepatic lesions, altered growth, increased
susceptibility to vibriosis and other diseases, altered gene
expression, reduced multigenerational fitness, and cardiac
dysfunction (Myers et al. 1994; White et al. 1999; Heintz
et al. 2000; Arkoosh et al. 2001; Incardona et al. 2004,
2012, 2014; Meador et al. 2006; Reynaud and Deschaux
2006; Balk et al. 2011; Whitehead et al. 2012). Fish can
be exposed to PAHs via various routes (Law and Hellou
1999), including consumption of contaminated prey, direct
contact with contaminated water through the gills, and
potentially through transdermal exposure of benthic fish to
contaminated sediments. Petrogenic PAHs enter the envi-
ronment as unburned crude and processed petroleum prod-
ucts, including low-molecular-weight (LMW) PAHs, such
as naphthalene (NPH) and phenanthrene (PHN). Pyrogenic-
origin PAHs of relatively high molecular weight originate
primarily from partially burned coal and petroleum (Lima
et al. 2005).

The sampling of fish following the Deepwater Horizon
blowout for seafood safety monitoring revealed that there
were relatively low concentrations of 13 PAHs in fish muscle
(Ylitalo et al. 2012). However, this does not necessarily mean
that the fish were not previously exposed to high levels of
hydrocarbons. Vertebrates, such as fish, readily take up PAHs
present in their food and the environment and quickly metabo-
lize these compounds to more polar compounds that are then
secreted into the bile for rapid elimination over a period of
several days (Varanasi et al. 1989). As a result, fish exposed to
high levels of PAHs generally contain relatively low or unde-
tectable levels of these compounds in their muscle, even
within a few days following an exposure episode (Varanasi
et al. 1989). The region where the Deepwater Horizon
spill occurred is, however, chronically exposed to oil from
multiple sources, including natural seeps (Mitchell et al. 1999;
Kvenvolden and Cooper 2003), inputs from the Mississippi
and other rivers (Mitra and Bianchi 2003), coastal erosion
(Igbal et al. 2007), atmospheric deposition, and low-level
releases from the extant oil industry (McDonald et al. 1996;
Peterson et al. 1996; Overton et al. 2004; Balk et al. 2011;
Figure 1B). Thus, disentangling the relationship of various
PAH sources, including the Deepwater Horizon spill, repre-
sents a significant challenge. There was no comprehensive
baseline for fish disease prevalence and associated PAH levels
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in fish in the areas most heavily impacted by the Deepwater
Horizon spill for years prior to 2010. It was thus not possible
to determine if fish pathologies were elevated coincident with
Deepwater Horizon exposure using the then-available data.
Accordingly, we undertook surveys in 2011 and 2012 to sam-
ple primarily bottom-dwelling fishes in the northern Gulf of
Mexico (NGM), near the well site, around the adjacent West
Florida Shelf (WFS), and in the continental shelf region west
of the oil spill to document the frequency and spatial distribu-
tion of skin lesions and to sample fish for exposure to hydro-
carbons (Figure 1).

METHODS

Field sampling procedures.—Sampling in 2011 occurred
from June to August using chartered commercial longline fish-
ing vessels (Figure 1A). The depth distribution of sampling
was 15-195 m along 15 transects from near shore to off shore.
After the Deepwater Horizon blowout, the species most often
reported with anomalous skin lesions was Red Snapper Lutja-
nus campechanus. Therefore, the maximum depth of our ini-
tial survey (~200 m) coincided with the maximum depth
distribution of the species (Patterson et al. 2007). Sampling
stations were located at nominal depths of 18, 37, 73, 110,
146, and 183 m along 15 transects extending from north of the
Dry Tortugas Islands to offshore of Terrebonne Bay, Louisi-
ana (Figure 1). Some additional stations were located between
transects, and for some transects with steep bathymetric
slopes, we reduced the number of stations fished.

The longitudinal scope of the study was set to encompass
the majority of the area in which surface oil concentrations
during the Deepwater Horizon event were the greatest
(Figure 1A) and also to include the WFS region (Figure 1A),
which had no observed surface oiling from the spill
(Figure 1B), although we cannot rule out upwelling of dis-
solved Deepwater Horizon hydrocarbons there (Hu et al.
2011; Weisberg et al. 2014).

In 2012 we sampled 34 of the stations originally occupied
in 2011, again using a chartered commercial fishing vessel
(June—July) and the RV Weatherbird Il (August). We extended
the 2012 sampling westward of the original transects in order
to assess disease frequency in areas of the extant oil infrastruc-
ture but where no surface or subsurface oil contamination
from Deepwater Horizon was evident (OSAT 2010;
Figure 1B). Thirteen deeper stations were also sampled in
2012, based on the 2011 results indicating particularly ele-
vated skin lesion prevalence of deep-dwelling shelf species
(e.g., Tilefish Lopholatilus chamaeleonticeps, Yellowedge
Grouper Hyporthodus flavolimbatus, and Southern Hake
Urophycis floridana).

At each predetermined sampling location, the vessel
captain searched for suitable habitat for the target species, pri-
marily snappers (family Lutjanidae) and groupers (family Epi-
nephelidae). The vessel was allowed to range up to 9 km from
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FIGURE 1. Location of sampling stations and the percent of skin lesions per station for (A) June—August 2011 and (B) June—August 2012. The percent of skin
lesions at a station is indicated as follows: white circles = 0%, red graduated circles = 0.1-2.0%, 2.1-4.0%, 4.1-6.0%, and >6.0% (from smallest to largest),
black and white circles = 0%, and blue graduated circles = 0.1-2.0%, 2.1-4.0%, 4.1-6.0%, and >6.0% (from smallest to largest). In panel (B), black and white
and blue graduated circles represent stations first sampled in 2012, while white circles and red graduated circles represent stations sampled in both 2011 and
2012. The gray shading is the cumulative distribution of surface oil occurring during the duration of the Deepwater Horizon (DWH) event. At each 10’ square,
the number of days oil was observed was multiplied by the daily density of surface oil observed at that location (low = 1, moderate = 5, high = 10) and summed.
Oil density per square thus ranges from 0 to 572 “oil days.” The heavy black line in panel (A) separates the West Florida Shelf (WFS) from the northern Gulf of
Mexico (NGM). Yellow dots are the current (April 2012) locations of oil and gas platforms (BOEM 2012). [Color figure available online.]
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the center line of the sampling transect in search of suitable
“hard bottom” habitat. At each station, 8§ km of 3.2-mm galva-
nized-steel main line with 322-500 baited hooks was
deployed. We used 91-kg-test leaders, 3.7 m long and attached
to #13 circle hooks, with alternating cut fish and squid as bait.
At the beginning and end of the main line we deployed Star:
Oddi CDST Centi temperature—time—depth recorders to record
actual bottom time, as well as bottom temperature and depth
fished. At setout and haul-back, we recorded latitude and lon-
gitude, time, depth from the vessel’s depth finder, and local
weather conditions. Once the longline was deployed, the ves-
sel steamed back to the start buoy and began haul-back. The
average soak time was 2 h 1 min. At retrieval, we determined
fish species and recorded the standard, fork, and total lengths
to the nearest centimeter, as appropriate. Each specimen was
weighed to the nearest gram on a Marel motion-compensated
scale or a hand scale (nearest cg) for very large fish. Large
sharks (e.g., ~2 m and greater) were photographed for species
identification at the rail and released alive. Each fish obtained
was inspected for a variety of externally symptomatic diseases,
and other samples were obtained. For specimens exhibiting
obvious skin abnormalities, photographs of the affected tissues
were taken and a portion of the affected skin was excised in
thin sections and preserved in 10% neutral buffered formalin
for subsequent histological analyses. Our catches of large
pelagic species were augmented by trolling surface lures while
transiting between longline stations. Troll-caught specimens
were processed using methods similar to longline catches.

Each fish was examined for the following: (1) the presence
of external skin lesions (e.g., ulcers, other external eruptions
of the integument, or skin irritation unrelated to mechanical
damage), (2) the presence of fin rot disease, (3) the presence
of parasites (data not reported here) or tumors on the gills, (4)
the evidence of recent mechanical damage thought to occur
through trauma of the catching process or due to predators,
and (4) the presence of obvious tumors and tumor-like growths
on the skin and internal organs. The status of each candidate
lesion was evaluated (e.g., open bloody ulcer, closed skin
contusions, healing, or old injury).

For selected species (Red Snapper, Red Grouper Epinephe-
lus morio, Vermilion Snapper Rhomboplites aurorubens, Gag
Mpycteroperca microlepis, Yellowedge Grouper, Snowy Grou-
per Hyporthodus niveatus, and Tilefish), we chose the first five
specimens encountered of normal specimens and all fish with
obvious skin anomalies and weighed the liver, gastrointestinal
tract, and gonad separately to the nearest gram using the Marel
scale. For Red Snapper and associated species, we also took
samples for PAH determinations from muscle, liver, and bile.
Muscle samples were excised from the dorsal area and con-
sisted of about 2 cm® of tissue. Liver samples of similar size
were also taken. Both liver and muscle samples were sepa-
rately wrapped in aluminum foil and inserted into plastic bags.
Samples were kept on ice for the duration of each fishing ves-
sel trip, then frozen at —20°C prior to analysis. Samples from

1087

the RV Weatherbird Il were frozen at sea immediately upon
collection. To obtain bile samples, we dissected and punctured
the gallbladder into a clear 15-mm x 45-mm vial. A foil liner
was inserted between the cap and vial to prevent hydrocarbon
contamination. The vial was wrapped in foil to prevent photo
oxidation and placed in a plastic bag. Bile samples were kept
on ice or frozen at sea until return to the laboratory, where
they were maintained at —20°C or colder until analyzed.

Laboratory determinations of PAHs.—Frozen bile samples
collected from five species sampled in 2011 were shipped to
the Northwest Fisheries Science Center in Seattle, Washing-
ton, and were stored at —20°C until analysis. Thirty-four indi-
vidual fish bile samples from 2011 (several species) and 15
samples from 2012 (Red Snapper) were analyzed for metabo-
lites of PAHs using a high-performance liquid chromatogra-
phy—fluorescence (HPLC-F) method (Krahn et al. 1984;
Krahn et al. 2005). This method results in the determination of
the concentrations of classes of PAH metabolites fluorescing
in the regions typified by NPH, PHN, and benzo[a]pyrene
(BaP). Bile was injected directly onto a Waters HPLC-F sys-
tem equipped with a C-18 reverse-phase column (Phenomenex
Synergi Hydro). The PAH metabolites were eluted with a lin-
ear gradient from 100% water (containing a trace amount of
acetic acid) to 100% methanol at a flow of 1.0 mL/min. Chro-
matograms were recorded at the following wavelength pairs:
(1) 292/335 nm, at which many 2-3 benzene ring aromatic
compounds (e.g., NPH) fluoresce, (2) 260/380 nm, at which
several 3—4 ring compounds (e.g., PHN) fluoresce, and (3)
380/430 nm, at which 4-5 ring compounds (e.g., BaP) fluo-
resce. Peaks eluting after 9 min were integrated, and the areas
of these peaks were summed. The concentrations of fluores-
cent PAHs in the bile samples of the marine fish were deter-
mined using NPH, PHN, and BaP as external standards and
converting the fluorescence response of bile to PHN (ng PHN
equivalents/g bile), NHP (ng NPH equivalents/g bile), or BaP
(ng BaP equivalents/g bile) equivalents.

To ensure that the HPLC-F system was operating properly,
a NPH-PHN-BaP calibration standard was analyzed five
times to obtain a relative standard deviation of <15% for each
PAH. As part of the laboratory quality assurance plan (Sloan
et al. 2006), two quality assurance samples, consisting of a
method blank and a fish bile control sample (bile of Atlantic
Salmon Salmo salar exposed to 25 wg/mL of Monterey crude
oil for 48 h), were analyzed with the fish bile samples. Three
methods blanks revealed no traces of PAH metabolites, and
the calibration standard was reproduced within the standard
deviation of the source compound.

Bile samples taken in 2012 were analyzed at the Mote
Marine Laboratory using identical methods as described
above. We reanalyzed 2011 samples at the Mote Marine Labo-
ratory, resulting in identical results as those obtained by the
Northwest Fisheries Science Center. Methods blanks were
also run periodically to assure that no contamination of sam-
ples was skewing contaminant assessment results.
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Liver and muscle samples from the NGM and WFS were
analyzed using gas chromatography-mass spectrometry (GC-—
MS) methods to evaluate individual parent PAH compounds
and alkylated homologs (C;—C,) at relatively low detection
levels <1 ng/g (Varanasi et al. 1993; Krahn et al. 2005; Hom
et al. 2008; Ylitalo et al. 2012). For muscle and liver samples
obtained in 2011, the GC-MS method employed measured
individual PAHs' at low detection levels (<1 ng/g) and pro-
vided data on alkylated homologs (Ylitalo et al. 2012). The
GC-MS method (Sloan et al. 2005) is a reliable and sensitive
analytical method that has been used to measure these com-
pounds in fish and other marine organisms collected after pre-
vious oil spills and natural disasters (Krahn et al. 2005; Hom
et al. 2008; Ylitalo et al. 2012). For the GC-MS method, mus-
cle and liver samples were extracted with dichloromethane
using an accelerated solvent extractor. Polar compounds were
removed from the extracts using a gravity flow silica—alumina
column, followed by separation of PAHs from interfering bio-
genic compounds using liquid chromatography with size
exclusion chromatography. The PAHs were then measured on
a low-resolution quadrupole GC-MS system. Methods blanks
were run every 3—14 samples. Small amounts of a few analytes
from the methods blanks were determined at background lev-
els (primarily NPH and a few other PAHs) that averaged from
0.03 to 1.3 ng/g. We did not adjust the sample results for the
positive readings for the few instances of small positive read-
ings because doing so would have resulted in negative PAH or
homolog levels, and the overall effect on interpretation of
results was minor. However, if such adjustments are made,
they would shift the dominant PAH homolog slightly from C,
to C3 NHP.

Histology samples.—Histology samples of skin pathologies
and representative fish livers from field collections taken in
2011 were thin-sectioned and mounted per standard histopa-
thology procedures. Slides were read twice by separate classi-
fiers to determine skin conditions relative to various sources,
including microsporidian parasite infections, skin abrasions,
and skin lesions of potential toxicopathic origin. Based on the
analysis of histological material and photographs of skin
anomalies taken at the time of field collection, the field classi-
fications were either confirmed as skin lesions or reclassified
as due to other sources. Final skin lesion frequencies are based
on these determinations, and the data collected in 2011 were
used as a training set for subsequent field classifications in
2012.

"The PAHs analyzed included the following LMW compounds:
naphthalene (NPH), acenaphthylene (ACY), acenaphthene (ACE),
fluorene (FLU), and anthracene+phenanthrene (ANT/PHN). The
high-molecular-weight compounds included the following: fluoran-
thene (FLA), pyrene (PYR), chrysene (CHR), benzo[k]fluoranthene
(BKF), indeno[1,2,3-cd]pyrene (IDP), benzo[b]fluoranthene (BbF),
benz[a]anthracene (BaA), dibenz[a,c]anthracene+ dibenz[a,h]anthra-
cene (DBA), benzo[a]pyrene (BaP), dibenzothiophene (DBT), benzo
[e]pyrene (BeP), perylene (PER), and benzo[ghi]perylene (BZP).

MURAWSKIET AL.

Data analysis.—For prevalence data (percent of animals
exhibiting signs of skin lesions), we computed percentile con-
fidence intervals using a bootstrap method, resampling dis-
eased and nondiseased animals 1,000 times with the bootstrap
sample size equal to the number of the test species or species
group actually sampled (Figure 2). Where appropriate, we per-
formed an odds ratio evaluation, noting significance of the
Fisher’s exact test (Figure 2). When comparing percent fre-
quency if one of the comparisons involved zero frequency, we
performed a one-sided test evaluating the probability of dis-
ease frequency exceeding 0%. Tests of bile PAH concentra-
tions employed a Mann—Whitney rank-sum test for medians.

RESULTS

We evaluated the disease status of 7,433 finfish specimens
from 103 different species caught at 150 sampling stations in
2011 and 2012 and examined them for signs of skin lesions.
From 84 longline stations sampled in 2011 (Figure 1A), we
caught a total of 3,952 fish, with overall rates of skin lesions
varying widely by species, area, and depth. Average fish catch
in 2011 was 47 per haul (range = 4-240); the dominant

Tilefish

Southern Hake

Red Snapper

Yellowedge Grouper

King Snake Eel.

Large pelagics n.s.

Other bottom fish P=0.077 O/R=2.32

Snapper-grouper P=0.035 O/R=4.04

Elasmobranchs

All species P=0.019 O/R=2.16
[ T 52 T

0 5 10 15 20

% of fish with skin lesions

FIGURE 2. Mean percent (error bars show SEs) of fish within a species or
species group with skin lesions examined in 26 repeated stations in 2011 (red)
and 2012 (gray) in the NGM region. Abbreviations are as follows: O/R = the
odds ratio of differences between years (2011/2012) and n.s. = not significant.
[Color figure available online.]
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species were Red Snapper, Red Grouper, Gulf Smoothhound
Mustelus sinusmexicanus, and Atlantic Sharpnose Shark
Rhizoprionodon terraenovae, which in aggregate accounted
for about two-thirds of the total catch.

The 2012 sampling consisted of 66 longline stations with
repeat collections at stations sampled in 2011 in the NGM
near the shelf break to ascertain potential changes at locations
exhibiting skin lesions in 2011. Additionally, some WFS sta-
tions were repeated to sample Red Snapper there for lesion fre-
quency and PAH contamination. In 2012 we caught 3,481
specimens at 66 stations, for an overall average catch rate of
53 fish per haul (range = 2-202). Catches in 2012 consisted
primarily of King Snake Eel Ophichthus rex, Atlantic Sharp-
nose Shark, Red Snapper, Gulf Smoothhound, and Tilefish,
also comprising about two-thirds of the catch.

Of the 34 stations repeated in 2012, 26 were in the NGM
region (Figure 1B). The catch rates were similar between
years (67 versus 60 fish per longline set) at these 26 stations,
but the frequency of skin lesions declined significantly from
1.9% to 0.9% (P = 0.019; Figure 2). Of the four species
groups (species membership by group is given in the associ-
ated online information), the large pelagic species, the other
bottom fishes, and the snapper—grouper species had higher
rates of prevalence of skin lesions in 2011 than did the elasmo-
branchs (Figure 2). There was a consistent, relatively high fre-
quency of skin lesions in the 2011 data (Figure 1A), especially
along the northern axis of DeSoto Canyon north of the Deep-
water Horizon site. In contrast, the inner-continental-shelf sta-
tions north of the Deepwater Horizon well site had very low or
zero lesion frequency. Species occurring relatively frequently
at the shelf break, which we also sampled intensively in 2012,
included Tilefish, Southern Hake, Yellowedge Grouper, and
King Snake Eel (Figures 1B, 2).

The concentrations of PAHs (parent and alkylated-homolog
compounds) measured in the liver and muscle were low
(<35 ng/g; Figure 3), whereas the NHP metabolite equivalent
levels (associated with petroleum exposure) determined in fish
bile (Figure 4) were relatively high (range = 41,000-
470,000 ng/g bile wet weight). These findings are consistent
with the high rates of PAH metabolism in vertebrates (Vara-
nasi et al. 1989). In all cases, the PAH levels in these tissues
were well below (one to three orders of magnitude) U.S. Food
and Drug Administration consumption “levels of concern”
(Ylitalo et al. 2012).

The liver : muscle ratio for LMW PAHs differed substan-
tially among species (Figure 3). For two large pelagic species
(King Mackerel Scomberomorus cavalla and Little Tunny
Euthynnus alletteratus), muscle PAH levels exceeded liver
concentrations by 172% and 48%, respectively. The ratio of
muscle : liver LWM PAHs was substantially higher for South-
ern Hake (Figure 3), a deep water benthic omnivore that feeds
primarily on invertebrate infauna and potentially bioturbates
PAH-laden sediments. Southern Hake liver and muscle sam-
ples were dominated by high proportions of PAH parent
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FIGURE 3. Average sum of low-molecular-weight (LMW) PAHs and alky-
lated homologs for liver and muscle samples of 13 species sampled in the
NGM and WES regions. Numbers in parentheses are the sample sizes (liver,
muscle). Some of these samples are composites from several fish. The 1:1
bisector is plotted as a dashed line. Species include those listed in the text, as
well as Greater Amberjack Seriola dumerili, Yellow Conger Rhynchoconger
flavus, Cobia Rachycentron canadum, and Scamp Mycteroperca phenax.

compounds, perhaps indicative of relatively recent exposure
or less efficient PAH metabolism.

Concentrations of PAH metabolites in bile samples from
the NGM in 2011 were in the moderate to high range, averag-
ing 126,000 ng NHP equivalents/g bile (wet weight). Bile-
derived PAH metabolite levels taken from Red Snapper
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FIGURE 4. Changes in the concentration of PAH metabolites (for naphtha-
lene, phenanthrene, and benzo[a]pyrene) sampled from Red Snapper bile
obtained in the NGM in 2011 and 2012. The U statistic is from the Mann—
Whitney rank-sum test for differences in the median. The dark horizontal lines
are mean values, the lighter horizontal bars inside the boxes are the medians,
the shaded boxes are the interquartile ranges, the whiskers represent the 10th
and 90th percentiles, and the white circles are individual samples.
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sampled in the NGM region (Figure 4) declined between 2011
and 2012, consistent with an episodic exposure event. Mean
and median levels of NPH equivalents declined significantly
(P < 0.001) by 47% and 49%, respectively, between years.
Likewise, mean and median PHN equivalent concentrations
declined significantly (P = 0.036) by 34% and 32%, respec-
tively, between years. While mean and median levels of BaP
equivalents declined 19% and 24%, respectively, these levels
were not statistically significant (P = 0.153; Figure 4).

The average composition of PAHs in NGM liver samples
has a very strong positive relationship (* = 0.82; P < 0.001)
with the composition of PAHs determined from the leaking
wellhead (Reddy et al. 2012; Figure 5), despite the nearly 1
year that elapsed between the end of the Deepwater Horizon
spill and our sampling. The concentration of various parent
and alkylated-homolog compounds differed between NGM
and WFS, with the WFS having a somewhat lower fraction of
alkylated to parent compounds (74% and 71% alkylated
homologs in the WES in liver and muscle samples, respec-
tively, versus 84% and 85% for the NGM). These patterns are
indicative of differing exposure histories and differential
weathering of compounds between the two regions (Mitra and
Bianchi 2003; Short et al. 2004; Igbal et al. 2007). The source
of PAH contamination on the WFS is unknown, but its compo-
sition exhibits lower concentrations of alkylated homologs of a
number of PAHs than that in the NGM (Figure 5). This condi-
tion is indicative of exposure to a differentially weathered oil
source or perhaps an admixture of PAH sources (Figures 5, 6).

DISCUSSION

The etiologies of skin lesions are complex and can be influ-
enced by a multiplicity of individual and synergistic environ-
mental stressors, including mechanical damage, predation
attempts, social interactions among fish, pathogens, physical
environmental stresses, and exposure to toxicopathic contami-
nants (Vethaak 1992; Vethaak et al. 2011). If skin lesions in
the NGM are primarily of toxicopathic origin, with PAH expo-
sure being the primary toxic agent, then there are four poten-
tial alternative or cumulative sources for PAHs influencing
our results (Ocean Studies Board and Marine Board 2003;
Overton et al. 2004): (1) natural hydrocarbon seeps (MacDon-
ald et al. 1993, 1996; Presley et al. 1998; Mitchell et al. 1999;
Santschi et al. 2001; Kvenvolden and Cooper 2003), (2)
chronic low-level exposure from the extant oil and gas infra-
structure in the gulf (drilling rigs, production platforms, pump-
ing facilities, vessels, and pipelines; McDonald et al. 1996;
Overton et al. 2004; Figure 1B), (3) inputs from large rivers,
atmospheric deposition, and coastal erosion (Mitra and Bian-
chi 2003; Overton et al. 2004; Igbal et al. 2007), and (4) Deep-
water Horizon (Lubchenco et al. 2012; McNutt et al. 2012;
Reddy et al. 2012; Figure 1A).

Despite considerable uncertainty about the volume of spe-
cific constituents, several attempts have been made to establish
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FIGURE 5. Concentrations of some PAH parent compounds and alkylated
homologs (see Methods, particularly footnote 1, for compound abbreviations)
sampled from the Macondo (Deepwater Horizon) wellhead (Reddy et al.
2012; gray bars), from 56 Red Snapper aggregated into 18 composite samples
of livers from the NGM in 2011 (red bars), and from two composite samples
of 8 fish from the WFS (black circles and line). Standard errors are plotted for
the Red Snapper liver samples from the NGM. [Color figure available online.]

an oil pollution budget for the Gulf of Mexico (Ocean Studies
Board and Marine Board 2003) against which we can evaluate
Deepwater Horizon impacts. The Ocean Studies Board and
Marine Board (2003) estimated the average annual input of oil
(1990-1999) from all sources into the Gulf of Mexico (their
regions G and H) to be 95,500 tons, comprised of the follow-
ing: 70,000 tons from natural seeps, 2,710 tons from oil and
gas extraction activities, 4,090 tons from transportation activi-
ties, and 18,700 tons from oil consumption (combustion)
byproducts. By contrast, the Deepwater Horizon spill was
699,700 metric tons + 10% or over seven times the average
annual input from all non-Deepwater Horizon sources
(McNutt et al. 2012).

Sediment cores from the region west of the Mississippi
River delta, analyzed by Presley et al. (1998), Santschi et al.
(2001), and Overton et al. (2004), indicate that hydrocarbon
seeps do not account for much of the contemporary PAH flux
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FIGURE 6. Correlations between PAH concentrations (parent compounds and alkylated homologs; see footnote 1) from various sources in the Gulf of Mexico.
Coefficients of determination (+%) and significance of regressions (** = highly significant, ns = not significant) are provided for each pair of concentrations. Data
are from the following sources: Deepwater Horizon (DWH) = Reddy et al. 2012, Red Snapper = this study (Figure 5), Shelf 1993 = average concentrations
along the continental shelf from 1950 to 1993 from Presley et al. 1998, Shelf 1947 = average concentrations along the continental shelf from 1893 to 1947 from

Presley et al. 1998, Coastal Louisiana (LA) = data derived from Igbal et al. 2007.

on the continental shelf where our fish were sampled. Coring
(Presley et al. 1998) was conducted in 60 m of water, near one
of our transects (Figure 1B). In their chronological reconstruc-
tion, 2PAHs averaged 234 ng/g of sediment from 1893 to
1947, increasing quickly thereafter to an average of 611 ng/g
from 1950 to 1993, coincident with the development of off-
shore oil production and post—-World War II increases in
domestic oil consumption (Presley et al. 1998; Santschi et al.
2001). These results are consistent with findings of Overton
et al. (2004), who sampled more broadly in the Mississippi
River Bight. Thus, rather than seeps accounting for >70% of
oil pollution in the Gulf of Mexico oil budget as a whole
(Ocean Studies Board and Marine Board 2003), even if they

accounted for all PAH inputs to sediments prior to 1940
(which they clearly do not), they must account for about a third
(e.g., 234/611 ng/g), or likely much less, of the contemporary
annual PAH budget (minus Deepwater Horizon) on the conti-
nental shelf in the NGM. This conclusion is supported by
the spatial distribution of natural seeps, the vast majority of
which occur westward and well offshore of our sample loca-
tions (MacDonald et al. 1993, 1996; Mitchell et al. 1999;
Kvenvolden and Cooper 2003; Figure 1).

Leaking oil infrastructure and produced waters (Figure 1B)
are also unlikely to be a major source for PAHs found in the
fishes that we examined. The Ocean Studies Board and Marine
Board (2003) estimated an annual total of 3,571 tons of oil
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from leaks and discharges from platforms, produced waters,
and pipelines distributed over the broad region occupied by oil
and gas infrastructure (Figure 1B). This represents about 0.5%
of the volume of oil from the Deepwater Horizon spill
(McNutt et al. 2012). Oil infrastructure is distributed over
about 250,000 km? of the NGM (Figure 1A); thus, the density
of annual infrastructure-derived oil inputs is about 14 kg
km~2 y~! versus pollution from Deepwater Horizon of about
5,000 kg km™2 y~! over an area of about 140,000 km? (over
350 times more from Deepwater Horizon in the overlapping
regions; Figure 1A). Furthermore, while monitoring of fish
toxicology for oil and gas extraction-related pollution is very
limited in Gulf waters, sampling in the vicinity of gas wells in
the western Gulf of Mexico revealed generally lower levels of
PAHs than in our bile samples, particularly for BaP (McDo-
nald et al. 1996). Pollution from oil infrastructure is generally
limited to <1 km around rigs (Kennicutt et al. 1996) and is
thus considered a more localized, rather than regional, pollu-
tion source. Our 18 composite Red Snapper samples from the
NGM, extending over 400 km across the region north of the
leaking wellhead, resulted in a generally coherent signal of
PAH profiles (see online data) that are not consistent with
localized leaks or discharges resulting from multiple different
sources and oil formations. Likewise, no such seeps or oil
infrastructure occur on the WFS, and thus the predominantly
petrogenic PAHs we detected there (Figure 5) must be from a
distant pollution source and perhaps Deepwater Horizon
(Weisberg et al. 2014).

Of the remaining sources (riverine, coastal erosional sour-
ces, and atmospheric deposition), coastal erosion appears to
account for the majority of the annual flux, ranging from 97%
to >99% for three example PAHs (Mitra and Bianchi 2003).
However, the PAH composition of erosional sources in coastal
Louisiana (Igbal et al. 2007) differs substantially from that of
the Deepwater Horizon oil (Reddy et al. 2012) and our profiles
(Figures 5, 6). Igbal et al. (2007) found a very low ratio of par-
ent to C4 NHP (~1:10), which is characteristic of substantial
weathering, in contrast to our data, to that of Reddy et al.
(2012), and in offshore core samples (Presley et al. 1998),
indicating approximate unity. Also, erosional sediments in
coastal Louisiana had detectable levels of ANT (Igbal et al.
2007), which is indicative of a more pyrogenic source, and is
inconsistent with our results (Figure 5) and the composition of
the source oil (Reddy et al. 2012) showing no detectable
ANT. Coastal erosional, atmospheric, and riverine sources of
PAHs are thus also insignificant pollution sources for the shelf
fishes we sampled.

We determined a correlation matrix for PAH parent and
homolog concentrations from a number of the sources noted
above (Figure 6), including the Deepwater Horizon source oil,
our Red Snapper liver samples (Figure 5), a study of PAH
contamination from coastal runoff in Louisiana (Igbal et al.
2007), and continental shelf core samples for a 100-year time
series averaged for two 50-year time intervals (Presley et al.
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1998). The latter source should document the impacts of natu-
ral seeps if they are a significant oil source to the shelf. The
correlations were the highest between the Deepwater Horizon
and Red Snapper liver samples and generally much lower
among all other bivariate combinations (Figure 6). Correlations
were particularly weak between all sources with coastal Louisi-
ana sediments and continental shelf samples taken prior to
1950. While the shelf samples from 1950 to 1993 showed a
somewhat higher correlation with the fish, they were not similar
to Deepwater Horizon source oil. In particular, shelf samples
(Presley et al. 1998) had relatively high concentrations of PYR,
which were virtually absent from Deepwater Horizon and our
fish samples, and thus indicative of a different source of PAH
contamination (and perhaps a mixture of PAH sources).

Our findings of significant reductions in metabolites of
LMW PAHs in fish bile between 2011 and 2012 (Figure 4)
indicate that these fish were exposed to an elevated petrogenic
hydrocarbon source during 2010-2011 that declined signifi-
cantly over time. It is highly unlikely that atmospheric,
coastal, riverine, oil and gas infrastructure, or natural seep
inputs, even if they were of similar PAH composition and con-
centration to our samples, would have coincidentally declined
by one-third to one-half in the same region. Exposure to ele-
vated levels of Deepwater Horizon-derived PAHs is thus the
most logical explanation for the elevated levels of PAHs we
detected in fish in 2011 (Figure 4).

A Deepwater Horizon exposure route is supported by the
strong similarity between the PAH composition of Red Snap-
per liver samples from the NGM and the composition of
hydrocarbons escaping the damaged well (Reddy et al. 2012;
Figure 5). A similar phenomenon was observed in the car-
casses and viscera of Pink Salmon Oncorhynchus gorbuscha
from oiled locations in Prince William Sound following the
Exxon Valdez oil spill, although the Pink Salmon collection
dates were closer to the spill date (Carls et al. 1996). In both
the Prince William Sound and Gulf of Mexico cases, a slight
shift to alkylated homologs from parent PAH compounds is
consistent with oil weathering in contrast with source oils
(Figures 5, 6; Carls et al. 1996).

There are, however, some differences between the source
oil composition (Reddy et al. 2012) and our results, including
the average relative concentration of FLA, which was low but
present in the source but more pronounced in the fish
(Figure 5). This discrepancy may be explained by the fact that
elevated levels of FLA were detected in only 3 of the 18 com-
posite stations sampled for fish, potentially representing an
admixture of sources there. Alternatively, higher relative con-
centrations of FLA may be due to selective PAH metabolism
by Red Snapper. Elevated levels of PAH metabolites in fish
bile in the NGM show that PAH exposure persisted in the shelf
environment and entered the food chain at least through the
summer of 2011 (Figure 4). The decline in overall lesion fre-
quency between 2011 and 2012 in the NGM points to an epi-
sodic, rather than chronic, exposure factor. At the same time,
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bile PAH levels were declining by an equivalent percentage.
Elevated levels of pyrogenic PAHs and metabolites in our
NGM samples, perhaps originating as residue from controlled
burning of Deepwater Horizon oil (Lubchenco et al. 2012),
are in contrast to levels from the WES (Figure 5) and from
previous studies of fish from the western Gulf of Mexico
(McDonald et al. 1996).

Average levels of PAHs in the muscle of fish we sampled
are comparable to samples obtained in 2010 just after the
Deepwater Horizon blowout as part of the seafood safety
response (Ylitalo et al. 2012). They are also similar to those
from samples primarily of Atlantic Croaker Micropogonias
undulatus in the Mississippi Sound in 2005 and 2006 follow-
ing Hurricane Katrina (Hom et al. 2008) and are slightly
higher than values obtained from the Persian Gulf 1 year after
the war (Krahn et al. 1993). Average biliary PAH metabolite
levels in our 2011 samples exceeded those from earlier studies
of fish near gas production platforms in the western Gulf of
Mexico for NHP (+19%) and BaP (4+55%) but were similar
for PHN equivalent values (McDonald et al. 1996). While
derived from fish taken from offshore waters, the overall levels
of PAH metabolites in our NGM bile samples are characteris-
tic of those from polluted urban estuaries along the West
Coast, where a variety of fish pathologies have also been evi-
dent (Krahn et al. 1984; Myers et al. 1994; Stehr et al. 2000).

Differences in the ratio of liver : muscle PAH concentra-
tions by species are likely related to life history, exposure vec-
tors, and proximate compositions of various species. There are
three plausible explanations for large pelagic species (King
Mackerel and Little Tunny) having muscle PAH levels
exceeding liver concentrations. First, the exposure route of
these pelagic species may not have been through food con-
sumption but through direct exposure to dissolved PAHs
through the gills and the circulatory system, resulting in accu-
mulation in muscle prior to clearance through the liver (Ken-
nedy and Law 1990; Namdari and Law 1996; Law and Hellou
1999). This route is consistent with the pelagic life style of
these species that are in constant motion, resulting in large
quantities of water contacting gill surfaces. The second poten-
tial explanation is that exposure through consumption of con-
taminated prey was episodic, but enough time had elapsed to
allow liver contamination to dissipate, leaving higher residual
muscle PAHs. The latter explanation is consistent with the
PAH composition data (Figure 5) and is indicative of oil
weathering (Wang et al. 1999; Overton et al. 2004; Short et al.
2004). Third, lipophilic PAHs accumulate in higher concentra-
tions in the muscle of relatively lipid-rich fishes, such as tuna
(Thunnus spp.) and mackerel (family Scombridae). Under the
latter scenario, then, particular diligence in seafood sampling
of lipid-rich fish species is warranted following oil spills.

Low-salinity stress is a potential nontoxicopathic factor
explaining the elevated rates of skin lesions in the NGM, as
large quantities of impounded freshwater were released into
the Gulf of Mexico in summer 2010 (Martinez et al. 2012) in
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an attempt to forestall surface oil from coming ashore and to
flush oil from Barataria Bay and Breton Sound in coastal Loui-
siana. In the Dutch Wadden Sea, stress from variations in
salinity (range = 2.5-25 psu bottom salinity) and simultaneous
contaminant exposure (including PAHs) were positively corre-
lated with the prevalence of skin lesions in European Flounder
Platichthys flesus (Vethaak 1992; Vethaak et al. 2011). We
investigated the incidence of skin lesions in relation to salinity
and temperature anomalies occurring in the NGM in 2010-
2011. Climatological average salinity profiles (NOAA NODC
2013a) show a persistent low surface salinity west of the
Mississippi River delta of about 6 psu and east of the Delta of
about 2 psu below oceanic salinity (Figure 7). In 2010, ship-
based observations (NOAA NODC 2013b) indicated a strong
surface salinity anomaly east of the Delta and a smaller anom-
aly west of the Delta in a shallow surface lens, extending to
about 20 m deep (Figure 7). Comparison of historical and
2010 salinities at depths below 20 m indicated no significant
anomalies from oceanic conditions (Figure 7). Similarly, bot-
tom temperatures determined from our longline stations were
consistent with the long-term average temperatures at depth
for the region. Skin lesions in 2011 sampling were most fre-
quent at depths from 140 to 180 m and thus do not appear to
be related to anomalies in salinity (Figure 7) or other oceano-
graphic conditions in the NGM.

While we cannot definitively link cause (Deepwater Hori-
zon) and effect (increased prevalence of skin lesions) using
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FIGURE 7. Frequency of skin lesions on fish (percent of all species exhibit-
ing skin lesions; yellow bars) sampled at depth in the NGM region, July—
August 2010. Climatological mean annual salinity profiles are plotted for the
western (open circles with the blue line) and eastern (black circles with the
black line) 1° squares centered at 29°N, 88°W and 28°N, 90°W, respectively
(NOAA NODC 2013a). Salinity profiles for FSVs Gunter and Pisces conduc-
tivity, temperature, and depth instrument (CTD) stations east of the Mississippi
River delta (thin black line with no circles) and west of the Delta (thin blue line
with no circles) taken in summer 2010 are also plotted (NOAA NODC 2013b).
[Color figure available online.]
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only 2 years of postevent data, neither can we reject the null
hypothesis that lesion frequency and PAH exposure are not
linked. The elevated frequency of skin lesions in the NGM for
some continental shelf species observed in summer 2011,
especially demersal fishes close to the Deepwater Horizon, is
consistent with effects of toxic exposure to oil from the Deep-
water Horizon spill and inconsistent with other potential
explanatory factors (e.g., low-salinity stress, temperature
anomalies, and epizootics caused by pathogens observable in
our histology samples). Resolving the potential cause and
effect relationship between lesion frequency and PAH contam-
ination requires continued research, including laboratory-
based exposure trials and sustained monitoring to assess the
background variability of disease frequency and PAH contam-
ination in Gulf of Mexico fishes.

We had anticipated that the WFS would serve as a negative
control for contamination of fish sampled in areas of intensive
surface oil accumulation in the NGM (Figure 1). However,
the presence of PAHs in liver and muscle samples from Red
Snapper, Gag, Scamp, and Red Grouper caught on the WES,
with similar (although not identical) composition to animals
from the NGM (Figure 5), raises the possibility that some dis-
solved hydrocarbons from Deepwater Horizon were trans-
ported to the WFS, which is consistent with upwelling we
observed there (Hu et al. 2011; Weisberg et al. 2014).

Finally, while elevated skin lesion frequency for surviving
animals may be a short-term consequence of acute PAH con-
tamination, exposure to PAHs can produce a variety of other
more consequential population-level effects, including
impaired growth, increased disease susceptibility, reduced lar-
val survival, and reduced net population fecundity (Heintz
2007). Reduced larval survival due to exposure to contami-
nated waters is most likely to impact a single year-class. How-
ever, of particular importance are potential genotoxic impacts.
There is some experimental evidence for fish that PAH expo-
sure can modify heritable traits, resulting in multigenerational
reductions in reproductive output and survival (White et al.
1999) that thus represents a significant long-term concern for
Gulf of Mexico fish populations. Also, yet unresolved are the
potential impacts of oil exposure on the growth of juveniles
and adults. Reductions in growth rate cascade to include
effects on net biomass productivity and reproductive output.
Understanding these impacts will require multiyear monitor-
ing of life history parameters, as was conducted for the Exxon
Valdez spill (Jewett et al. 2002; Peterson et al. 2003).
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