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A multinational demersal longline survey was conducted on the Gulf of Mexico continental shelf over the
years 2015 and 2016 to generate a Gulf-wide baseline of polycyclic aromatic hydrocarbon (PAH) concentrations in demersal ﬁshes. Tileﬁsh (Lopholatilus chamaeleonticeps) were sampled in all regions of the
Gulf of Mexico for biometrics, bile, and liver. Tileﬁsh liver was also obtained from surveys in the
northwest Atlantic Ocean for comparison. Liver tissues (n ¼ 305) were analyzed for PAHs and select
alkylated homologs using QuEChERS extractions and gas chromatography tandem mass spectrometry.
Bile samples (n ¼ 225) were analyzed for biliary PAH metabolites using high-performance liquid chromatography with ﬂuorescence detection. Spatial comparisons indicate the highest levels of PAH exposure
and hepatic accumulation in the north central Gulf of Mexico, with decreasing concentrations moving
n Shelf. Hepatic PAH confrom the north central Gulf counterclockwise, and an increase on the Yucata
centrations were similar between the Gulf of Mexico and the northwest Atlantic, however, Tileﬁsh from
the northwest Atlantic had higher concentrations and more frequent detection of carcinogenic high
molecular weight PAHs. Overall, results demonstrate that PAH pollution was ubiquitous within the study
regions, with recent exposure and hepatic accumulation observed in Tileﬁsh from both the Gulf of
Mexico and northwest Atlantic.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The Gulf of Mexico (GoM) is the ninth largest and one of the
most economically and ecologically important semi-enclosed seas
in the world (Ward and Tunnel, 2017). The GoM’s natural resources
support coastal and ocean economies worth billions of dollars in
total economic productivity annually, primarily from oil and gas
revenues, commercial and recreational ﬁsheries, shipping, and
tourism (Shepard et al., 2013). In order to sustain the productivity of
the GoM’s natural resources, and to be better prepared for the next
major submarine oil well blowout, many studies have emphasized
the criticality of periodic, broad-scale studies of environmental
baselines for pollution, and its impacts on biota.
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Hydrocarbon pollution (e.g. polycyclic aromatic hydrocarbons,
PAHs) is of signiﬁcant interest in the GoM due to numerous and
substantial anthropogenic and natural sources, including the oil
and gas industry, coastal runoff, riverine discharge, atmospheric
deposition, transportation activities, and natural oil seeps (National
Research Council, 2003; Kennicutt et al., 1988). PAHs are the class of
hydrocarbon pollutants with the greatest concern to ﬁshes, due to
their bioavailability, toxicity, and persistence in the environment.
The hepatobiliary system in ﬁshes efﬁciently metabolizes PAHs into
more polar molecules for elimination via the gastrointestinal tract,
therefore, PAHs rarely accumulate to high levels in tissue and
exposure is best quantiﬁed by biliary PAH metabolites (Collier et al.,
2014). Accumulation of PAHs in tissues can occur if exposure is high
or chronic, and the individual’s biotransformation capacity is
overwhelmed.
In addition to the aforementioned chronic sources of hydrocarbon pollution, the GoM experienced two major pulse events in
the past 40 years, which were two of the three largest marine oil
spills in the world by volume, the 2010 Deepwater Horizon (DWH)

https://doi.org/10.1016/j.envpol.2019.113775
0269-7491/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

2

S.M. Snyder et al. / Environmental Pollution 258 (2020) 113775

and the 1979 Ixtoc I (Powers et al., 2017). The DWH occurred in deep
water (~1500 m) in the northern GoM offshore of Louisiana, USA
(Fig. 1), and released an estimated 4.0 million barrels of crude oil
over 87 days (Lubchenco et al., 2012; United States of America v. BP
Exploration & Production, 2015). The Ixtoc I occurred in shallow
water (54 m) in the southern GoM Bay of Campeche, Mexico (Fig. 1),
and released an estimated 3.4 million barrels of crude oil over nine
months (Jernelov and Linden, 1981; Soto et al., 2014). Signals from
these massive pulses of hydrocarbon pollution can still be seen in
sediment cores today (Lincoln et al., 2020; Schwing et al., 2020). As
both events were submarine blowouts, the full spectrum of marine
ecosystems were impacted, from the deep-sea benthos, through
the water column, surface waters and shorelines (Beyer et al., 2016).
Assessments of impacts of pollution on ﬁshes are facilitated
greatly with the collection of periodic, broad spatial-scale baselines
on levels and health indices. However, as was the case for the Exxon
Valdez and Ixtoc I oil spills that proceeded DWH, scientists lacked
necessary baseline data to assess impacts, leading to considerable
challenges and limited ability to discern incremental changes in
pollution uptake and effect post-DWH (Lewis and Ricker, 2020;
Pulster et al., 2020; Soto et al., 2014).
Initiated in the aftermath of DWH, a multinational Gulf-wide
survey of continental shelf demersal ﬁshes was conducted to acquire baseline information on species composition and abundance,
population dynamics, health indices, and contaminant levels
(Murawski et al., 2018; Pulster et al., 2020). Herein, we report
spatial contrasts in PAH exposure and hepatic accumulation in one
GoM demersal ﬁsh, Tileﬁsh (Lopholatilus chamaeleonticeps), caught
from ﬁve large regions of the GoM, with a comparison to Tileﬁsh
caught as an “outgroup” from the northwest Atlantic Ocean (Fig. 1).
Tileﬁsh were used as a target species for this study due to their

Gulf-wide distribution and relatively high levels of exposure to
PAHs, which we hypothesize to be due to their burrow-forming
lifestyle and diet comprised of benthic organisms (Snyder et al.,
2019; Snyder et al., 2015). In addition, Snyder et al. (2019) identiﬁed substantial increases in PAH exposure coincident with declines
in health indices in Tileﬁsh from the north central GoM over years
2012e2017, therefore, continued monitoring of this species is
necessary as it is commercially and ecologically important.
2. Materials and methods
2.1. Fish collection- Gulf of Mexico
We undertook a series of multinational ﬁsheries-independent
demersal longline surveys on the GoM continental shelf 2011 to
2017 onboard the R/V Weatherbird II. Herein, we selected samples
from the years of 2015 and 2016 to best make spatial comparisons
and minimize the confounding effect of temporal variation.
Tileﬁsh were caught in ﬁve regions in the GoM (Fig. 1, Table 1)
from three surveys in the summers of 2015 and 2016. At each station, ﬁve miles of monoﬁlament main line with an average of 459
evenly-spaced #13/0 circle hooks were set for an average soak time
of 2 h. Bait alternated between Atlantic Mackerel (Scomber scombus) and Humbolt squid (Dosidicus gigas) wings. Detailed longline
survey methods are provided in Murawski et al. (2018).
Tileﬁsh were caught at consistent depths between regions,
ranging from 163 to 591 m, with a mean of 280 m. Once landed,
Tileﬁsh were processed immediately or placed on ice brieﬂy until
sampling. Tileﬁsh were measured for lengths (standard, fork, total),
and total weight. A subset of Tileﬁsh were sacriﬁced and subsampled for tissues (Table 1). Organ (liver, gastrointestinal, gonad)

Fig. 1. Map of the 49 stations where Tileﬁsh were sampled in the Gulf of Mexico (GoM), and northwest Atlantic Ocean. Sampling area is divided into six regions: NA ¼ northwest
Atlantic; NC ¼ north central GoM; NW ¼ northwest GoM; SW ¼ southwest GoM; BC ¼ Bay of Campeche; YS ¼ Yucatan Shelf. Legend denotes sampling year.
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Table 1
Collection and sample data for Tileﬁsh from the six geographic regions of the study.
Region

Collection year

Collection month

n (stations)

n (bile)

n (liver)

Total length (cm)a

North central
Northwest
Southwest
Bay of Campeche

2015
2016
2016
2015
2016
Comb.c
2015
2016
Comb.c
2017

August
September
August
September
August

10
6
4
7

September
August

6

JulyeAugust

16

56
50
38
26
26
52
15
14
29
0

63
60
33
26
21
47
17
15
32
70

67
64
62
61
58
60
67
67
67
51

Yucat
an shelf

Northwest Atlantic
a
b
c

±
±
±
±
±
±
±
±
±
±

15
15
11
15
15
15
13
11
12
15

Sex ratio (M:F:U)b
6:44:13
21:28:12
10:19:13
4:14:8
5:16:6
9:30:14
3:11:3
5:9:2
8:20:5
28:36:6

Mean ± one standard deviation.
M:F:U ¼ Male:Female:Unknown sex.
Comb. ¼ combined years.

weights were recorded. Sex was determined visually (macroscopically) during dissection as male, female, or unknown as described
in McBride et al. (2013). Bile, if present, was collected by draining
the contents of the gallbladder into a combusted amber vial. The
liver was collected in a combusted amber jar. Bile and liver samples
were frozen immediately and stored at 20  C.

established in NOAA (2012).
Analyte concentrations were reported to three signiﬁcant ﬁgures in units of ng g1 wet weight (w.w.). Sum total of the 46
analytes is reported as TPAH46. Sum of low molecular weight
(LMW) PAHs is comprised of two and three ring analytes. Sum of
high molecular weight (HMW) PAHs is comprised of four to six ring
analytes.

2.2. Fish collection- Northwest Atlantic ocean
Tileﬁsh were collected from two ﬁsheries-independent surveys
onboard the F/V Sea Capture between July and August 2017 in the
mid-Atlantic Bight, from Georges Bank to Cape Hatteras (Fig. 1),
from depths ranging between 80 and 303 m (Frisk et al., 2018).
Demersal longlines consisted of a one-nautical mile 417-kg-test
steel cable main line equipped with 150 evenly spaced hooks baited
with squid. Hook size alternated between 8/0, 12/0, and 14/0 circle
hooks in a 20:60:20 ratio.
Tileﬁsh were measured for total length and weight, and sex was
identiﬁed visually (macroscopically) during dissection as male, female, or unknown according to McBride et al. (2013). Liver samples
were collected from a subset of individuals (Table 1), stored in
cryovials at 20  C, and transferred to the University of South
Florida for analysis.
2.3. Analysis of biliary PAH metabolites via HPLC-F
Tileﬁsh bile samples were analyzed using a standard semiquantitative high performance liquid chromatography with ﬂuorescence detection (HPLC-F) method (Krahn et al., 1986; Krahn
et al., 1984). Detailed analytical and quality assurance methods
can be found in Snyder et al. (2015). Biliary PAHs were quantiﬁed
for naphthalene (NPH) and benzo[a]pyrene (BaP) metabolite
equivalents and reported to two signiﬁcant ﬁgures in units of mg
FACs g1 bile. Total biliary PAH metabolites is the sum of NPH and
BaP metabolite equivalents.
2.4. Analysis of hepatic PAHs and alkylated homologs via GC-MS/
MS
A modiﬁed QuEChERS method was used to extract PAHs and
alkylated homologs (n ¼ 46 analytes) from Tileﬁsh liver tissue.
Detailed information on QuEChERS methods, gas chromatography
tandem mass spectrometry (GC-MS/MS) operating parameters,
target analytes, and quality assurance protocols are provided in
Snyder et al. (2019). Performance of procedural and solvent blanks,
post-extraction standard, and surrogate standard recoveries in the
certiﬁed reference material (NIST SRM, 1974c; 82 ± 9%), matrix
spikes (84 ± 5%), and samples (81 ± 11%) all met the QA criteria

2.5. Analysis of % liver lipid
Lipid extractions were performed following PAH extractions if
the liver sample had sufﬁcient mass for both. Total lipid was
extracted from liver tissue with a modiﬁed Folch method described
in Snyder et al. (2019). Total lipid was quantiﬁed gravimetrically
and reported as % liver lipid.

2.6. Statistical analyses
Data were binned a priori into regions of the north central,
n Shelf,
northwest, and southwest GoM, Bay of Campeche, Yucata
and northwest Atlantic (Fig. 1). Hypothesis testing focused on
regional differences between variables. Associations between variables both within each region, and for all regions combined, were
also examined.
Statistical analyses were performed using MATLAB R2017a and
the Fathom Toolbox for Matlab (Jones, 2017). All hypothesis tests
generated permutation-based p-values from 1000 iterations, and
test statistics were evaluated at a ¼ 0.05. Permutation-based or
randomization methods were chosen as a solution to the statistical
problems often encountered in biological studies (e.g. small sample
size, unbalanced data, non-normal distribution) (Manly, 1997;
Potvin and Roff, 1993). Relationships between continuous data
were evaluated with a Pearson’s correlation, or a regression. Differences in mean between groups were evaluated using a modiﬁed
permutational multivariate analysis of variance (PERMANOVA),
which allows for accurate quantiﬁcation of p-values when
between-group dispersions are heterogeneous (Anderson et al.,
2017). Post-hoc pairwise tests followed a signiﬁcant modiﬁed
PERMANOVA. A Holms-adjusted p-value was used if more than ten
pair-wise comparisons were tested to reduce type-I error from
multiple comparisons, otherwise the unadjusted p-value was
assessed. Canonical analysis of principal coordinates (CAP) was
used to visualize the signiﬁcant difference in PAH concentration
and composition by region. The difference in sex ratio by region
was evaluated with a Chi-square test of independence.
Proxy ﬁsh health indices of Fulton’s condition factor (K) and
hepatosomatic index (HSI) were calculated as follows:

4

K¼
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total body weight ðkgÞ

 100 and
total length ðcmÞ3
liver weight ðkgÞ
 100:
HSI ¼
total body weight ðkgÞ
Graduated symbols maps were created in ArcMap 10.5.1 using
the Jenks Natural Breaks method to create concentration groupings
speciﬁc to each mapped dataset.
3. Results
3.1. Biometric data and health indices
Over 300 Tileﬁsh from 49 stations between the six geographic
regions 2015 to 2017 were assessed in this study (Table 1). The sex
ratio was not signiﬁcantly different between regions. Mean total
length (TL) differed signiﬁcantly by region (Table 1, F ¼ 11.4,
p ¼ 0.001) and sex (F ¼ 27.3, p ¼ 0.001). GoM Tileﬁsh (64 cm) were
signiﬁcantly larger compared to northwest Atlantic Tileﬁsh (51 cm).
Male Tileﬁsh (71 cm) were signiﬁcantly larger than females
(59 cm), and unknowns (55 cm). Females were also signiﬁcantly
larger than unknowns. Mean total weight (2.91 kg) was not
signiﬁcantly different by region.
Mean Fulton’s condition factor (K) differed signiﬁcantly by region (SI Fig. 1, F ¼ 29.2, p ¼ 0.001) and sex (F ¼ 4.48, p ¼ 0.008).
n Shelf and
Within the GoM, mean K was highest on the Yucata
north central regions. Tileﬁsh from the GoM (1.01) had signiﬁcantly
lower mean K compared to the northwest Atlantic (1.23). Males
(1.09), and females (1.06) had signiﬁcantly higher K compared to
Tileﬁsh of unknown sex (1.01). Mean K was not signiﬁcantly
different between male and female Tileﬁsh.
A total of 228 GoM Tileﬁsh sampled had sufﬁcient liver tissue
mass for lipid extraction. Mean % liver lipid differed signiﬁcantly by
region (SI Fig. 2; F ¼ 21.5, p ¼ 0.001) with north central Tileﬁsh
having signiﬁcantly lower % liver lipid (10.7) compared to all other
GoM regions (15.8). Mean % liver lipid was not signiﬁcantly
different by sex, nor correlated with TL.
3.2. Hepatic PAHs and alkylated homologs
A total of 305 Tileﬁsh liver samples from the six regions were
analyzed for PAHs and alkylated homologs (Table 1). No association
between % liver lipid and liver TPAH46 was observed, therefore,
TPAH46 data were not lipid normalized for data analysis (Hebert
and Keenleyside, 1995).
Mean liver TPAH46 concentrations differed signiﬁcantly by region (Fig. 2, F ¼ 2.86, p ¼ 0.016). Within the GoM, liver TPAH46
concentrations (ng g1 w.w.; mean ± SD) were: north central
n Shelf (847 ± 716),
(1020 ± 564), northwest (901 ± 434), Yucata
southwest (631 ± 369), and Bay of Campeche (718 ± 428). Within
the GoM, a general pattern in liver TPAH46 concentrations was
apparent-highest concentrations were observed in the north central region, with decreasing concentrations counterclockwise
around the GoM, followed by an increase from the Bay of Campeche
eastward on to the Yucat
an Shelf (Fig. 3). Mean liver TPAH46 concentrations were not signiﬁcantly different between Tileﬁsh from
the GoM and the northwestern Atlantic (1020 ± 1080).
In all regions, liver PAH composition was dominated (>99% of
TPAH46) by LMW PAHs. Liver PAH concentration and composition
differed signiﬁcantly by region as identiﬁed by a modiﬁed PERMANOVA (F ¼ 15.8, p ¼ 0.001), and CAP (trace statistic ¼ 1.99,
p ¼ 0.001). CAP ordination (SI Fig. 3) revealed three groups: (1)
north central, northwest, and southwest GoM, (2) Bay of Campeche,
n Shelf, (3) northwest Atlantic. CAP results indicate
and Yucata

Fig. 2. Total liver PAH (TPAH46) concentrations for Tileﬁsh by region (NC ¼ north
n
central; NW ¼ northwest; SW ¼ southwest; BC ¼ Bay of Campeche; YS ¼ Yucata
Shelf; NA ¼ northwest Atlantic). Sample size (n) noted by region. Letters (ABC) denote
signiﬁcantly different regions at a ¼ 0.05. Solid line ¼ median; dotted line ¼ mean.

minor differences in the concentration and composition of LMW
PAHs by group, but noteworthy differences in HMW PAHs, with the
northwest Atlantic Tileﬁsh being deﬁned by 10/12 HMW PAHs
analyzed (benzo[a]anthracene, chrysene, benzo[b]ﬂuoranthene,
benzo[k]ﬂuoranthene, benzo[e]pyrene, benzo[a]pyrene, indeno
[1,2,3-c,d]pyrene, dibenzo[a,h]anthracene, benzo[g,h,i]perylene),
which is also seen in liver PAH proﬁle comparisons (Fig. 4).
The SHMW liver PAHs differed signiﬁcantly by region (SI Table 1,
F ¼ 6.13, p ¼ 0.001) with northwest Atlantic Tileﬁsh (13.4 ± 31.5 ng
g1 w.w.) having 31% higher concentrations compared to all GoM
regions (8.44 ± 8.10 ng g1 w.w.). HMW PAHs were detected in 63%
of Tileﬁsh from the northwest Atlantic, compared to only 5.6% of
individuals from the GoM (SI Table 1).
Liver TPAH46 correlated with TL for the northwest GoM
(r ¼ 0.278, p ¼ 0.031), and Bay of Campeche (r ¼ 0.343, p ¼ 0.016),
but not for the other regions nor all data combined. Liver TPAH46
concentration (ng g1 w.w.) differed signiﬁcantly by sex for all regions combined (F ¼ 6.48, p ¼ 0.002), with both males (857 ± 576),
and females (980 ± 805) having higher concentrations compared to
Tileﬁsh of unknown sex (666 ± 398). Liver TPAH46 correlated
negatively with HSI for all regions combined (SI Fig. 4, r ¼ 0.226,
p ¼ 0.002), and for the northwest (r ¼ 0.308, p ¼ 0.012), and
Yucat
an Shelf (r ¼ 0.3917, p ¼ 0.031). No correlation between liver
TPAH46 and K was observed.
3.3. Biliary PAH metabolites
A total of 225 Tileﬁsh bile samples from the ﬁve regions of the
GoM were analyzed for PAH metabolites of NPH and BaP (Table 1).
Total biliary PAH metabolites were dominated by NPH metabolites
(~99.9%) which were consistently three orders of magnitude higher
in concentration than BaP metabolite equivalents.
Mean total biliary PAH metabolite concentration differed
signiﬁcantly by region (Fig. 5, F ¼ 19.5, p ¼ 0.001). Total biliary PAH
metabolite concentrations (mg FACs g1; mean ± SD) were signiﬁcantly higher in the north central GoM (470 ± 400) compared to all
n Shelf
other regions of the GoM: northwest (270 ± 160), Yucata
(260 ± 180), southwest (160 ± 130), and Bay of Campeche
(140 ± 110). Within the GoM, a general pattern in total biliary PAH
metabolite concentrations was apparent-highest concentrations
were observed in the north central region, with decreasing
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Fig. 3. Graduated symbols map of total liver PAH (TPAH46) for Gulf of Mexico Tileﬁsh sampled 2015 to 2016 by region (NC ¼ north central; NW ¼ northwest; SW ¼ southwest; BC ¼
n Shelf).
Bay of Campeche; YS ¼ Yucata

concentrations counterclockwise around the GoM, followed by an
increase from the Bay of Campeche eastward on to the Yucat
an
Shelf (Fig. 6). Results for mean biliary NPH metabolites mirrored
those for total biliary PAH metabolites. Mean biliary BaP metabolite
concentration was not signiﬁcantly different by region
(210 ± 430 ng FACs g1).
Total biliary PAH metabolites correlated with TL for all data
combined (r ¼ 0.214, p ¼ 0.001), and in the Bay of Campeche
(r ¼ 0.604, p ¼ 0.001). Total biliary PAH metabolites correlated with
K for all regions combined (SI Fig. 5, r ¼ 0.272, p ¼ 0.001), the north
central (r ¼ 0.432, p ¼ 0.003), and the Bay of Campeche (r ¼ 0.301,
p ¼ 0.035). No signiﬁcant association between total biliary PAH
metabolites and sex, % liver lipid, nor HSI was observed.
Total biliary PAH metabolites correlated with liver TPAH46 for all
regions combined (Fig. 7, R2 ¼ 3.72%, p ¼ 0.025), the southwest
(R2 ¼ 45.9%, p ¼ 0.001), and the Bay of Campeche (R2 ¼ 25.7%,
p ¼ 0.001).
4. Discussion
4.1. Spatial patterns in GoM tileﬁsh biometrics and health indices
Within the GoM, signiﬁcant regional differences in Fulton’s
condition factor (K), and % liver lipid were observed. Fulton’s condition factor (K), is a common metric used as a proxy of relative ﬁsh
health, with higher values indicating a healthier individual and/or
population (Blackwell et al., 2000). Fish condition may be affected
by numerous variables including sex, reproductive state, season,
prey availability, water temperature, and stressors (Blackwell et al.,
2000). Sex and reproductive state of Tileﬁsh is difﬁcult to determine by visual inspection due to their sequential protogynous

hermaphrodite reproductive strategy and prolonged spawning
season, and data should thus be interpreted with caution. There
was no difference in sex ratio between regions, therefore, sex
should not be driving any regional variability. Mean bottom temperature (13.2 ± 2.04  C) also did not differ between GoM regions.
Spawning season of GoM Tileﬁsh is January through June, therefore
all GoM Tileﬁsh sampled herein are presumed to be in a postspawning state (Lombardi-Carlson, 2012). There appears to be a
positive relationship between Tileﬁsh K and regional primary
productivity, where the regions with the highest K (north central
GoM, Yucat
an Shelf) have higher primary production compared to
the regions with lower K (northwest, southwest, Bay of Campeche)
(Benway and Coble, 2014).
Snyder et al. (2019) studied Tileﬁsh from the north central region of the GoM from 2012 to 2017 and found a signiﬁcant negative
correlation between biliary PAH metabolites and K, accompanied
by a 178% increase in biliary PAH metabolites and a 22% decrease in
K over the study period. Their results are independent of the results
herein as the two studies are examining different datasets (e.g.
individuals and regions), and hypotheses.
Tileﬁsh from the north central had 32% less liver lipid compared
to all other regions of the GoM. Snyder et al. (2019) found a 53%
decrease in % liver lipid in north central GoM Tileﬁsh over the years
2012e2017. Although unexplained by the other variables measured
herein, the signiﬁcantly lower % liver lipid in north central GoM
Tileﬁsh is important as the main role of lipids in ﬁsh is storage and
supply of energy for growth, reproduction, and daily activities
(Tocher, 2003). Together, these results demonstrate a need for
further research into GoM Tileﬁsh health.
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Fig. 4. Liver PAH proﬁles for Tileﬁsh sampled in the north central Gulf of Mexico (GoM; n ¼ 63), and the northwest Atlantic (n ¼ 70). Alkylated homologs are plotted underneath
their respective parent PAH.

4.2. Spatial patterns in GoM tileﬁsh PAH exposure and hepatic
accumulation
Within the GoM, both PAH exposure and hepatic accumulation
were dominated by LMW PAHs and corresponding alkylated homologs, indicating the primary source of hydrocarbon pollution is
petrogenic. The distribution of PAHs in a sample can be used to
distinguish petrogenic from pyrogenic sources, with petrogenic
PAHs characterized by a dominance of LMW PAHs and a bellshaped distribution proﬁle of the unsubstituted PAH and its corresponding alkylated homologs. In contrast, pyrogenic PAHs are
characterized by a dominance of HMW PAHs and a dominance of
unsubstituted PAHs over their corresponding alkylated homologs.
Both characteristics of a petrogenic source were seen in samples
from GoM Tileﬁsh, suggesting the predominant source of hydrocarbon pollution in the GoM that demersal ﬁshes are exposed to is
petrogenic, with minimal pyrogenic inputs. However, LMW PAHs
have higher bioavailability compared to HMW compounds, due to
lower hydrophobicity, thus less sorption to environmental organic
carbon, potentially contributing to the dominance of LMW PAHs
measured in Tileﬁsh tissues (Meador et al., 1995).
Within the GoM, there were similar spatial patterns in PAH
exposure and hepatic accumulation. Total biliary PAH metabolites
and liver TPAH46 concentrations were signiﬁcantly correlated,
which is consistent with the model that elevated exposure leads to
increased accumulation in target tissues if biotransformation capacity is exceeded (Meador et al., 1995).
Spatial patterns in PAH exposure and hepatic accumulation

Fig. 5. Total biliary PAH metabolites for Gulf of Mexico Tileﬁsh sampled 2015 to 2016
by region (NC ¼ north central; NW ¼ northwest; SW ¼ southwest; BC ¼ Bay of
Campeche; YS ¼ Yucatan Shelf). Sample size (n) noted by region. Letters (ABC) denote
signiﬁcantly different regions at a ¼ 0.05. Solid line ¼ median; dotted line ¼ mean.

likely reﬂect the magnitude and number of sources of PAHs by
region as associations with regional biometrics were insigniﬁcant
or weak. The north central and northwest regions of the GoM both

S.M. Snyder et al. / Environmental Pollution 258 (2020) 113775
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Fig. 6. Graduated symbols map of mean total biliary PAH metabolites for Gulf of Mexico Tileﬁsh sampled 2015 to 2016 by region (NC ¼ north central; NW ¼ northwest;
n Shelf).
SW ¼ southwest; BC ¼ Bay of Campeche; YS ¼ Yucata

Fig. 7. Total liver PAHs (TPAH46) versus total biliary PAH metabolite equivalents for
Tileﬁsh sampled in the Gulf of Mexico (GoM) 2015 to 2016. Regressions are signiﬁcant
at a ¼ 0.05. Dotted lines represent the 95% conﬁdence intervals on the solid regression
line.

have signiﬁcant sources of PAH pollution emanating from large
coastal cities, seaports and shipping trafﬁc, dense offshore oil
infrastructure, associated reﬁneries petrochemical plants, oil supply and services bases, transportation trafﬁc, and pipelines, natural
oil seeps, large riverine inputs, and coastal erosion (Botello et al.,
1997; National Research Council, 2003; MacDonald et al., 2015;
Mitra and Bianchi, 2003; Murawski et al., 2020; Santschi et al.,
2001; Yanez-Arancibia and Day, 2004). The Bay of Campeche

region also has numerous sources of PAH pollution, including most
of Mexico’s offshore oil industry, major petrochemical complexes
and reﬁneries, ship trafﬁc, natural oil seeps, and riverine inputs (e.g.
Usumacinta/Grijalva River system) (Botello et al., 1997; MacDonald
et al., 2015; Ruiz-Fernandez et al., 2016; Scholz-Bottcher et al.,
2008; Soto et al., 2014; Yanez-Arancibia and Day, 2004). The
Coatzacoalcos River, Mexico’s third largest river discharge, also
empties into the Bay of Campeche, supporting Mexico’s oldest reﬁnery, several petrochemical complexes, and has been polluted
with PAHs since the 1950s (Ruiz-Fernandez et al., 2016). It is
noteworthy that PAH exposure and hepatic accumulation in Tileﬁsh
is signiﬁcantly lower in the Bay of Campeche compared to the north
central, and northwest GoM, even though all three regions have
extensive sources of PAHs. However, within the Bay of Campeche
liver TPAH46 concentrations are higher in the eastern sites closer to
mature oil ﬁelds. Gold-Bouchot et al. (1997) reported a similar
spatial pattern in PAH concentrations in oysters (Crassostrea virginica) from the Bay of Campeche compared to the northern GoM.
Both PAH exposure and hepatic accumulation correlated with
Tileﬁsh total length in the Bay of Campeche, therefore, it is possible
that physiological mechanisms may be a controlling factor in the
region.
Relatively low PAH exposure and hepatic accumulation in the
southwest region of the GoM was anticipated, as this region has
minimal natural oil seepage and offshore oil infrastructure, and the
regional river systems are not noted for hydrocarbon pollution
(MacDonald et al., 2015; Murawski et al., 2020; Yanez-Arancibia
et al., 2008). The increase in PAH exposure and hepatic accumulan Shelf was surprising as this region is
tion in Tileﬁsh on the Yucata
a carbonate shelf spatially removed from the Mexican oil industry,
major river discharges, and most natural oil seeps. Potential sources
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n Shelf include discharges from
of PAH pollution to the Yucata
seaports, shipping trafﬁc, urban runoff, submarine groundwater
discharges, atmospheric deposition, and deep-water seeps (KukDzul et al., 2012; MacDonald et al., 2015; Metcalfe et al., 2011).
Due to the distance from shore of our Yucat
an Shelf sampling stations, it is likely the PAH pollution is introduced from the Caribbean
n Current, and by oil tanker trafﬁc via the Yucata
n
by the Yucata
n Shelf (Botello et al.,
Channel as trade lanes trace the outer Yucata
1997; Yanez-Arancibia et al., 2008). In addition, MacDonald et al.
(2015) identiﬁed a small number of natural seep zones in deep
n Shelf. However, ﬁngerwater (>3500 m) offshore of the Yucata
printing studies on GoM seep-derived oil determined that their
signature is highly localized and GoM Tileﬁsh studied herein are
not in close proximity (>10 km) to known natural seeps (Stout et al.,
2016).
Gulf-wide surveys of PAHs in other demersal continental shelf
species (e.g. snappers, groupers, hakes) show similar spatial patterns as Tileﬁsh, noting “hot spots” near major shipping ports and
lanes, and rivers (Pulster et al., 2019; Pulster et al., 2020). Comparisons of levels of biliary NPH metabolites indicate GoM Tileﬁsh
as having the highest levels compared to all studies with comparable methods, which is notable as Tileﬁsh are sampled offshore on
the continental shelf, edge, and slope, and most previous studies
are of inshore, or coastal species (Pulster et al., 2019; Pulster et al.,
2020; Snyder et al., 2019; Snyder et al., 2015). While biliary NPH
metabolite levels are relatively high in GoM Tileﬁsh, liver TPAH46
concentrations are similar in magnitude to other GoM demersal
ﬁshes.

4.3. Comparison of GoM and northwest Atlantic Tileﬁsh
There were signiﬁcant biometric differences between Tileﬁsh
caught in the GoM and the northwest Atlantic Ocean. Tileﬁsh
caught in the northwest Atlantic had a signiﬁcantly smaller mean
TL compared to Tileﬁsh caught in the GoM, possibly related to
smaller hook sizes used in the north Atlantic surveys (see methods
2.1 and 2.2).
Fulton’s condition factor (K) was signiﬁcantly higher in Tileﬁsh
from the northwestern Atlantic compared to Tileﬁsh from the GoM.
Mean bottom temperature was not different between the GoM and
northwest Atlantic stations. Primary productivity is also comparable between the two regions (Gregg et al., 2003). North Atlantic
spawning season is similar or longer than in the GoM, potentially
extending into November, therefore, the K of northwest Atlantic
Tileﬁsh sampled herein may be impacted by individual spawning
state, confounding the comparison in Tileﬁsh K between the north
Atlantic and GoM.
There was not a signiﬁcant difference in mean liver TPAH46
concentrations between Tileﬁsh from the GoM and the northwest
Atlantic. However, northwest Atlantic Tileﬁsh had 31% higher hepatic HMW PAHs concentrations compared to GoM Tileﬁsh, and
HMW PAHs were detected in 63% of individuals compared to ~5% in
the GoM. This is an important result as it is the HMW PAHs that are
known carcinogens to ﬁsh (Myers et al., 2003). Elevated hepatic
accumulation of HMW PAHs in northwest Atlantic Tileﬁsh is
consistent with higher levels of pyrogenic inputs in the region.
Sources of PAHs to the northwest Atlantic region are mainly from
consumption of petroleum (e.g. land-based and river runoff, atmospheric deposition) and transportation activities, which would
input a combination of both HMW pyrogenic and LMW petrogenic
PAHs. In contrast to the main sources to the GoM, where extraction
activities and natural seeps are more signiﬁcant players inputting
mainly LMW petrogenic PAHs (National Research Council, 2003).
Steimle et al. (1990) reports substantially lower liver PAH

concentrations in Tileﬁsh sampled in 1980 and 1981 from Hudson
and Lydonia Canyons in the northwest Atlantic (12.8 and
26.0 ng g1 dry weight respectively), with ﬂuoranthene being the
highest PAH detected. However, these studies report concentrations in different units (dry vs. wet weight). Using a rough unit
conversion factor (3x) generated by their study, liver PAH concentrations from Tileﬁsh sampled in the northwest Atlantic in 2017
remain substantially higher, however, it is best that conversion
factors for tissues be calculated on an individual level. Either way,
this result may be indicative of substantial increases in PAH exposure to northwest Atlantic Tileﬁsh over time. Herein, the northwest
Atlantic Tileﬁsh were used as a non-GoM outgroup, however,
further analysis should be undertaken to understand spatial variability, drivers, and health impacts of PAH accumulation in the
region.
5. Conclusions
The results reported herein represent an extensive dataset on
Gulf-wide PAH levels in a commercially, and ecologically important
demersal ﬁsh. PAH pollution was found to be ubiquitous, with
exposure and hepatic accumulation in demersal ﬁshes from both
the GoM and northwest Atlantic, however, concentrations varied
signiﬁcantly by region. Within the GoM, the highest levels of PAH
exposure and accumulation in Tileﬁsh were in the north central
region, and the lowest were in the southwest and Bay of Campeche
regions. The high concentrations in the north central GoM are likely
related to the numerous and substantial sources in the region,
including the 2010 Deepwater Horizon blowout. The GoM and
northwest Atlantic Tileﬁsh had similar levels of hepatic PAH accumulation, though Tileﬁsh from the northwest Atlantic had signiﬁcantly higher concentrations and detection frequency of
carcinogenic HMW PAHs compared to Tileﬁsh from the GoM,
warranting further evaluation of northwest Atlantic populations.
As the GoM supports both productive offshore oil and ﬁshing
industries, there is a critical need for large-scale baselines of PAH
pollution and the impacts on marine resources. These baselines
have been largely absent following major oil spills hindering assessments of impact and recovery. The expansive baseline data
provided herein will serve as a reference for future GoM oil
development activities particularly for undeveloped areas and
areas under current moratorium.
Author contributions
S.M.S. assisted in sample collection in the Gulf of Mexico, performed the laboratory analyses, performed the data analysis and
wrote the manuscript with contribution from all coauthors. J.A.O.
performed the sample collection in the Northwest Atlantic and
provided all associated materials and region-speciﬁc knowledge.
E.L.P. assisted in sample collection in the Gulf of Mexico, laboratory
analyses and study oversight. S.A.M. conceived and completed the
study design, and assisted in sample collection in the Gulf of Mexico
and study oversight.
Declaration of competing interest
Declare no conﬂict of interest.
CRediT authorship contribution statement
Susan M. Snyder: Formal analysis, Investigation, Methodology,
Resources, Visualization, Writing - original draft, Writing - review
& editing. Jill A. Olin: Resources, Writing - review & editing. Erin L.
Pulster: Methodology, Project administration, Resources,

S.M. Snyder et al. / Environmental Pollution 258 (2020) 113775

Supervision, Writing - review & editing. Steven A. Murawski:
Conceptualization, Funding acquisition, Project administration,
Resources, Supervision, Writing - review & editing.
Acknowledgements
This research was supported by a grant from The Gulf of Mexico
Research Initiative through its Center for Integrated Modeling and
Analysis of the Gulf Ecosystem (C-IMAGE I No. SA 12-10; C-IMAGE II
No. SA 15-16; C-IMAGE III No. SA 18-16). Data are publicly available
through the Gulf of Mexico Research Initiative Information and
Data Cooperative (https://data.gulfresearchinitiative.org/; doi 10.
7266/N7X34W1J; doi 10.7266/n7-g27a-x012). Sampling was performed in accordance with Protocol IS00000515 approved by the
Institutional Animal Care and Use Committee at the University of
South Florida. Thanks to M. Frisk, R. Cerrato, P. Nitschke, and L.
Nolan for collection of and collaboration on the analysis of northwest Atlantic samples. Agilent Technologies (LSAC and Research
Support Programs) provided analytical instrumentation. The U.S.
 leos Mexicanos, the
and Mexican Departments of State, Petro
Mexican Secretariat of Environment and Natural Resources (SEMARNAT), the Mexican National Commission of Aquaculture and
Fisheries (CONAPESCA), the U.S. Department of Commerce (Bureau
of Industry and Security), the U.S. Department of Treasury (Ofﬁce of
Foreign Assets Control), and the U.S. Coast Guard permitted our
activities. We also thank the Florida Institute of Oceanography, our
ﬁeld team (E. Herdter, K. Deak, S. O’Leary, S. Gilbert, A. Wallace, J.
Ortega Ortiz, D. Portnoy, G. Helmueller), M. Campbell and L. Brandenburg for lab assistance, and G. Ylitalo and B. Anulacion for
analytical guidance. Tileﬁsh technical illustration provided by ©
Diane Rome Peebles. There is no conﬂict of interest declared in this
article.
Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.envpol.2019.113775.
References
Anderson, M.J., Walsh, D.C.I., Clarke, K.R., Gorley, R.N., Guerra-Castro, E., 2017. Some
solutions to the multivariate Behrens-Fisher problem for dissimilarity-based
analyses. Aust. N. Z. J. Stat. 59, 57e79.
Benway, H.M., Coble, P.G., 2014. Report of the Gulf of Mexico Coastal Carbon Synthesis Workshop. Ocean Carbon and Biogeochemistry Program and North
American Carbon Program, p. 67.
Beyer, J., Trannum, H.C., Bakke, T., Hodson, P.V., Collier, T.K., 2016. Environmental
effects of the Deepwater Horizon oil spill: a review. Mar. Pollut. Bull. 110, 28e51.
Blackwell, B.G., Brown, M.L., Willis, D.W., 2000. Relative weight (Wr) status and
current use in ﬁsheries assessment and management. Rev. Fish. Sci. 8, 1e44.
Botello, A.V., Villanueva, S., Diaz, G., 1997. Petroleum pollution in the Gulf of Mexico
and Caribbean sea. In: Ware, G.W. (Ed.), Reviews of Environmental Contamination and Toxicology. Springer, pp. 91e118.
Collier, T.K., Anulacion, B.F., Arkoosh, M.R., Dietrich, J.P., Incardona, J.P., Johnson, L.L.,
Ylitalo, G.M., Myers, M.S., 2014. Effects on ﬁsh of polycyclic aromatic hydrocarbons (PAHS) and naphthenic acid exposures. In: Tierney, K.B., Farrell, A.P.,
Brauner, C.L. (Eds.), Fish Physiology: Organic Chemical Toxicology of Fishes.
Elsevier Inc., pp. 195e255
Council, N.R., 2003. Oil in the Sea III: Inputs, Fates, and Effects. The National
Academies Press.
Frisk, M.G., Olin, J.A., Cerrato, R.M., Nitschke, P., Nolan, L., 2018. Fisheries-independent Pilot Survey for Golden (Lopholatilus Chamaelonticeps) & Blueline
(Caulolatilus Microps) Tileﬁsh throughout the Range from Georges Bank to
Cape Hatteras, Fisheries Report, Mid-Atlantic Fishery Management Council.
Dover, Delaware, pp. 1e37.
Gold-Bouchot, G., ZavalaCoral, M., ZapataPerez, O., CejaMoreno, V., 1997. Hydrocarbon concentrations in oysters (Crassostrea virginica) and recent sediments
from three coastal lagoons in Tabasco, Mexico. Bull. Environ. Contam. Toxicol.
59, 430e437.
Gregg, W.W., Conkright, M.E., Ginoux, P., O’Reilly, J.E., Casey, N.W., 2003. Ocean
primary production and climate: global decadal changes. Geophys. Res. Lett. 30.
Hebert, C.E., Keenleyside, K.A., 1995. To normalize or not to normalize? Fat is the

9

question. Environ. Toxicol. Chem. 14, 801e807.
Jernelov, A., Linden, O., 1981. Ixtoc I: a case study of the world’s largest oil spill.
Ambio 10, 299e306.
Jones, D.L., 2017. Fathom Toolbox for MATLAB: Software for Multivariate Ecological
and Oceanographic Data Analysis. College of Marine Science, University of
South Florida, St. Petersburg, FL, USA.
Kennicutt, M.C., Brooks, J.M., Atlas, E.L., Giam, C.S., 1988. Organic compounds of
environmental concern in the Gulf of Mexico: a review. Aquat. Toxicol. 11,
191e212.
Krahn, M.M., Moore, L.K., Macleod, W.D., 1986. Standard analytical procedures of
the NOAA national analytical facility, 1986. In: Commerce, U.S.D.o. (Ed.), Metabolites of Aromatic Compounds in Fish Bile, pp. 1e29.
Krahn, M.M., Myers, M.S., Burrows, D.G., Malins, D.C., 1984. Determination of metabolites of xenobiotics in the bile of ﬁsh from polluted waterways. Xenobiotica
14, 633e646.
Kuk-Dzul, J.G., Gold-Bouchot, G., Ardisson, P.L., 2012. Benthic infauna variability in
relation to environmental factors and organic pollutants in tropical coastal lagoons from the northern Yucatan Peninsula. Mar. Pollut. Bull. 64, 2725e2733.
Lewis, C.G., Ricker, R.W., 2020. Overview of ecological impacts of deep spills:
deepwater Horizon. In: Murawski, S.A., Ainsworth, C.H., Gilbert, S.,
Hollander, D.J., Paris, C.B., Schluter, M., Wetzel, D.L. (Eds.), Deep Oil Spills: Facts,
Fate, and Effects. Springer Nature Switzerland AG, pp. 344e354.
Lincoln, S.A., Radovic, J.R., Gracia, A., Jaggi, A., Oldenburg, T.B.P., Larter, S.R.,
Freeman, K.H., 2020. Molecular legacoy of the 1979 Ixtoc 1 oil spill in deep-sea
sediments of the southern Gulf of Mexico. In: Murawski, S.A., Ainsworth, C.H.,
Gilbert, S., Hollander, D.J., Paris, C.B., Schluter, M., Wetzel, D.L. (Eds.), Deep Oil
Spills: Facts, Fate, and Effects. Springer International Publishing, pp. 312e327.
Lombardi-Carlson, L.A., 2012. Life History, Population Dynamics, and Fishery
Management of the Golden Tileﬁsh, Lopholatilus chamaeleonticeps, from the
Southest Atlantic and Gulf of Mexico. University of Florida, p. 150.
Lubchenco, J., McNutt, M.K., Dreyfus, G., Murawski, S.A., Kennedy, D.M., Anastas, P.T.,
Chu, S., Hunter, T., 2012. Science in support of the deepwater Horizon response.
Proc. Natl. Acad. Sci. U.S.A. 109, 20212e20221.
MacDonald, I.R., Garcia-Pineda, O., Beet, A., Asl, S.D., Feng, L., Graettinger, G., FrenchMcCay, D., Holmes, J., Hu, C., Huffer, F., Leifer, I., Muller-Karger, F., Solow, A.,
Silva, M., Swayze, G., 2015. Natural and unnatural oil slicks in the Gulf of
Mexico. J. Geophys. Res. Oceans 120, 8364e8380.
Manly, B.F., 1997. Randomization, Bootstrap and Monte Carlo Methods in Biology, 2
ed. Chapman and Hall, London, New York.
McBride, R.S., Vidal, T.E., Cadrin, S.X., 2013. Changes in size and age at maturity of
the northern stock of Tileﬁsh (Lopholatilus chamaeleonticeps) after a period of
overﬁshing. Fish. Bull. 111, 161e174.
Meador, J.P., Stein, J.E., Reichert, W.L., Varanasi, U., 1995. Bioaccumulation of polycyclic aromatic hydrocarbons by marine organisms. Rev. Environ. Contam.
Toxicol. D> 143, 79e165.
Metcalfe, C.D., Beddows, P.A., Bouchot, G.G., Metcalfe, T.L., Li, H.X., Van Lavieren, H.,
2011. Contaminants in the coastal karst aquifer system along the Caribbean
coast of the Yucatan Peninsula, Mexico. Environ. Pollut. 159, 991e997.
Mitra, S., Bianchi, T.S., 2003. A preliminary assessment of polycyclic aromatic hydrocarbon distributions in the lower Mississippi River and Gulf of Mexico. Mar.
Chem. 82, 273e288.
Murawski, S.A., Hollander, D.J., Gilbert, S., Gracia, A., 2020. Deepwater oil and gas
production in the Gulf of Mexico and related global trends. In: Murawski, S.A.,
Ainsworth, C.H., Gilbert, S., Hollander, D.J., Paris, C.B., Schluter, M., Wetzel, D.L.
(Eds.), Scenarios and Responses to Future Deep Oil Spills: Fighting the Next War.
Springer International Publishing, pp. 16e32.
Murawski, S.A., Peebles, E.B., Gracia, A., Tunnell, J.W., Armenteros, M., 2018.
Comparative abundance, species composition, and demographics of continental
shelf ﬁsh assemblages throughout the Gulf of Mexico. Mar. Coast. Fish. 10,
325e346.
Myers, M.S., Johnson, L.L., Collier, T.K., 2003. Establishing the causal relationship
between polycyclic aromatic hydrocarbon (PAH) exposure and hepatic neoplasms and neoplasia-related liver lesions in English sole (Pleuronectes vetulus). Human and Ecol. Risk Assess. 9, 67e94.
NOAA, 2012. In: NOAA U S D o C (Ed.), Analytical Quality Assurance Plan: Mississippi
Canyon 252 (Deepwater Horizon) Natural Resource Damange Assessment V3.1.
Potvin, C., Roff, D.A., 1993. Distribution-free and robust statistical methods: viable
alternatives to parametric statistics. Ecology 74, 1617e1628.
Powers, S.P., Peterson, C.H., Cebrian, J., Heck, K.L., 2017. Response of nearshore
ecosystems to the Deepwater Horizon oil spill. Mar. Ecol. Prog. Ser. 576,
107e110.
Pulster, E.L., Gracia, A., Armenteros, M., Carr, B.E., Mrowicki, J., Murawski, S.A., 2019.
Chronic PAH exposures and associated declines in ﬁsh health indices observed
for ten grouper species in the Gulf of Mexico. Science of the Total Environment,
p. 135551.
Pulster, E.L., Gracia, A., Snyder, S.M., Romero, I.C., Carr, B., Toro-Farmer, G.,
Murawski, S.A., 2020. Polycyclic aromatic hydrocarbon baselines in Gulf of
Mexico ﬁshes. In: Murawski, S.A., Ainsworth, C.H., Gilbert, S., Hollander, D.J.,
Paris, C.B., Schluter, M., Wetzel, D.L. (Eds.), Scenarios and Responses to Future
Deep Oil Spills: Fighting the Next War. Springer Nature Switzerland AG,
pp. 253e271.
Ruiz-Fernandez, A.C., Portela, J.M.B., Sericano, J.L., Sanchez-Cabeza, J.A.,
Espinosa, L.F., Cardoso-Mohedano, J.G., Perez-Bernal, L.H., Tinoco, J.A.G., 2016.
Coexisting sea-based and land-based sources of contamination by PAHs in the
continental shelf sediments of Coatzacoalcos River discharge area (Gulf of

10

S.M. Snyder et al. / Environmental Pollution 258 (2020) 113775

Mexico). Chemosphere 144, 591e598.
Santschi, P.H., Presley, B.J., Wade, T.L., Garcia-Romero, B., Baskaran, M., 2001. Historical contamination of PAHs, PCBs, DDTs, and heavy metals in Mississippi
river Delta, Galveston Bay and Tampa Bay sediment cores. Mar. Environ. Res. 52,
51e79.
Scholz-Bottcher, B.M., Ahlf, S., Vazquez-Gutierrez, F., Rullkotter, J., 2008. Sources of
hydrocarbon pollution in surface sediments of the Campeche Sound, Gulf of
Mexico, revealed by biomarker analysis. Org. Geochem. 39, 1104e1108.
Schwing, P.T., Hollander, D.J., Brooks, G.R., Larson, R.A., Hastings, D.W., Chanton, J.P.,
Lincoln, S.A., Radovic, J.R., Langenhoff, A., 2020. The sedimentary record
MOSSFA events in the Gulf of Mexico: a comparison of the deepwater Horizon
(2010) and Ixtoc 1 (1979) oil spills. In: Murawski, S.A., Ainsworth, C.H.,
Gilbert, S., Hollander, D.J., Paris, C.B., Schluter, M., Wetzel, D.L. (Eds.), Deep Oil
Spills: Facts, Fate, and Effects. Springer International Publishing, pp. 221e234.
Shepard, A., Valentine, J., D’Elia, C., Yoskowitz, W., Dismukes, D., 2013. Economic
Impact of Gulf of Mexico Ecosystem Goods and Services and Integration into
Restoration Decision-Making.
Snyder, S.M., Pulster, E.L., Murawski, S., 2019. Associations between chronic exposure to polycyclic aromatic hydrocarbons and health indices in Gulf of Mexico
Tileﬁsh (Lopholatilus chamaeleonticeps) post-Deepwater Horizon. Environ.
Toxicol. Chem. 38, 2659e2671.
Snyder, S.M., Pulster, E.L., Wetzel, D.L., Murawski, S.A., 2015. PAH exposure in Gulf of
Mexico demersal ﬁshes, post-deepwater Horizon. Environ. Sci. Technol. 49,
8786e8795.
rraga-Partida, M.L., Y
~ez-Arancibia, A.,
Soto, L.A., Botello, A.V., Licea-Dur
an, S., Liza
an

2014. The environmental legacy of the Ixtoc-I oil spill in Campeche Sound,
southwestern Gulf of Mexico. Front. Mar. Sci. 1.
Steimle, F.W., Zdanowicz, V.S., Gadbois, D.F., 1990. Metals and organic contaminants
in Northwest Atlantic deep-sea Tileﬁsh tissues. Mar. Pollut. Bull. 21, 530e535.
Stout, S.A., Payne, J.R., Ricker, R.W., Baker, G., Lewis, C., 2016. Macondo oil in deepsea sediments: Part 2-Distribution and distinction from background and natural
oil seeps. Mar. Pollut. Bull. 111, 381e401.
Tocher, D.R., 2003. Metabolism and functions of lipids and fatty acids in teleost ﬁsh.
Rev. Fish. Sci. 11, 107e184.
United States of America v. BP Exploration & Production, I., et al., 2015. In: Findings
of Fact and Conclusions of Law: Phase Two Trial. RE: Oil Spill by the Oil Rig
“Deepwater Horizon” in the Gulf of Mexico, on April 20, 2010. Louisiana,
U.S.D.C.f.t.E.D.o.
Ward, C.H., Tunnel, J.W., 2017. Habitats and biota of the Gulf of Mexico: an overview.
In: Ward, C.H. (Ed.), Habitats and Biota of the Gulf of Mexico: before the
Deepwater Horizon Oil Spill. Springer Nature, pp. 1e54.
Yanez-Arancibia, A., Day, J.W., 2004. Environmental sub-regions in the Gulf of
Mexico coastal zone: the ecosystem approach as an integrated management
tool. Ocean Coast Manag. 47, 727e757.
Yanez-Arancibia, A., Ramirez-Gordillo, J.J., Day, J.W., Yoskowitz, D.W., 2008. Environmental sustainability of economic trends in the Gulf of Mexico: what is the
limit for Mexican coastal development? In: Cato, J.C. (Ed.), Gulf of Mexico
Origin, Waters, and Biota: Volume 2, Ocean and Coastal Economy. Texas A&M
University Press, pp. 82e104.

