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• [Hg] in fish of the Gulf of theMexico is a
concern due to commercial fisheries.

• We hypothesized that the Deepwater
Horizon oil spill affected Hg availability.

• About 90% of tilefish surpassed Hg
thresholds of U.S. regulations for food.

• Mississippi River inputs combined with
oil caused reduced Hg bioavailability.

• Hg concentrations and isotopes in fish
organs reflect in vivo processes.
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Mercury (Hg) concentration in fish of the Gulf of the Mexico (GoM) is a major concern due to the impor-
tance of the GoM for U.S. fisheries. The Deepwater Horizon (DWH) oil spill in April 2010 in the northern
GoM resulted in large amounts of oil and dispersant released to the water column, which potentially mod-
ified Hg bioaccumulation patterns in affected areas. We measured Hg species (methylmercury (MMHg)
and inorganic Hg (IHg)) concentrations, and light (C, N and S) and Hg stable isotopes in muscle and
liver tissues from tilefish (Lopholatilus chamaleonticeps) sampled in 2012 and 2013 along the shelf break
of the northeastern GoM. Fish located close to the mouth of the Mississippi River (MR) and northwest of
the DWHwell-head (47 km) showed significantly lower Hg levels in muscle and liver than fish located fur-
ther northeast of the DWH (N109 km), where 98% of tilefish had Hg levels in the muscle above US con-
sumption advisory thresholds (50% for tilefish close to the DWH). Differences in light and Hg stable
isotopes signatures were observed between these two areas, showing higher δ15N, and lower δ202Hg,
Δ199Hg and δ34S in fish close to the DWH/MR. This suggests that suspended particles from the MR reduces
Hg bioavailability at the base of the GoM food chains. This phenomenon can be locally enhanced by the
DWH that resulted in increased particles in the water column as evidenced by the marine snow layer in
the sediments. On the other hand, freshly deposited Hg associated with organic matter in more oligotro-
phic marine waters enhanced Hg bioaccumulation in local food webs. Comparing Hg isotopic composition
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in liver and muscle of fish indicates specific metabolic response in fish having accumulated high levels of
MMHg.

© 2019 Published by Elsevier B.V.
1. Introduction

Several years after the catastrophic event of the Deepwater Horizon
(DWH) oil spill in the northern Gulf ofMexico (nGoM) in April 2010, lit-
tle is known about the real extent of the consequences in terms of eco-
logical impact on GoM ecosystems (Coelho et al., 2013; Paul et al., 2013;
Prince and Parkerton, 2014). Both field and experimental studies show
that the oil spill severely affected the development and function of sev-
eral essential organs in fish (Brette et al., 2014; Dubansky et al., 2013;
Incardona et al., 2014). It is not well documented, however, if the
DWH event had long term effects (direct or indirect) on wildlife re-
sponse to other chronic contaminations such as toxic tracemetals. Mer-
cury (Hg) bioaccumulation in fish is a major concern in the GoM, since
its waters produce nearly 20% of US commercial and 40% of recreational
fisheries landings (NMFS, 2017; NOAA, 2011).

Elevated concentrations ofmethylmercury (MMHg), a subtle neuro-
toxin, in several fish species of the northern GoMhave been reported for
decades (Adams et al., 2003; Cai et al., 2007), leading to the establish-
ment of fish consumption advisories in order to reduce the risk of expo-
sure to humans. The Hg cycle in marine waters is complex and strongly
depends on physical, ambient chemical, and microbiological conditions
that affectHgbioaccumulation in foodwebs (Fitzgerald et al., 2007).Mi-
crobial communities, such as sulphate-reducers (SRBs), are known for
being major players for MMHg production and degradation in the
water column or at the sediment/water interface (Bridou et al., 2011;
Compeau and Bartha, 1985; Parks et al., 2013). During the DWH
event, oil was released from an oil well for several months in a large
plume in thewater column, and a componentwas deposited on the sur-
rounding seafloor and coastal zones (Chanton et al., 2015; Liu et al.,
2011; MacDonald et al., 2015; Mendelssohn et al., 2012; Poje et al.,
2014). While the oil should not have directly impacted the Hg concen-
trations in the GoM waters due to low Hg concentration in the oil
(Wilhelm et al., 2007) and subsequent dilution in the water column,
the DWH had locally a significant impact on the sedimentation rates,
microbial activity (such as SRBs, (Joye et al., 2014; Kleindienst et al.,
2015; Lu et al., 2012)), and chemistry of the GoM waters and seafloor
(Daly et al., 2016; Dubinsky et al., 2013; Hastings et al., 2016; Joye
et al., 2014; Lu et al., 2012; Passow et al., 2012; Paul et al., 2013;
Reddy et al., 2012; Spier et al., 2013). This might have led to changes
in molecular Hg species production/degradation rates in the water col-
umn and the seafloor. It was also suggested that the DWH could have
enhanced Hg evasion from the seawater to the atmosphere (Walsh
et al., 2015), as it has been observed during another oil spill event
(Pandey et al., 2009). The DWH and the added dispersants might also
have modified, through fish health perturbations (Ainsworth et al.,
2018; Brette et al., 2014; Incardona et al., 2014; Jung et al., 2009;
Mager et al., 2014; Wise et al., 2014), the Hg accumulation and metab-
olism in fish.

Mercury compounds are also sensitive to changes in water chemis-
try such as salinity, light intensity, and particulate and organic matter
(Barkay et al., 1997; Black et al., 2012; Ravichandran, 2004; Schartup
et al., 2015). The Mississippi River (MR), carrying 41% of U.S. riverine
waters to the GoM, is a significant source of terrestrial material to the
GoM supplying particulate and dissolvedmatter (nutrients, organic car-
bon, pollutants) (Cardona et al., 2016; Dagg et al., 2008; Rebich et al.,
2011), which has strong implications for coastal biogeochemistry
close to the Mississippi delta (Dagg and Breed, 2003; Rabalais et al.,
2002; Swarzenski et al., 2008; Wang et al., 2004). Hence, in the
coastal/inner shelf areas of Louisiana the production, degradation, and
biological uptake of Hg compounds are likely to be affected by the MR
plume. The MR has also been identified as a significant source of Hg to
the GoM in addition to direct atmospheric deposition (Harris et al.,
2012; Rice et al., 2009). Since the DWH well-head is located near
(~80 km SW) the MR mouth, the Mississippi plume and the DWH
plume were suggested to interact on the coastal shelf near the Missis-
sippi mouth (Daly et al., 2016), which could affect local to regional Hg
biogeochemistry in the northeastern continental shelves (Louisiana, Al-
abama and Florida shelves) of the GoM.

Light stable isotopes of carbon, nitrogen and sulphur are known to
be powerful proxies for characterizing aquatic food webs (food sources,
trophic status, feeding strategies, etc. (Carr et al., 2017; Post, 2002)), and
combining Hg stable isotopes studies can help understand Hg process-
ing in such environments (Blum et al., 2013; Perrot et al., 2012; Senn
et al., 2010). Hg has seven naturally occurring stable isotopes that can
be fractionated during natural transformations of Hg species (elemental
Hg(0), inorganic Hg(II) and MMHg) (Bergquist and Blum, 2007; Kritee
et al., 2013; Rodriguez-Gonzalez et al., 2009), where both mass-
dependent fractionation (MDF) and mass-independent fractionation
(MIF) can occur, depending on the nature of the transformation. Natural
Hg isotopic variations measured in environmental samples are hence a
result of one or several Hg sources with different isotope composition,
and are also the fingerprint of several Hg transformations (methylation,
reduction, etc.), before Hg was stored in the sample (e.g. review (Blum
et al., 2014)). In the GoM, recent works showed that disconnected
coastal and oceanic fish species displayed specific Hg isotopes signa-
tures that highlighted different Hg cycling and potentially different Hg
sources between coastal and off-shore fish (Kwon et al., 2013; Senn
et al., 2010). In addition, while it seems likely that mammals are able
to fractionate Hg isotopes in-vivo (Perrot et al., 2016; Perrot et al.,
2012; Sherman et al., 2013), it is still under debate if processes such as
trophic transfer, metabolization, detoxification, and/or excretion can
significantly fractionate Hg isotopes in fish (Das et al., 2009; Kwon
et al., 2012; Kwon et al., 2013).

We measured MMHg and inorganic (IHg) concentrations, as well as
stable isotopic compositions of Hg and light isotopes (C, N, S), inmuscle
and liver of tilefish (Lopholatilus chamaeleonticeps) collected in the
nGoM at different distances from the DWH blowout during two field
campaigns in 2012 and 2013. Tilefish are demersal species that are
found at depth between 100 and 400m and are endemic to thewestern
Atlantic Ocean including the Gulf of Mexico. They have relatively high
site fidelity, live in burrows in sediments of the outer-continental
shelf, shelf break and upper slope, and feed mostly on invertebrates
(Jones et al., 1989; NOAA, 1999). Annually, 100–130 tons of tilefish are
landed in a commercial longline fishery in the eastern Gulf of Mexico.
Though the most recent stock assessment suggests tilefish are not
overfished in the Gulf of Mexico, the species is assessed as Endangered
in the IUCN Red List of Threatened Species due to long-term and contin-
uous declines in Atlantic waters of the U.S. and Canada (Aiken et al.,
2015). Tilefish have also been documented as a fish species of the
GoM accumulating the highest amounts of Hg throughout their lifespan
(Karimi et al., 2012); however, NOAA Fisheries lists tilefish as a smart
seafood choice due to sustainable management with no mention of
mercury concerns (https://www.fisheries.noaa.gov/species/tilefish). In-
terestingly, a study reported Hg concentrations (and other contami-
nants) in tilefish after the DWH in the northeastern GoM were lower
than expected, but no fish were sampled in the near vicinity (i.e.

https://www.fisheries.noaa.gov/species/tilefish
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b100 km) of the DWH blow out site (Fitzgerald and Gohlke, 2014).
Hence, the aimof this studywas to investigate and compareHgbioaccu-
mulation in tilefish in an area close to the DWHand theMRmouthwith
more distal stations along the shelf break of the northern GoM.

2. Materials and methods

2.1. Sample collection and preparation

Tilefish samples were collected using fishery-independent longline
surveys on the research vessels Weatherbird II and Apalachee in April,
July and October 2012, and July and October 2013. Detailed survey
methods are reported in (Churchill et al., 2015). Tilefish were sampled
at 7 locations in the northern GoM (Fig. 1) ranging from 47 to 223 km
away from to DWH well head site (Table S1). In order to allow a better
comparison between the different sampling sites, fish samples were
chosen if possible to be of similar size range at all sites (Table 1 and
Fig. S1a). Fish standard length ranged from 37 to 76 cm (mean 50 ±
10 cm) andweight ranged from 0.9 to 10.0 kg (mean 2.7 ± 1.9 kg). De-
pending on the sampling station, fish were collected at depths between
204 and 337 m. A total of 62 muscle samples were selected for Hg-
species (MMHg and IHg) concentrations analyses. When possible, a
liver sample was also collected from the same fish for Hg compounds
analysis. We obtained a total of 17 liver samples for our study because
the other liver samples were used in other toxicological studies.

After sampling, fish organs were separated onboard, individually
placed in Ziploc bags and frozen at −20 °C. Once at the laboratory,
samples were stored at −18 °C until they were weighed then freeze-
dried for 48 h. Samples were weighed again (wet weight/dry weight
ratio = 4.7 ± 0.5), then ground to fine powder in an agate mortar.
Freeze-dried and ground samples were finally stored in a freezer
(−18 °C) until analysis.

2.2. Hg species concentration in tissues

A mass of 0.1–0.2 g of freeze-dried tissue was weighted in a 20 mL
acid-cleaned glass vial, to whichwas added 5mL of ultra-pure (distilled
at the laboratory) 6 MHNO3. Vials were sealed and put in an oven at 70
°C for 6 h for Hg species (MMHg and IHg) extraction. Vials were allowed
to cool down and then stored in at 6–7 °C until analyses. Samples were
then centrifuged and the supernatant was recovered. Hg species
Fig. 1. Sampling sites of Tilefish in the northernGulf ofMexico. Seven different sampling station
E, 124 km; F, 192 km,; G, 207 km,; H, 223 km. The well head of the DWH is located 28.738 N, 8
concentrations were measured using Tekran®2700 Mercury Analysis
System. Briefly, the extractwas diluted 3 timeswith ultrapure deionized
water and a volumeof 0.010 to 0.100mLof this solutionwas derivatized
in a 30 mL aqueous solution at pH 4.5 after adding 0.030 mL of 1% So-
dium tetraethylborate as a derivatizing agent and subsequent hand
shaking. Depending on the sample, from 0.5 to 30 ng L−1 of MMHg
and IHg was derivatized. Then, the solution was purged into the
Tekran®2700 system, where the ethylated IHg and MMHg species
were trapped on a Tenax trap then desorbed and flushed to a Gas Chro-
matography oven in a capillary columnwhere theywere separated, and
finally pyrolyzed and detected via atomic fluorescence spectrometry.
The instrument was calibrated with solutions containing known
MMHg and IHg concentrations (using MMHg and IHg standards solu-
tions of 10 and 500 ng L−1) in the range of 0 to 32 ng L−1. Certified ref-
erencematerials for MMHg and total Hg (Tunamuscle ERM-CE 464 and
Dogfish liver NRCC DOLT-4) were measured periodically between tile-
fish samples to ensure the accuracy of the analysis. Duplicates of extrac-
tions, duplicates of derivatization aswell as samples spikedwithMMHg
and IHg standards were also analyzed periodically to ensure the robust-
ness of the method. The precision of the method, as relative standard
deviation, was typically better than 5%. Limit of quantification was typ-
ically lower than 0.05 ng L−1 for MMHg and lower than 0.2 ng L−1 for
IHg. Hg species concentrations are reported as μg Hg g−1 muscle on a
dry weight basis.

2.3. Hg stable isotope ratios analysis

A mass of approximately 0.2 g of dry weight tissue was weighted
in a 20 mL acid-cleaned glass vial, to which were added 4 and 1 mL
concentrated and ultra-pure HNO3 and HCl, respectively. Vials were
loosely capped for 1 h, then sealed and left overnight at room tem-
perature. Then 4 mL of deionized water was added and vials were
heated at 80 °C on a hot-plate for 4 h (1.5 h of ramp and 2.5 h of
heating time). After the samples were cooled, 0.8 mL of BrCl was
added to ensure complete oxidation of Hg to Hg(II). Samples were
then centrifuged and the supernatants were recovered and stored
in glass vials. An aliquot of the supernatant was pipetted and diluted
to reach 2 μg L−1 in 5% acid (HNO3, HCl, BrCl) in a total volume of
10 mL, assuming total Hg concentration of a fish sample to be the
sum of MMHg and IHg concentrations measured by Tekran® 2700.
Just prior to analysis 0.3 mL of 0.72 M hydroxylamine (NH2-HCl)
swere located from47 to 223 kmaway from theDWHwell: B, 47 km; C, 85 km; D, 109 km;
8.366 W. Latitude and longitude of each site are given in Table S1.



Table 1
Average values and associated standard deviation for Hg species in fish muscle and fish size for each sampling station.

Station code n Std length Body weight [MMHg] [IHg] [THg] % MMHg [THg]/weight [THg]/length

(cm) (kg) (μg g−1 dw) (μg g−1 dw) (μg g−1 dw)

B 10 57 ± 12 4.1 ± 2.9 1.52 ± 0.81 0.04 ± 0.02 1.57 ± 0.85 97 ± 1 0.5 ± 0.3 0.03 ± 0.01
C 1 48 1.9 0.89 0.02 0.90 98 0.5 0.02
D 17 49 ± 9 2.7 ± 1.6 4.09 ± 2.04 0.10 ± 0.05 4.19 ± 2.10 97 ± 1 1.8 ± 0.8 0.08 ± 0.04
E 16 49 ± 9 2.3 ± 1.5 3.97 ± 1.15 0.08 ± 0.03 4.06 ± 1.17 98 ± 1 2.3 ± 1.2 0.08 ± 0.02
F 9 52 ± 9 2.9 ± 2.0 4.32 ± 2.15 0.09 ± 0.07 4.41 ± 2.21 98 ± 1 1.8 ± 0.8 0.08 ± 0.03
G 3 44 ± 9 1.8 ± 1.5 2.55 ± 1.23 0.06 ± 0.04 2.61 ± 1.27 98 ± 1 1.8 ± 0.8 0.06 ± 0.02
H 6 47 ± 7 1.9 ± 1.1 3.58 ± 1.07 0.09 ± 0.05 3.66 ± 1.12 98 ± 1 2.0 ± 0.7 0.08 ± 0.02

Fig. 2.MMHg concentrations inmuscle as a function offishweight for 61 tilefish caught at
different locations in the northern GoM.
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was added to the sample to remove the excess of BrCl. For Hg iso-
tope ratios (IRs) analysis, the sample was introduced in a multi-
collector ICP-MS (ThermoFinningan® Neptune) using a cold vapor
generator (CETAC® HGX-200) as an introduction system. Briefly,
Hg(II) in samples was reduced on-line with 3% SnCl2 in 5% HCl pre-
pared daily and introduced into the instrument as elemental Hg in
an Argon stream. The bracketing standard method was used to re-
port the per mil (‰) deviation of the samples versus Hg interna-
tional standard NIST 3133. Each measurement of sample IRs was
preceded and followed by the measurement of Hg NIST 3133 IRs at
a concentration of 2 μg L−1 and prepared in the same acidic matrix
than the sample. The isotopic composition of the sample was re-
ported as delta values (δ) for 5 Hg isotopes (199, 200, 201, 202,
204) versus isotope 198 (Blum and Bergquist, 2007):

δxxx Hg ¼ xxx Hg= 198 Hg
� �

sample=
xxx Hg= 198 Hg
� �

NIST3133

� �
−1

� �

� 1000 ð1Þ

δ202 Hg is used as the signature of the MDF of Hg isotopes in fish tis-
sues in this manuscript. To report the MIF of Hg isotopes, capital delta
values (Δ) represent the deviation from the theoretical MDF for each
Hg isotope:

Δxxx Hg ¼ δxxx Hg− δ202 Hg� β
� �

ð2Þ

where β is 0.2520, 0.5024, 0.7520, and 1.4930 for isotope 199, 200, 201
and 204 respectively. Secondary Hg standard UM-Almaden, prepared at
2 ng/mL in the same matrix as samples and NIST3133, was periodically
analyzed for Hg IRs about once every 6 samples, and was used to report
the accuracy and the precision of the method. A total of 38 measure-
ments of Hg UM-Almaden were performed during different sessions
of analysis. Average UM-Almaden isotopic composition was in agree-
ment with previously published values (Blum and Bergquist, 2007)
with δ202 Hg, Δ199 Hg and Δ200Hg of −0.58 ± 0.16, −0.02 ± 0.08 and
0.01 ± 0.12 (‰, 2SD), respectively.

2.4. Light stable isotopes analysis

Twenty-three samples of tilefishmusclewere selected among differ-
ent sampling stations for light stable isotopes ratios analysis of carbon,
nitrogen and sulphur. Isotopic ratios are reported as delta values for C
(δ13C), N (δ15N) and S (δ34S) that are the deviation (‰) of the sample
relative to an international standard, i.e. Vienna Pee Dee Belemnite, at-
mospheric nitrogen and Vienna Cañon Diablo Trolite for C, N and S, re-
spectively. Carbon and Nitrogen isotopic ratios were measured in our
laboratory, using a Thermo Fischer Scientific Delta Plus XP Isotope
Ratio Mass Spectrometer coupled with a ThermoQuest CE Instrument
NC2500 Elemental Analyzer and a Thermo Fisher Scientific Conflo III.
Sulphur isotopic ratios were measured at the Stable isotope Core Labo-
ratory (Washington State University, WA) using a continuous flow iso-
tope mass spectrometer (DeltaPlusXP, Thermofinnigan) coupled with
an elemental analyzer (ECS 4010, Costech Analytical) (Brenna et al.,
1997). Typical standard deviation was 0.12, 0.18 and 0.20 for δ13C,
δ15N and δ34S, respectively.

2.5. Data analysis

All data and figures were analyzed and createdwithMicrosoft Office
Excel® software, using Data Analysis Tool Box for statistics (t-test as-
suming unequal variances and α = 0.05, and regressions with a confi-
dence level of 95%).

3. Results and discussion

3.1. Hg concentration in tilefish tissues

3.1.1. Hg in muscle
Overall, total Hg (THg) in tilefish muscle averaged 3.59± 1.87 μg g−1

(1SD, n = 62; range 0.71–9.42 μg g−1) and increased with fish weight
(Fig. 2) and length (Fig. S1b). Methylmercury represented 97.7 ± 0.8%
of THg,with concentrations increasing linearlywith THg (Fig. S2a). Signif-
icant differences were observed among and between the different sta-
tions (Table 1, Fig. 2, Fig. S1b and Table S2). Tilefish sampled at stations
B and C, the closest to the DWH site, showed the lowest concentrations
of Hg in their muscle with MMHg averaging 1.52 ± 0.82 μg g−1 (range
0.70–3.33, n= 10) and 0.89 μg g−1 (n = 1), respectively. Sampling sta-
tion C will not be discussed further since only one fish was sampled
there. Conversely, tilefish caught farther than 109 km away from the
DWH site, i.e. stations D, E, F, G, and H, showed the highest
MMHg concentrations in their muscle with MMHg averaging 4.09 ±
2.04 μg g−1 (range 1.39–7.97, n = 17), 3.97 ± 1.15 μg g−1

(range 2.08–6.19, n = 16), 4.32 ± 2.15 μg g−1 (range 2.63–9.18, n =
9), 2.55 ± 1.23 μg g−1 (range 1.41–3.86, n= 3) and 3.58 ± 1.07 μg g−1
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(range 1.84–4.92, n = 6), respectively. Those significant differences can-
not be attributed to difference in length or weight (Fig. 2 and Fig. S1b),
as also shown by normalisation of THg in the muscle versus the weight
and the length of the fish (Table 1 and Table S2). For all sampling stations,
fish showed a decrease of THg/weight with increasing weight (Fig. S1c).
Fish caught at station B averaged THg/weight ratio of 0.5 ± 0.3 and
THg/length ratio of 0.03 ± 0.01 (n = 10). Those ratios are almost one
order of magnitude lower than the average THg/weight and THg/length
ratios for stations D, E, F, G, and H taken together (1.96 ± 0.92 and
0.083 ± 0.030 (n = 51), respectively). Significantly higher THg/weight
ratios were observed in 2012 compared to 2013 for sampling stations
far from theDWH(N109km),whereas no significant differenceswere ob-
served close to DWH (Fig. S3). Overall, about 90% of the tilefish caught for
this study (56 out of 61) displayed Hg concentrations in the muscle that
are above the U.S. EPA recommendation value for daily consumption
(0.3 μg g−1, wet weight). For tilefish close to the DWH, 50% (5 out of
10) were below this value, whereas far from the DWH only 2% (1 out of
51) were below this value.

3.1.2. Hg in liver
Total Hg in liver averaged 4.00 ± 3.40 μg g−1 (1SD, n = 17; range

0.68–12.5 μg g−1), and IHg dominated Hg speciation (80 ± 13% of IHg,
range 61–98%) (Table S3), and increased linearly with THg (Fig. S2b).
As for muscle, liver of the single tilefish from station B contained signif-
icantly lower THg (1.85 μg g−1) than those from stationsD, E, F, G, andH
(average 4.14 ± 3.46 μg g−1, n = 16). This is strengthened when com-
paring the THg/weight ratio in the liver of this fish (0.39) with fishwith
similar weight (4 to 5 kg) from other stations (1.07 ± 0.21, n = 4).
Among tilefish far from DWH, one fish (DC-13-502, station H)that
contained the highest THg amount in the liver (12.5 μg g−1), displayed
a significantly higher ratio IHgliver/MMHgmuscle (2.1) compared to other
samples (average 0.9± 0.4, n= 16). This high ratio can be compared to
a study which reports higher THgliver/muscle ratios in Hg contaminated
freshwater compared to uncontaminated sites (Havelkova et al.,
2008). However, no local Hg contamination source is expected here. De-
spite differences in %IHg in liver among samples, IHg is the dominant
species in livers (Fig. S2b), as opposed to the muscle samples where
MMHg drives THg concentrations (Fig. S2a). THg values in the liver
were correlated with THg in the muscle (Fig. 3a), and IHg concentra-
tions in the liver were also positively correlated to the MMHg levels in
the muscle (Fig. 3b). These observations support the theory of in vivo
demethylation in fish (Khan and Wang, 2010; Wang et al., 2013;
Yamashita et al., 2013), where the MMHg accumulated in the muscle
is related to the IHg stored in the liver, the latter being the product of
a fraction of the MMHg that is degraded and then stored in the liver.
However, two recent studies suggest that in vivo MMHg demethylation
Fig. 3. THg concentrations inmuscle vs liver (a) andMMHg concentration in themuscle vs IHg c
in marine fish occurs in the intestine rather than in the liver (Wang
et al., 2017; Wang and Wang, 2017).

3.2. Stable isotopic composition of tilefish tissues

3.2.1. Light stable isotopes
Nitrogen, carbon, and sulphur isotope analysis were performed

using muscle samples from 23 tilefish: δ15N averaged 13.6 ± 0.8‰
and ranged from 11.9 to 14.9‰ (about 1 trophic level unit range (Post,
2002)); δ13C averaged −17.3 ± 0.4‰ and ranged from −16.5 to
−18.3‰; δ34S averaged 19.9 ± 1.2‰ and ranged from 17.8 to 21.2‰
(Table S4 and Fig. S5). Fig. S5a shows that δ13C and δ15Nwere positively
correlated at both station B and other stations, while δ13C vs. δ34S and
δ15N vs. δ34S showed negative correlations only for station B (Fig. S5b
and c), i.e. δ13C and δ15N increased with decreasing δ34S. No significant
differenceswere observed between station B and stationsN109 km from
DWH for δ13C (−17.1 ± 0.4 and−17.5 ± 0.4‰, respectively, t-value=
1.94, p-value = 0.07), indicating similar carbon source and same basal
resources associated with benthic production (Thomas and Cahoon,
1993). On the other hand, δ15N values of tilefish caught close to station
B were significantly higher (t-value = 3.35, p-value = 0.003) than
those of tilefish caught farther from DWH (stations D, E, F, G) (14.2 ±
0.5‰ and 13.2 ± 0.7‰, respectively). This indicates, for example,
that tilefish from station B either feed at a higher trophic level due to
change in diet after the DWH oil spill (Tarnecki and Patterson III,
2015), have higher δ15N at the base of their food chain (Cabana and
Rasmussen, 1996; Post, 2002), or simply have different diet than tilefish
located N109 km from DWH. We also observed significant differences
(t-value =−6.37, p-valueb0.00001) for δ34S between fish from station
B and fish from other stations, with fish located close to the DWH and
the mouth of the MR having a lower mean value (18.6 ± 1.0‰) than
fish from stations farther from theMRmouth (20.6± 0.5‰). This result
can be attributed to the larger influence of freshwater discharge from
the MR (Morey et al., 2003) for station B than for other stations that
have S isotopic signature closer to sulphate seawater (~21‰, (Rees
et al., 1978)). Stimulation of bacterial sulphate-reduction activity at sta-
tions close to DWH by the released oil and/or dispersants (Kleindienst
et al., 2015) may also contribute to the lighter sulphur isotopic compo-
sition measured in fish close to the well-head due to S isotopic fraction-
ation during sulphate-reduction by SRB (Kleikemper et al., 2003;
Pellerin et al., 2015; Sim et al., 2011).

Positive correlations were observed between δ15N and MMHg, and
between δ13C and MMHg in tilefish from stations D to G, but not at sta-
tion B (Fig. S6). This indicates increasing Hg accumulation with trophic
level at more eastern stations, but not close to the at MR-DWH stations.
Higher MMHg concentrations together with lower δ15N at eastern
oncentration in the liver (b) of 17 tilefish caught at different locations in the northernGoM.



Fig. 4. [THg]/weight vs δ34S in Tilefish muscles, showing 2 different pools between the
distal area (N138 km from MR mouth) and the proximal area (b52 km form MR mouth).
Twofish thatwere samplednearDWHandMRmouth (station B) belong to the distal pool.
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stations clearly showed that a difference in trophic levels is not respon-
sible for the different Hg bioaccumulation between these two areas.
While no correlations were observed between δ34S and MMHg at sta-
tion B or other stations (Fig. S6), higher Hg concentrations were associ-
ated with higher δ34S values (Fig. 4). This suggests that higher Hg
bioaccumulation occurs in fish living in waters that show more marine
sulphate signatures. Interestingly, we observed that two fish from sta-
tion B had δ34S signatures similar to fish from other stations. These
two fish (DC-13-795 and DC-13-798) also showed higher THg/weight
ratios and lower δ15N signatures than other fish from station B
(Table S5). It is possible that, while they were sampled close to the
DWH and the MR mouth, these two fish spent the last years of their
life in more distal waters. However, these fish were also smaller than
all the other fishes sampled at stations B and potentially have different
diet than larger/older ones. In the remaining manuscript, station B will
be considered as “proximal” (i.e. close to the MRmouth) while stations
D to G will be considered at “distal”.
Fig. 5. Δ199Hg vs δ202Hg (a) and Δ199Hg vs Δ201Hg (b) in tilefish muscle, showing 2 different Hg
(b52 km form MR mouth). Error bars represent long-term uncertainties of analyses (2SD).
3.2.2. Hg isotopic composition
Delta values for all muscle (n = 23) and liver samples (n = 9) are

provided in Table S5. Overall, δ202Hg in tilefish muscle ranged from
−0.60 to 0.52‰ and Δ199Hg ranged from 0.60 to 1.15‰. Hg MDF and
MIF signatures in tilefish muscle were significantly different between
stations close (47 km) and far (≥109 km) from the DWH. Tilefish mus-
cles from station B displayed significantly lower δ202Hg (t = −6.78
and p b 0.00001) and Δ199Hg (t = −5.19 and p = 0.00004) values
(−0.21 ± 0.21‰ and 0.75 ± 0.10‰, respectively, n = 8) than tilefish
muscle from stations far from the DWH (0.29 ± 0.14‰ and 0.98 ±
0.10‰, respectively, n = 15) and Δ199Hg was positively correlated to
δ202Hg (p b 0.00001, Fig. 5a). Δ199Hg/Δ201Hg ratios were close to 1.3
(average 1.24 ± 0.05) for all tilefish muscle samples (Fig. 5b), this is
consistent with the accumulation of MMHg that has been subjected to
photodemethylation in the water column before its incorporation in
the food chain (Bergquist and Blum, 2007). A significant and positive
correlation was observed between the logarithm of THg concentration
and δ202Hg in tilefish muscle samples (Fig. S7), suggesting MDF during
bioaccumulation (due to in-vivo demethylation (Perrot et al., 2016))
of MMHg in the muscle and/or binary sources mixing (Foucher et al.,
2009; Perrot et al., 2010).

Overall, δ202 Hg in tilefish liver ranged from −0.93 to 0.15‰ and
Δ199Hg ranged from0.47 to 1.05‰ (Table S5). As formuscle, HgMIF sig-
natures in tilefish liver were significantly different between the proxi-
mal area and stations located more offshore, with tilefish liver from
station B displaying significantly lower Δ199Hg values (0.57‰) than
tilefish liver from stations far from the DWH (0.94 ± 0.09‰, n = 8).
However, only a slight difference of MDF signature was observed be-
tween tilefish livers from station B and other stations (δ202Hg =
−0.23‰ (n = 1) and −0.09 ± 0.09‰ (n = 8), respectively). While
fish from stations D, E, F, and G displayed a consistent and positive
offset of δ202Hg in the muscle relative to the liver (δ202Hg muscle −
δ202Hg liver = 0.41 ± 0.17‰), fish from station B had on average a
negative offset (δ202Hg muscle − δ202Hg liver = −0.17). The MIF
offset between muscle and liver of tilefish was slightly positive,
with fish from station B having a slightly higher offset (Δ199Hg muscle

− Δ199Hg liver = 0.12‰) than fish from stations D, E, F, and G (0.08±
0.04‰, n = 8). Overall, the MDF offset between muscle and liver be-
comes more positive with the distance to the MR mouth and DWH
(Fig. S8a) and increases with Hg accumulation normalized to the
size of the fish (Fig. S8b). In fish with higher levels of Hg
isotopic pools between the distal area (N178 km fromMRmouth) and the proximal area
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contamination (i.e. distal stations), this offset increased with in-
creasing IHg concentration in the liver relative to MMHg concentra-
tion in the muscle (Fig. S8c) that is in agreement with MDF during
MMHg demethylation to IHg and subsequent storage of IHg in the
liver and the remainingMMHg in themuscle suggested for mammals
(Perrot et al., 2016). Interestingly, liver of the fish from station B also
showed a lower Δ199Hg/Δ201Hg ratio (0.89), close to 1.0 ratio indic-
ative of IHg photoreduction (Bergquist and Blum, 2007) than livers
of fish from other stations (1.25 ± 0.05, close to 1.3 ratio indicative
of MMHg photoreduction (Bergquist and Blum, 2007) (Fig. S9).
Hence, we suggest that Hg in tilefish liver at distal stations mostly
originated from MMHg demethylation (in-vivo) while tilefish from
proximal stations can have a significant fraction of IHg in their liver
directly taken up from prey and/or the water column and seabed.
3.3. Geographical variations of Hg bioaccumulation in tilefish from the
northeastern GoM constrained with Hg and light stable isotopes

Lower Hg concentrations were observed in tissues of tilefish located
close to the MR mouth and the DWH (proximal, MR-DWH, station
B) than in tilefish locatedmore offshore and northeast along the DeSoto
Canyon (distal, Off-DSC, stations D, E, F, G). These geographical patterns
were the same for light stable isotopes as well as for Hg isotopic compo-
sition in the fish tissues (Fig. 6). These are discussed with Hg concentra-
tions to identify environmental factors potentially affecting Hg
bioaccumulation in fish at different sites of the sampling area. Tilefish
were sampled in 2012 and 2013, N2 years after the DWH. All tilefish
were larger than 29 cm in standard length that indicates that they all
were born before the DWH event, based on observed length/age ratios
(Lombardi et al., 2010). According to the residence time of Hg species
in the muscle and liver of fish (Trudel and Rasmussen, 1997), we as-
sumed that the vast majority of MMHg and IHg measured in our sam-
ples was incorporated after the DWH event.
Fig. 6. 2012 and 2013 average values for total Hg concentrations (normalized toweight) (a), δ20

at proximal stations (MR-DWH, station B) and fish sampled at distal stations (off-DSC, stations
A previous study reported Hg, N and C isotopes in fish from the
northern GoM and showed that coastal and oceanic fish species exhib-
ited disconnected food webs and Hg sources (Senn et al., 2010), how-
ever no comparison between the same fish species in different areas
was carried out. Still the authors showed that coastal fish had higher
δ15N and δ13C, and lowerMMHg levels, δ202Hg andΔ199Hg, than oceanic
fish. They also observed a positive correlation betweenMMHg and δ13C
in coastal fish that was not observed for tilefish in our study. As for their
study, we suggest that lower δ202Hg and Δ199Hg values in tilefish from
MR-DWH area were due to lower photodemethylation efficiency than
at distal stations due to limited light penetration close to the MR
plume. All station depths (N200 m) were below the photic zone, and
we argue here that different foraging depths for our sampling stations
(range 204-333 m) did not play a role in the observed differences in
Hg MIF signatures since higher Δ199Hg values were observed in Off-
DSC stations (range 255-337 m) than at station B (range 204-301 m),
which contrasts with oceanic pelagic fish species (Blum et al., 2013;
Madigan et al., 2018). Overall, depth differences between the sampling
stations were not responsible for the differences observed in light and
Hg stable isotopes nor in THg accumulation (Fig. S10).

It has been reported that the MR can be an important source of Hg
for the GoM waters, in addition to direct Hg atmospheric deposition
(Harris et al., 2012; Rice et al., 2009). Besides being relatively close to
the DWH site (47 km), the station B was also located very close
(52 km) to the mouth of MR compared to other stations (N178 km).
Hence, at the MR-DWH station, even when water discharge is reduced,
the MR plume still has a strong influence (Morey et al., 2003; Walker,
1996). However, if the MR is an important source of Hg for these sta-
tions, this does not explain why Hg concentrations in tilefish tissues
were significantly lower than in tilefish tissues from other stations
where less influence from the MR (mostly atmospheric deposition)
should occur. Hence, direct Hg discharge from the MR is unlikely to ex-
plain the differences of Hg concentrations observed in tilefish of our
study. Hg isotopic composition in sediments of the seafloor in our
2Hg (b),Δ199Hg (c), δ15N (d), δ13C (e) and δ34S (f), measured inmuscles of Tilefish sampled
D, E, F, and G).
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study area and the MR would also help to identify different Hg sources
in tilefish. While no such data are available near our sampling sites, a
few studies report Hg levels (Rice et al., 2009; Trefry et al., 2007) and
stable isotopes (Brown et al., 2013) in sediments of the nGOM and in
the MR sediments (Gray et al., 2015). Both coastal and upstream MR
sediments showed slightly negative or near 0 values forΔ199Hg, indicat-
ing Hg from geogenic and/or anthropogenic sources, while Hg in more
distal and deep sea stations have slightly positive Δ199Hg and higher
δ202Hg values than at coastal stations indicating a higher contribution
of precipitation. Interestingly, this shift is also observed in Hg isotopic
signatures in tilefish between the proximal area (station B) and other
stations, but higher values are observed probably due to the fact that
Hg can undergo multiple isotopic fractionation processes between the
sediment and Hg storage in muscle [(Blum et al., 2014) and references
herein]. Again, while the MR seems to be a significant source of Hg in
sediments from the coastal area, this does not explain why lower Hg
levels were encountered in tilefish from this area.

The MR is responsible for large inputs of freshwater and terrestrial
material (inorganic and organic dissolved/particulate matter) and nu-
trients that lead to high biomass production and changes in redox con-
ditions and salinity in the water column and sediments on the
continental shelf near the MR mouth (Cardona et al., 2016; Dagg and
Breed, 2003; Rabalais et al., 2002; Wang et al., 2004). Indeed, there is
a significant decrease in nutrient, silicates, and hence turbidity, from
the MR mouth to more distal waters (Fig. S11). The rapid decrease in
nutrient concentration associatedwith an increase in salinity, especially
within the first 100 km from the MR mouth (Cardona et al., 2016), can
explain significantly higher δ15N and lower δ34S signatures observed
at stationMR-DWH than at Off-DSC stations. Decreasing δ15N in low tro-
phic levels as well as in fish populations has been recently reported
along the shelf of the northeastern GoM, with increasing distance
from the MR mouth (Radabaugh and Peebles, 2014).

Overall, we observed the C, N, and S isotopic signatures changing as a
function of the distance from theMRmouth. Hence, both S andN (andC
to a lesser degree) stable isotopic signatures in tilefish (Figs. 6 and S12)
support the idea that the MR has a strong impact on the biogeochemis-
try of water and sediments in the shelf eastward off Louisiana. Hence,
while recent studies showed the importance of Mississippi inputs on
the West Florida Shelf (e.g. (Walsh et al., 2015) and reference herein),
our results are still more consistent with a limited influence at the NE
mouth of the DSC (i.e. stations N109 km from DWH). This is supported
by the type of sediment (where tilefish live and feed on) present at sta-
tion B (terrigenous clay), while other stations are characterized with
calcareous sediments (offshore signature) (Balsam and Beeson, 2003),
as well as differences in nutrient loads (Cardona et al., 2016) (also see
Fig. S11). This change in sediment nature potentially affects Hg biogeo-
chemistry and, hence, Hg bioavailability at the base of the food chain.

A recent study on red snapper (Lutjanus campechanus) from the
northern GoM reports that higher Hg levels in fishwith limited riverine
influence are also associated with higher δ34S and suggests that terres-
trial inputs associated with hypoxia near the mouth of the MR inhibits
MMHg production and further bioaccumulation in food chains (Zapp
Sluis et al., 2013). Indeed, high levels of sulphide and terrestrial particu-
late organic matter should reduce MMHg production and bioavailabil-
ity, rather than enhance Hg(II) reduction (Zhang et al., 2011; Zhu
et al., 2018). Conversely, it seems that Hg bioavailability and subsequent
bioaccumulation into food webs is enhanced in oligotrophic waters
with marine dissolved organic matter associated with freshly deposited
Hg (Chiasson-Gould et al., 2014; Schartup et al., 2015). This phenome-
non could be of particular importance in our study area where elevated
precipitation (the main GoM Hg source (Rice et al., 2009)) occurs
(Fig. S11). Higher inputs of freshwater and particulate material from
MR (lower salinity, higher turbidity and nutrient load, see Fig. S11) is
corroborated by lower δ34S, Δ199Hg and δ202Hg, and higher δ15N values
(see above) observed at station B (Fig. 6 and Fig. S12). In addition, the
blooms of biomass near the MR mouth should reduce MMHg
concentrations at the base of the food chains (biodilution) and further
bioaccumulation (Harmelin-Vivien et al., 2009; Wu et al., 2019), al-
though the opposite has been observed in some fresh water systems
(Todorova et al., 2015). Hence, we suggest that lower Hg concentrations
(and [Hg] normalized to weight or length) in fish living at proximal sta-
tions are due to limitedHgbioavailability at the base of the food chain as
a result of terrestrial inputs of particles and nutrients from the Missis-
sippi River.

The DWH event in 2010 released large amounts of oil that has
largely affected the biogeochemistry of both thewaters and the seafloor
of the Gulf of Mexico (Hastings et al., 2016; Joye, 2015), impacting local
ecosystems (Ainsworth et al., 2018; Crowe et al., 2014). Oil carbon has
been shown to enter the base of food chains (Cherrier et al., 2014;
Graham et al., 2010) and has modified composition and interaction of
microbial communities (Lu et al., 2012; Ziervogel et al., 2016) that are
both key parameters controlling MMHg production/degradation and
bioaccumulation through higher trophic levels.

As demersal fish, tilefish forage on prey on and in GoM sediments,
and a recent study indicates that this type of fish has been significantly
impacted by the DWH, leading to a biomass decrease up to 70% and en-
hanced starvation (Ainsworth et al., 2018). Hence, reduced feeding rate
and lowhealth status can have significantly reducedHgaccumulation in
MR-DWH tilefish. Other studies report changes in diet in some fish fol-
lowing the DWH event (Quintana-Rizzo et al., 2015; Tarnecki and
Patterson III, 2015), one of them reporting a significant increase in
δ13C and δ15N, and a decrease in δ34S, in red snapper after the oil spill
(Tarnecki and Patterson III, 2015) that are close to the offset of light sta-
ble isotopes average values between tilefish at MR-DWH station and
Off-DSC stations. However, and unfortunately, we do not have light or
Hg stable isotopes data prior to the DWH for tilefish in order to defi-
nitely confirm pre- to post-spill changes specific to tilefish.

Stimulation of bacterial activity following the DWH event due to
both oil release and the addition of chemical dispersants (Kleindienst
et al., 2015), especially sulphate reduction (Kimes et al., 2014), could
also explain the lower δ34S values observed at MR-DWH station. For ex-
ample, enhanced reducing conditions on the seafloor after the DWH
have been reported (Brooks et al., 2015; Hastings et al., 2016). Since a
large variety of SRBs are able to reduce, methylate and demethylate
Hg (Bridou et al., 2011; Hu et al., 2013; King et al., 2000), but only
ones possessing specific genes can significantly produce MMHg (Parks
et al., 2013), lower MMHg levels observed in tilefish at MR-DWH sta-
tionswould suggest higher netMMHgdemethylation and IHg reduction
than MMHg production in this area. However, and as previously stated,
more reducing conditions should already occur at MR-DWH station
than at Off-DSC stations due to the proximity of the MR mouth.

Sedimentation rates and associated oil accumulation on the seafloor
after the DWH blowout (i.e. marine snow) (Passow et al., 2012) have
been significantly enhanced locally in the DeSoto Canyon by the terres-
trial discharge from the MR (Babcock-Adams et al., 2017; Brooks et al.,
2015; Daly et al., 2016; Hastings et al., 2016; Romero et al., 2017;
Romero et al., 2015). Indeed, the combination of MR nutrients and par-
ticles inputs with oil is suggested to have increased microbial blooms,
anoxia, and sedimentation rates at river-proximal than river-distal
areas (Daly et al., 2016) (Edwards et al., 2011) that would result in in-
creased Hg biodilution, Hg reduction and demethylation and limited
Hg bioavailability, respectively (see discussion above). Marine snow
fromMR-oil interaction is also likely to have impactedfish feeding strat-
egies and/or health due to change in food webs structures. Hence, we
suggest that the MR discharge and the DWH event could have
interacted together to provide even more limited Hg bioaccumulation
in tilefish at stations located on the Louisiana Shelf.

4. Conclusions

Our study provided a multi-isotopic analyses to decipher Hg bioac-
cumulation in demersal fish from the northeastern Gulf of Mexico
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following the DWH oil spill. Our data show that Hg bioaccumulation
was significantly reduced in fish located on the Louisiana shelf break.
Terrestrial discharge from the Mississippi River was identified as the
main driver of limited Hg bioavailability to local food webs, and in-
creased sedimentation rates as well as lower fish health status due to
the oil release are likely to have amplified this phenomenon. Mercury
bioaccumulation in fish frommore oligotrophicwaters (off theAlabama
and Florida shelves), even if these areas may have also been affected by
the DWH event (Romero et al., 2017; Weisberg et al., 2016), was high
and most of the fish had critical Hg levels that exceed safety thresholds
for daily consumption. This highlights the fact that species-level
targeting to establishHg guidelines is not sufficient in theGoM and sup-
ports the need for further local and regional investigations.

Mercury isotopic signatures indicate that, in tilefish with relatively
low Hg concentrations in bothmuscle and liver, an important contribu-
tion ofHg is from inorganic Hg accumulation fromvarious sources (food
and water column, MR discharge). On the other hand, tilefish with
higher Hg bioaccumulation rates (mostlyMMHg), HgMIF signatures in-
dicate that both IHg andMMHg in the livermostly arise fromMMHgde-
methylation from which they are respectively product and residual
components. Relationships were significant between Hg species and
Hg isotopic composition between the muscle and the liver, supporting
the idea that fish can significantly demethylate MMHg at a certain
level of exposure and retain a fraction of the product, IHg, in the liver.

The influence of the Mississippi River discharge, the absence of Pre-
spill Hg data and rare geochemical studies for tilefish in this area make
estimating the oil spill role on Hg bioaccumulation difficult, however
our study showed that we could not reject the null hypothesis that
the DWH had a significant role in reducing Hg accumulation in fish
due to marine snow and its associated hydrocarbon toxicity effects.
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