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United States, Department of Zoology, Weber State University, Ogden, UT, United States,
“Department of Biological Sciences, University of North Carolina at Charlotte, Charlotte, NC,
United States, “Baruch Marine Field Laboratory, University of South Carolina, Georgetown, SC,
United States

The estuarine environments surrounding coastal Louisiana create favorable
conditions for microbially mediated mercury (Hg) methylation and subsequent
bioaccumulation by biota. In 2010, the Deepwater Horizon (DWH) oil spill
released large amounts of oil which, despite having low Hg concentrations,
had the potential to influence methylmercury (MeHg) bioavailability in the
coastal zone. To explore this possibility, we assessed Hg concentrations and
trophodynamics in the coastal Louisiana food web prior to and immediately
following the DWH oil spill and compared these metrics with an adjacent
coastal ecosystem in the northern Gulf of Mexico. We found no differences
in MeHg concentrations between oysters collected in years prior to the spill
(1986-2007) and those collected during or in the months immediately after the
spill (May to December 2010). When comparing tissue MeHg concentrations
and carbon and nitrogen stable isotope values across 13 species of bivalves,
shrimp, crabs, fishes, and birds we found evidence of significant
biomagnification within the coastal Louisiana food web driven by species’
trophic position and their use of differing basal carbon sources. In addition,
Hg trophodynamics also differed between two adjacent coastal ecosystems,
post-spill coastal Louisiana (2010) and pre-spill coastal Alabama (2008-2009).
While there was a higher trophic magnification factor in coastal Louisiana
relative to coastal Alabama, food web baseline MeHg concentrations were
higher in coastal Alabama. The high degree of biomagnification in coastal
Louisiana, and significant regional variation, underscores the need to
monitor Hg trophodynamics over space and time to better evaluate the
short and long-term ecological consequences of events like the DWH oil spill.
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Introduction

Resulting from both natural and anthropogenic activities,
mercury (Hg) has gained notoriety as a global pollutant and a
threat to human health (Boening, 2000). The cycling of Hg in the
environment is complex and difficult to measure, as it is present
in several different chemical forms (Liu et al., 2011). While both
organic and inorganic forms of Hg can be taken up actively or
passively by the surrounding biota (Golding et al, 2002;
Pickhardt and Fisher, 2007), methylmercury (MeHg) is
particularly concerning due to its potential to bioaccumulate
in organisms and biomagnify in food webs (Bloom, 1992
Boening, 2000; Bank et al, 2007). Biomagnification occurs
when contaminant concentrations in consumers exceed the
concentrations found in their prey (Borgd et al, 2012). Soil
microbes that are generally associated with the reduction of
the
transformation of Hg into a bioavailable form (ie., MeHg)

sulfate and iron are primarily responsible for
where it enters the food web (Compeau and Bartha, 1985;
Golding et al., 2002). Larger organisms cannot readily take up
MeHg directly from the water column or sediment, but are
largely exposed to MeHg via their diet (Hall et al., 1997; Liu
etal, 2011). In fish for example, MeHg tends to be sequestered in
muscle tissue, and studies have demonstrated that nearly
60-100% of total Hg (THg) in fish muscle tissue is in the
organic, MeHg, form (Cappon and Smith, 1981; Bloom, 1992;
Harris, 2003). The lipophilic and protein-binding properties of
MeHg make it difficult for organisms to eliminate MeHg, and
chronic exposure can lead to the accumulation of MeHg
concentrations high enough to have severe toxicological effects
(Wiener and Spry, 1996; Leaner and Mason, 2001). Moreover,
the relatively long residence time of MeHg in consumer tissues
makes it more likely to biomagnify with trophic level, as higher
trophic position predators must consume more prey biomass to
satisfy their greater metabolic requirements (Harris, 2003;
Chumchal et al., 2011).

Advances in the ecological use of stable isotopes as tracers of
organic matter and nutrients through food webs now allow for
the quantification of Hg and other contaminant dynamics and
biomagnification in complex ecosystems (Jardine et al., 2006).
This is because stable isotope analysis provides a reliable method
of quantifying trophic positions and habitat usage, and, in turn,
the trophodynamics of Hg and other heavy metals as well as
organic contaminants and other lipophilic pollutants (Hallanger
et al,, 2011; Borga et al., 2012; Masset et al., 2019). Carbon (**C/
?C) and nitrogen (**N/"*N) stable isotopes occur naturally and
become assimilated in the tissues of organisms via the metabolic
processing of nutrients from the organism’s diet. As there is
minimal fractionation of carbon stable isotope values (8"°C) from
the basal carbon source to primary and subsequent consumers
(~0.3%o) it can be a reliable tracer for consumer’s habitat and/or
basal resource use (Peterson and Fry, 1987). While §"°C values

are used in biomagnification studies less frequently than nitrogen
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stable isotope values (8'°N), several studies have found §"C
values in consumers to be related to the location and/or sources
of Hg accumulation (Power et al, 2002; Kidd et al, 2003;
Cardona-Marek et al., 2009). §"°N values are commonly used
as a proxy for trophic position due a general increase in tissue
8"°N values with each trophic step (Pinnegar and Polunin, 1999).
Therefore, 8N value-based estimates of trophic position are
often combined with contaminant data to quantify a food web’s
trophic magnification factor (TMF) which is a measure of the
average diet-to-consumer transfer of contaminants in cases
where diet is the main route of exposure and consumers
cannot readily eliminate contaminants from their tissue
(Borgd et al., 2012). This TMF approach has been successfully
applied to studies of Hg biomagnification across a wide range of
aquatic, estuarine, and marine food webs (Bisi et al., 2012; Lavoie
et al.,, 2013; Rumbold et al., 2018; Fonseca et al., 2019).

The sub-tropical, estuarine environment surrounding the
delta of
important crab,

Mississippi ~ River produces an abundance

economically species, such as oysters,
menhaden, shrimp, and drum (Day et al., 1982). However, it
also creates a favorable environment for microbially mediated
MeHg production and bioaccumulation (Delaune et al., 2008;
Jonsson et al., 2014; Taylor et al., 2019). Coastal Louisiana is also
an active area for oil exploration, refining, and petrochemical
industries, which are known sources of heavy metals (Pardue
et al,, 19925 Delaune et al., 2008). Between April and July 2010,
the Deepwater Horizon (DWH) oil spill released approximately
779 million liters of oil into Louisiana’s coastal zone, in addition
to the approximately 7.9 million liters of lipophilic chemical oil
dispersants used in mitigation efforts (Kujawinski et al.,, 2011;
McNutt et al., 2012). DWH oil itself had low concentrations of
Hg (Wilhelm et al., 2007; Paris et al., 2012) and a study of coastal
sediments bracketing the spill from 2009 to 2011 reported a mean
THg concentration of 0.15 + 0.03 parts per million (ppm) with no
difference among years (Steffy et al., 2013). However, it is
possible that oil and dispersants may have influenced Hg
bioavailability at the base of coastal food chains via changes
in sedimentation rates, microbial activity, and/or water chemistry
(Perrot et al., 2019). In addition, in late April 2010, the State of
Louisiana opened freshwater diversion structures in the Barataria
Bay and Breton Sound basins to prevent oil from entering coastal
marshes (Martinez et al, 2012). This practice, along with
concurrent large rain events from multiple tropical cyclones,
altered sea surface temperatures, river flux anomalies, and the
quantity of fresh water entering the estuarine environment, had
the potential to further influence the deposition of atmospheric
Hg,
biomagnification in Louisiana’s coastal zone (Pickhardt and
Fisher, 2007; Black et al., 2012; Kleindienst et al., 2015;
Hastings et al., 2016; O’Connor et al., 2016).

Elevated Hg levels in marine and freshwater fishes have

MeHg production, and Hg bioaccumulation and

been reported in several economically important species
across Louisiana which are regularly monitored for safe
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FIGURE 1

Study sampling locations in the northern Gulf of Mexico.
Invertebrates, fishes, and seabirds around the Louisiana coast were
collected in the aftermath of the 2010 Deepwater Horizon oil spill.
Historic oyster samples were collected from the two

locations in Barataria Bay by the Mussel Watch Program from
1986 to 2007. Upper Barataria Bay corresponds to Bayou St. Denis
and Lower Barataria Bay corresponds to the Middle Bank. Alabama
samples were collected by Showalter (2010) in 2008 and 2009.

seafood consumption (O’Connor, 1998; Kongchum et al,
20065 Katner et al,, 2010; Apeti et al., 2012). In addition,
past studies in coastal Louisiana have examined abiotic cycling
of Hg in sediments and the water column, bioaccumulation in
select species, and/or biomagnification in estuarine fishes
(Bank et al., 2007; Katner et al., 2010; Black et al., 2012;
Fry and Chumchal, 2012; Jonsson et al., 2014). The goal of this
research was to build on these prior studies and provide a
of Hg and Hg
biomagnification through the coastal Louisiana food web

holistic ~ assessment concentrations
prior to and immediately following the 2010 DWH oil spill.
Specifically, our first objective was to assess the immediate
effect DWH had on the amount of Hg incorporated into taxa
at the base of a coastal Louisiana food web by comparing Hg
concentrations of oysters collected after the oil spill
(May-December 2010) to oysters collected by the Mussel
Watch Program prior to the spill (1986-2007). Second, we
assessed Hg concentrations and biomagnification potential
across a coastal Louisiana food web following the DWH oil
spill, from bivalves to seabirds, and identified drivers of Hg
concentration using stable isotope analysis. Finally, we
compared metrics of Hg trophodynamics and food web
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biomagnification between two adjacent coastal ecosystems
in the northern Gulf of Mexico,
Louisiana immediately following DWH oil spill (2010) and
costal Alabama prior to the DWH oil spill (2008 and 2009).

specifically coastal

Materials and methods
Oyster sampling in Louisiana

Following the Deepwater Horizon oil spill in 2010, the
Natural Resource Damage Assessment (NRDA) collected
eastern oysters (Crassostrea virginica; n = 38) from Upper and
Lower Barataria Bay, Louisiana in September and November
2010 (Figure 1). Whole bodies of shucked oysters were
homogenized and stored frozen (-20°C) prior to analysis. In
addition to this NRDA dataset, we obtained pre-spill total Hg
(THg) concentrations of eastern oysters from NOAA’s National
Status and Trends Mussel Watch Program (MWP; NCCOS
2016). The MWP
invertebrates across the Gulf of Mexico. We selected data

annually monitors pollutants in
collected from 1986 to 2007 from two monitoring sites in
Barataria Bay: Bayou Saint Denis (Upper Barataria Bay) and
Middle Bank (Lower Barataria Bay; Figure 1). Composite samples
(~20 individuals) were analyzed for THg in dry weight. Detailed
information regarding sample collection and laboratory analysis
can be found in Apeti et al. (2012).

Food web sampling in Louisiana

In addition to oysters, specimens of fish, crab, shrimp and
adult seabird were collected from multiple locations in coastal
Louisiana centered around Barataria Bay between May and
December 2010 as part of NRDA and other DWH response
efforts (Figure 1). Species collected included: blue crab
(Callinectes sapidus), white shrimp (Litopenaeus setiferus),
flathead grey mullet (also known as striped mullet; Mugil
cephalus), white mullet (Mugil curema), Gulf menhaden
patronus),  Atlantic (Micropogonias
undulatus), pinfish (Lagodon rhomboides), sand seatrout

(Brevoortia croaker
(Cynoscion arenarius), brown pelican (Pelecanus occidentalis),
royal tern (Thalasseus maximus), black skimmer (Rynchops
niger) and laughing gull (Leucophaeus atriclla). No collected
individuals were visibly oiled, and all specimens were frozen
(-20°C) prior to analysis.

Hg and stable isotope analysis of Louisiana
samples

Homogenized whole-body tissue of oysters and crabs
(excluding shell and carapace), white muscle tissue of shrimp
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TABLE 1 Taxa-specific literature values of the average percentage of
measured total mercury (THg) in dry muscle tissue that is present

in the form of Methylmercury (MeHg). The percentages of THg that is
MeHg averaged for each consumer type: bivalves (46%), crustaceans
(84%), fish (76%), and seabirds (91%) were then used to convert all
THg concentrations to MeHg concentrations.

Taxa MeHg (%) References
Bivalves
Crassostrea virginica 46 Apeti et al. (2012)
Crustaceans
Callinectes sapidus 95 Adams and Engel (2014)
Farfantepenaeus aztecus 72 Kannan et al. (1998)
All crustaceans 84
Fish
Micropogonias undulatus 69 Xu et al. (2013)
Mugil cephalus 90 Bebbington et al. (1977)
Brevoortia patronus 52 Senn et al. (2010)
Lagodon rhomboides 81 Kannan et al. (1998)
Cynoscion arenarius 85 Kannan et al. (1998)
Mugil curema 80 Nilson et al. (2001)
All fish 76
Seabirds
Pelecanus occidentalis 94 Ruelas-Inzunza et al. (2009)
Larus argentatus 80 Kim et al. (1996)
Sterna paradisaea 100 Kim et al. (1996)
All seabirds 91

and fish, and breast muscle tissue of seabirds were rinsed in
deionized water, lyophilized for 24 h, ground into a homogenous
powder and weighed in preparation for Hg and stable isotope
analysis. We prioritized muscle tissue when possible because Hg
has a strong affinity for the sulfhydryl groups attached to proteins
when methylated and is sequestered into muscle tissues where it
accumulates over time (Cappon and Smith, 1981; Bloom, 1992;
Hall et al., 1997; Liu et al, 2011). In addition, it has a longer
isotopic turnover time relative to other tissues (e.g., blood, liver,
etc.) and generally reflects a consumer’s diet assimilated over a
longer period of time (Post, 2002), which may vary from weeks to
months depending on species.

Individual samples analyzed for total Hg (THg)
concentrations were measured using a Nippon MA-3000
direct mercury analyzer following the US EPA Method 7473
(US EPA, 2007) at Southeast Missouri University. Approximately
10-20 mg of dried, homogenized tissue was analyzed per sample,
with duplicate samples run every 10 samples to test for sample
homogeneity. Two samples of standard reference materials
(TORT-3) were run at the beginning of each run and after
every 20 samples throughout the analysis. The mean percent
recovery for TORT-3 was 98 + 2%, and the method detection
limit was 0.001. THg concentrations are reported in parts per

million (ppm), dry weight.
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THg concentration is commonly used as proxy of the
bioavailable form (i.e, MeHg) in both applied and basic
the of
Environmental Quality’s Mercury Initiative regularly monitors

research. For example, Louisiana  Department
THg levels in fish muscle to develop and implement
consumption advisories (LDEQ, 1993). In addition, studies of
Hg across a wide range of aquatic (e.g., reviewed by Eagles-Smith
et al,, 2016) and avian (e.g., reviewed by Ackerman et al., 2016)
taxa regularly rely on THg and/or convert between THg and
MeHg as needed to explore spatial and temporal patterns in Hg
concentrations and biomagnification. This includes prior studies
specific to mercury bioaccumulation in Louisiana’s estuarine
food webs (Fry and Chumchal, 2012).

Therefore, we compiled data from prior studies that validated
relationships between THg and MeHg concentrations in the
tissues of the taxa examined in our study. For example, Apeti
et al. (2012) found that tissue THg and MeHg concentrations in
bivalves collected from the Central Gulf of Mexico sub-region
had a strong positive correlation (r = 0.92, p < 0.001). Specifically,
in Baritaria Bay they found that on average 46% of tissue THg
was MeHg (Apeti et al., 2012; Table 1). Similarly, we compiled
research that validated the percentage of THg that is MeHg in
muscle tissue for blue crabs, penaeid shrimp, fishes, gulls, terns,
and pelicans reflecting the taxa we sampled in Louisiana in 2010
(Table 1). Similar to Apeti et al. (2012), these studies of
crustaceans (Kannan et al, 1998; Adams and Engel, 2014),
fish (Bebbington et al, 1977; Kannan et al, 1998; Nilson
et al.,, 2001; Senn et al., 2010; Xu et al., 2013), and seabirds
(Kim et al.,, 1996; Ruelas-Inzunza et al., 2009) reported strong
THg and MeHg

concentrations. The percentages of THg that is MeHg were

positive relationships between tissue
then averaged for each consumer type: bivalves (46%),
crustaceans (84%), fish (76%), and seabirds (91%; Table 1).
These average percentages were used as conservative estimates
to convert all THg concentrations to MeHg concentrations. This
conversion was implemented as MeHg is the toxic species of Hg
that bioaccumulates leading to deleterious organismal effects
(Liu et al., 2011) and better satisfies the assumptions of TMF
models (Borga et al,, 2012).

Individual samples were analyzed for carbon (§"°C) and
nitrogen (8'°N) stable isotope values using a Costech ECS
4010 interfaced with a Delta XP

continuous-flow isotope ratio mass

elemental analyzer
stable

Approximately 0.600 + 0.025 mg of dried, homogenized tissue

spectrometer.

was analyzed per sample. Glutamic acid reference materials
(USGS-40 and USGS-41) with high and low values were used
to normalize the raw d values on a two-point scale. The analytical
precision, based on standard deviations of repeated reference
materials, were 0.1 and 0.2%o for §"°C and 8N, respectively.
Reported in d notation in per mil units (%o), stable isotope ratios
were calculated by using the following equation:

X = [(Ruampte | Reandara) = 1] x 1000
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TABLE 2 Stable isotope values and Hg concentrations of consumers from coastal Alabama derived from Showalter (2010). Hg concentrations were
converted from the original wet wt. measurement to dry wt. using moisture percentages estimated from moisture content measured in Louisiana
species. Trophic position (TP) estimates were estimated using §'°N of bivalves as the isotopic baseline to compare subsequent consumers. MeHg
concentrations were estimated using literature values averaged across groups of seabirds, fishes, and species-specific invertebrates (Table 1). The
total number (N) of individuals sampled is reported for each species along with mean +1 standard deviation for each variable.

Common N THgdw (ugg') THgww (ugg"') MeHg (ugg") 87 C (%) &8N (%) TP
name (Genus species)

Rangia Clam (Rangia cuneata) 10 0.029 + 0.012 0.026 + 0.011 0.013 + 0.006 -26.1 +24 9.6 + 0.4 2.0
White Shrimp (Litopenaeus setiferus) 2 0.016 + 0.008 0.011 + 0.006 0.011 + 0.006 -24.7 £ 2.7 122 £ 0.1 28 +0.1
Flathead Grey Mullet (Mugil cephalus) 5 0.09 + 0.071 0.073 + 0.058 0.090 + 0.071 -199 £ 13 126 £ 0.5 28 +0.1
Gulf Menhaden (Brevoortia patronus) 5 0.034 + 0.016 0.026 + 0.012 0.026 + 0.012 -242 + 2.1 123 £ 0.6 28 +02
Atlantic Croaker (Micropogonias undulatus) 19  0.030 + 0.014 0.03 + 0.014 0.028 + 0.013 =229 +24 135+ 1.2 31+03
Sand Seatrout (Cynoscion arenarius) 11 0.103 + 0.025 0.078 + 0.019 0.078 + 0.019 -20.6 + 1.4 153 + 0.3 3.7 +£0.1
Laughing Gull (Leucophaeus atricilla) 7 0.326 + 0.368 0.230 + 0.260 0.297 + 0.335 -19.1 + 14 104 £ 2.5 2.6 +0.5
Brown Pelican (Pelecanus occidentalis) 5 0.616 + 0.203 0.399 + 0.132 0.560 + 0.185 -21.0 + 1.8 13.1 £ 1.0 30+0.3

where X is C or "N, R is the ratio of heavy/light isotope
respectively (°?C/"*C, ""N/"N). The Rytandara values were based on
the Vienna PeeDee Belemnite (VPDB) for §"°C and atmospheric
N, for 8"°N. Samples with large C:N ratios (C:N > 3.5) were
normalized for lipid content using Post et al’s (2007)
recommended mathematical correction:

613Cnarmalized = 813Cuntreated -3324099xC: N

Hg and stable isotope analysis of Alabama
samples

Hg and stable isotope data were obtained from a food web
study conducted in coastal Alabama by Showalter (2010) for
comparison with our data collected from Louisiana. Only
species common to both regions were included in this
comparison, except for rangia clams (Rangia cuneata) and
eastern oysters, which represent common filter-feeding,
primary consumers in Alabama and Louisiana, respectively.
The THg
concentrations and 8"C and 8N values for rangia clams
(n = 10), white shrimp (n = 2), sand seatrout (n = 11), Gulf
menhaden (n = 5), flathead grey mullet (n = 5), Atlantic
5), and adult
laughing gulls (n = 7) collected in Mobile Bay and Mississippi
Sound between June-October 2008 and May-July 2009
(Figure

resulting dataset included muscle tissue

croaker (n = 19), adult brown pelicans (n =

1; Table 2). Detailed collection and analysis
protocols for this dataset are found in Showalter (2010).
THg concentration in the Alabama dataset were converted
from wet weight (wt.) to dry wt. using the average moisture
content in the muscle tissue of each species in the Louisiana
study and then converted to MeHg concentrations using the
method listed above (Table 1).
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Trophic position calculations

Borgd et al. (2012) recommends converting 8"°N to relative
trophic position (TP) when comparing TMFs across space and
time to account for regional baseline differences. In accordance,
we used the following single-baseline equation, from Post (2002),
to estimate the TP of individual fish, invertebrates, and seabirds:

TP=A+ (alchonsumer_615Nbase)/A151Vfoodweb

where 8"° Ny, represents the mean value of primary consumers,
oysters in Louisiana and rangia clams in Alabama, and are
assumed to have a TP of 2, represented as A. Secondary and
subsequent consumer values are represented as 8"°Nonsumer- LThe
for the
fractionation that occurs when energy is transferred between
trophic levels. We assumed a trophic enrichment factor of 3.4%,
as this value has been found to be robust across multiple food

corrects

trophic enrichment factor, 8"Nioodwebs

webs and is suggested when there is a lack of prior knowledge
Post (2002).

Statistical analysis

To achieve our first objective, we compared THg
concentrations in oysters collected before the oil spill
(1986-2007) by MWP to those
following the spill in 2010 by NRDA. For these comparisons

collected immediately
we pooled MWP THg concentrations from all years to
collectively represent the pre-spill group. For this specific
analysis THg concentrations were not converted to MeHg,
because we were comparing the same organism and the
relative difference in bioaccumulative potential for each
species of Hg was assumed to be constant. Three t-tests were
conducted with one to compare THg between areas (Upper and
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Lower Barataria Bay) with pre- and post-spill samples pooled,
and two more to compare pre- and post-spill THg but in separate
areas (Upper and Lower Barataria Bay). For this analysis and
subsequent analyses, we opted to use Bayesian estimation over
frequentist or other estimation routines. Bayesian methods in
general provide numerous advantages, such as exact inferences,
robust small-sample size estimation, and incorporation of prior
information. Furthermore, Bayesian probabilistic interpretation
allows for understanding the magnitude of the effect rather than
simply rejecting or failing to reject the binary outcome of a
p-value. t-tests were run in JAGS that used a normal distribution
for the THg response variable and normal vague priors for both
groups and a vague uniform prior for the variance. Three MCMC
(Markov chain Monte Carlo) chains were run each for
10,000 iterations with a burn-in of 2,000 iterations and
thinning rate of three. Pairwise comparison between location
(Lower vs. Upper) and time period (pre- vs. post-spill) were
calculated as the posterior probability that mean estimates of
THg concentration in one group are different in a one-way
comparison with another group.

As part of our second objective, we used means
parameterized one-way ANOVAs run in JAGS to compare
MeHg, stable isotope values, and TP across all species
collected in Louisiana. Descriptions of MCMC sampling and
convergence were the same as those presented above for the
t-tests. Pairwise differences were modeled as derived quantities
and evaluated using the same criteria of difference described for
the t-test above. Pairwise comparisons between species were
calculated as the posterior probability that mean estimates of
MeHg, stable isotope values and/or TP concentrations in one
group are different in a one-way comparison with another group.

Next, we ran a linear regression in JAGS with the response
variable of log (MeHg) concentrations regressed with two
covariates (§"°C and 8N values) to aid in identifying the
ecological drivers of variation in MeHg within the coastal
Louisiana food web. To directly compare the effect of each
covariate, the covariates were standardized by mean centering
and dividing by one standard deviation. Such standardizing
allows for direct comparison of the estimated coefficients.
Descriptions of MCMC sampling and convergence were the
same as those presented above for the t-tests. §"°C and 8N
values were weakly correlated (r = 0.36), which allowed them
both to be used in the model.

TP was not included in the above model given its inherent
correlation with 8"°N values (r = 0.97). However, we did use TP
values to examine biomagnification in the coastal Louisiana food
web by calculating a TMF based on the equations outlined in
Borga et al. (2012). Specifically, TMF was calculated by taking the
anti-log of slope coefficient estimated by a linear regression of log
(MeHg) concentrations as the dependent variable and TP as the
independent variable. To aid in the biological interpretation of
the regression intercept TP was transformed prior to modeling by
subtracting 1 from all TP estimates, such that the model intercept
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represents log (MeHg) at a TP of 1. For this model we used all
available samples collected from coastal Louisiana in 2010. Borga
et al. (2012) suggests that positive slopes that produce
TMFs >1 indicate the occurrence of biomagnification up the
food web. Therefore, we concluded that biomagnification was
occurring if 0 was not contained within the 95% credible interval
of posterior p. Descriptions of MCMC sampling and convergence
were the same as those presented above for the #-tests.

Finally, to achieve our third objective, we calculated and
compared TMFs between coastal Louisiana immediately
following DWH oil spill (2010) and costal Alabama prior to
the DWH oil spill (2008 and 2009). However, several species were
not sampled in both food webs and species common to both food
webs had different sample sizes. Given that ANOVA results
suggested differences in MeHg concentration among species, if a
species with high THg concentrations were overrepresented in
one state, the resulting TMF may disproportionately reflect the
presence or weight (i.e., sample size) of that species. Therefore,
we first modeled and compared TMFs between Louisiana and
Alabama after we subsampled each food web for only
overlapping (i.e., common) species, with rangia clams and
eastern oysters considered as trophic position analogs. To
complement this primary analysis, we conducted a secondary
comparison of TMFs after further sub-setting these common
species so that species had the same sample sizes in each food
web. This was accomplished by randomly selecting the same
number of species observations from each state for each species.
This iterative approach allowed us to conservatively quantify
TMFs while also assessing the potential influences that
differences in species and/or sample sizes might have when
comparing biomagnification between food webs.

As noted above, TMFs were calculated using linear regression
between TP and log (MeHg) with model intercepts representing
the log (MeHg) at a TP of 1. Although a factor of interest, state
(Louisiana and Alabama), makes sense as a random effect that
would unify the models, we wanted to avoid running a model
with a random effect that included only two levels. Specifically,
the expected coefficient shrinkage in a model with only two levels
of arandom effect could dampen any estimates, in addition to the
fact that we are hypothesizing that Alabama and Louisiana
samples may be different and not necessarily representative of
random effects (in this case). To assess if our random
subsampling approach influenced model estimates we ran
20 model iterations each with different random samples.
Although the numerical coefficient estimates varied slightly
with each iteration, they never changed in their significance
and never overlapped with each other supporting the validity
of this approach. Pairwise comparisons for both the “common
species” and “common species/sample size” models between
location (Louisiana and Alabama) were calculated as the
posterior probability that mean estimates of intercept, slope,
and TMF from one location are different in a one-way
comparison with the other location.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.937124

10.3389/fenvs.2022.937124

Lamb et al.
Lower vs. Upper Barataria Bay
150 1
e 10 Location
2 Lower Bay
% Upper Bay
50 4
0 B
0.04 0.06 0.08 0.10
Upper Barataria Bay
120 1
& A Period
% Pre-spill
o Post-spill
401
0 p
0.04 0.06 0.08 0.10
Lower Barataria Bay
80 4
60 1
2 Period
= &
c 404 Pre-spill
[} i
o Post-spill
201
0 r
0.04 0.06 0.08 0.10
Total Hg (ug g')
FIGURE 2
Posterior distributions estimated from Bayesian t-tests to compare THg dry wt. concentrations in oysters at two different locations in Barataria
Bay before (pre-spill) and after (post-spill) the 2010 Deepwater Horizon oil spill.

Results
Oyster Hg: Pre- vs. post- spill

All t-test models converged (based on R values and
traceplots) and resulted in 7,998 total posterior iterations.
Model estimates are described with a posterior mean and 95%
credible interval. When pre- and post-spill oysters were pooled,
oysters collected from Lower Barataria Bay (0.070 pg g™'; 95% CI:
0.063, 0.073) had credibly higher (posterior probability: 100%)
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mean THg concentrations relative to oysters collected from
Upper Barataria Bay (0.046 pgg™; 95% CL 0.041, 0.048;
Figure 2). However, when comparing pre- and post-spill
oysters Lower Barataria Bay had similar pre- and post-spill
THg concentrations. The mean pre-spill THg
concentration was 0.07 pgg™" (95% CI: 0.05, 0.09) while the
post-spill mean oyster THg concentration was 0.06 ug g™' (95%
CI: 0.06, 0.08; Figure 2). The posterior probability that modeled
pre-spill oyster THg concentrations were higher than post-spill
THg concentrations in Lower Barataria Bay was 33%. In

oyster
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TABLE 3 Stable isotope values and Hg concentrations measured in tissues of consumers collected in coastal Louisiana following 2010 Deepwater
Horizon oil spill. Trophic position (TP) estimates were estimated using §'°N of bivalves as the isotopic baseline to compare subsequent
consumers. MeHg concentrations were estimated using literature values averaged across groups of seabirds, fishes, and species-specific
invertebrates (Table 1). The total number (N) of individuals sampled is reported for each species along with mean +1 standard deviation for each
variable. Results of post hoc comparisons of each variable across species are represented by lettered superscripts. Species that do not share the
same letter within the same column have pairwise comparisons with posterior probabilities >95%.

ommon name a € 4 () (]
G N THg (ng g7) MeHg (ng g™) 8°C (%o) 8"°N (%) TP
(Genus species)
Eastern Oyster (Crassostrea virginica) 38 0.049 + 0.015 0.023 + 0.007* —22.8 £2.28 8.5 + 0.9 2.0 £ 0.08
Blue Crab (Callinectes sapidus) 9 0.202 + 0.107 0.170 + 0.09* -17.4 + 2.5¢ 10.8 + 1.8¢ 2.7 £ 0.4°
White Shrimp (Litopenaeus setiferus) 5 0.013 + 0.009 0.010 + 0.007* -19.9 + 1.3 10.6 + 1.9% 2.7 + 0.3
White Mullet (Mugil curema) 10 0.005 + 0.004 0.004 + 0.003° -16.7 + 0.6" 9.9 + 1.3¢ 2.5+ 0.3°
Flathead Grey Mullet (Mugil cephalus) 10 0.002 + 0.001 0.001 + 0.001* -17.9 + 1.0° 10.1 + 0.6* 25 +0.2¢
Pinfish (Lagodon rhomboides) 10 0.081 + 0.042 0.061 + 0.032° -20.7 + 2.4° 11.8 + 1.5% 3.0 £ 0.4
Gulf Menhaden (Brevoortia patronus) 10 0.022 + 0.005 0.017 + 0.004* -20.3 + 1.1 12.3 £ 0.9* 3.1 + 0.3
Atlantic Croaker (Micropogonias undulatus) 11 0.035 + 0.025 0.027 + 0.019* —19.7 £ 0.7%¢ 131 + L1* 3.3 +0.3%
Sand Seatrout (Cynoscion arenarius) 4 0.212 + 0.042 0.161 + 0.032%¢ -19.4 + 0.4*¢ 13.8 + 0.3 3.5+ 0.1
Brown Pelican (Pelecanus occidentalis) 11 0.598 + 0.313 0.544 + 0.285% -19.5 + 0.8*¢ 13.3 + 0.8 34 +0.2%
Laughing Gull (Leucophaeus atricilla) 13 0.722 + 0.396 0.657 + 0.36% -19.2 + 1.2¢ 133+ 1.7° 34+ 05"
Royal Tern (Thalasseus maximus) 14 1211 + 0.912 1.102 + 0.83" -19.5 + 1.1¢ 134 + 1.0° 34+03°
Black Skimmer (Rynchops niger) 8 1.656 + 2.448 1.507 + 2.228" -19.9 + 1.9 147 + 1.6° 3.8 +0.5¢
Black Skimmer 4
Royal Tern {
Laughing Gull
Brown Pelican
Blue Crab q
Sand Seatrout 4
Pinfish 4
Atlantic Croaker 4
Oysters 4
Gulf Menhaden {
White Shrimp 4
White Mullet
Flathead Grey Mullet 4
00 05 1.0 1.5 2.0
MeHg (ug g")

FIGURE 3

addition, Upper Barataria Bay also had similar pre- and post-spill
THg concentrations. The mean pre-spill THg concentration of
oysters was 0.05pg g™ (95% CI: 0.04-0.05) and post-spill was
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Posterior distributions estimated from Bayesian ANOVA to compare MeHg dry wt. concentrations across 13 species of bivalves, crustaceans,
fish and seabirds in the aftermath of the 2010 Deepwater Horizon oil spill.

0.05ugg™ (95% CIL: 0.03-0.05; Figure 2). The posterior
probability that modeled pre-spill oyster THg concentrations

were higher than post-spill THg concentrations in Upper
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The relationship between consumers’ MeHg (log-transformed) burden and trophic positions in Louisiana. The overall fit of the line is
represented by the grey shaded area. Trophic magnification factors (TMF) are derived from the anti-log of the slope coefficient and indicate

biomagnification is occurring when values exceed 1.

Barataria Bay was 63%. These relatively low posterior
probabilities suggest there was no significant effect of the
DWH oil spill on THg concentrations in oysters in either
Lower or Upper Barataria Bay.

Hg and stable isotope values in coastal
Louisiana

All ANOVA models converged (based on R values and
traceplots) and resulted in 7,998 total posterior iterations per
model. Posterior distributions estimated flathead gray mullet to
have the lowest THg and MeHg concentrations and royal tern to
have the highest THg and MeHg concentrations (Table 3;
Figure 3). Nearly half (47%; 74 out of 156) of pairwise species
comparisons of MeHg concentrations were found to have
posterior probabilities >95% (Table 3). Posterior distributions
estimated that eastern oysters had the lowest §"°C values and
white mullet had the highest §'*C values (Table 3). Almost two-
thirds (64%; 100 out of 156) of pairwise species comparisons of
8"C values were found have posterior probabilities >95%
(Table 3). Posterior distributions estimated that eastern
oysters had the lowest §'°N values and black skimmer had the
highest 8"°N values (Table 3). Three-fourths (74%; 115 out of
156) of pairwise species comparisons of §'°N values were found
to have posterior probabilities >95% (Table 3). Similarly,
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posterior distributions estimated that eastern oysters had the
lowest TP and black skimmer had the highest TP (Table 3), while
74% (116 out of 156) of pairwise species comparisons of TP were
found to have posterior probabilities >95% (Table 3).

The linear regression that included §"°C values (habitat
proxy) and 8N values (trophic position proxy) converged
(based on R values and traceplots) and resulted in 7,998 total
posterior iterations. The intercept estimate was —-1.31 (95% CI:
-1.44, -1.18). The slope coefficient for §"*C was -0.24 (95% CL:
-0.38, -0.10) and the slope coefficient for 8"°N was 0.61 (95% CI
0.46, 0.74). The 95% credible interval around both slope
estimates excluded zero, indicating a significantly non-zero
slope for both 8"°C and §"N values. However, although the
effect of §°C was negative and the effect of §'°N was positive, the
effect size of §"°N was over twice that of §"°C indicating a
stronger relationship between MeHg and §'°N values.

Trophic magnification factors in coastal
Louisiana

The slope of the relationship between log (MeHg) and TP in
the coastal Louisiana food web was estimated to have a mean
value of 0.786 with an intercept of —2.757 (Figure 4). This
intercept equates to a mean MeHg concentration of
0.063 pg g™ (95% CI: 0.043, 0.093) at a TP of 1. The 95%

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.937124

10.3389/fenvs.2022.937124

Lamb et al.
. Alabama . Louisiana . Alabama . Louisiana
1.24 1.2
° °
° °
0.9 1 0.94
o o
()] ()]
= &
S 0.6 S 061
T I
(] [0}
= 2
()] ()]
(@) (e}
- —
0.3 4 0.3
0.0- 0.0
2.0 25 3.0 3.5 4.0 45 2.0 2.5 3.0 3.5 4.0 45
Trophic Position Trophic Position
0.5 1 0.5
0.4 1 0.4 1
> >
= =
»n »n
g 03 S 031
[m)] a
— | S
§e] Re]
F— .
T e
n 0.2 @ 0.21
o o
o o
0.1 1 0.14
0.0 1 0.0 4
0 5 10 15 0 5 10 15
Trophic Magnification Factor Trophic Magnification Factor
Common Species Common Species/Sample Size
FIGURE 5
The relationship between consumers’ MeHg (log-transformed) burden and trophic positions and estimated posterior distributions of trophic
magnification factors (TMF) in Louisiana and Alabama using common species but differing samples sizes or common species and standardized
samples sizes.

Frontiers in Environmental Science

10

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.937124

Lamb et al.

credible interval around the slope estimate (0.588-0.989)
excludes 0, indicating a significantly non-zero slope. The
mean antilog of the slope for the coastal Louisiana food web
(or TMF) was 6.288 (95% CI: 3.865, 9.560), which is greater than
the commonly used biomagnification threshold of 1.

Trophic magnification factors
comparisons between Louisiana and
Alabama

All regression models for Alabama and Louisiana TMF
estimates converged (based on R values and trace plots) and
resulted in 7,998 total posterior iterations for each model. For
models that included common species, but differing sample sizes
the intercept, slope, and TMF mean estimates were —1.94 (95%
CL: -2.39, —1.50), 0.31 (95% CL: 0.09, 0.53), and 2.089 (95% CIL:
1.193, 3.403), respectively for Alabama (Figure 5). The Alabama
regression intercept equates to a mean MeHg concentration of
0.143 (95% CI: 0.092-0.226) ug g ' at a TP of 1. The intercept,
slope, and TMF mean estimates for Louisiana were -2.47 (95%
CI: -2.83, —2.11), 0.60 (95% CI: 0.41, 0.80), and 4.093 (95% CI:
2.512, 6.233), respectively (Figure 5). The Louisiana regression
intercept equates to a mean MeHg concentration of 0.084 (95%
CI: 0.060, 0.120) pgg ' at a TP of 1. Pairwise comparisons of
model parameters indicated that intercept estimates were higher
in Alabama relative to Louisiana (posterior probability: 97%),
while slope and TMF estimates were higher in Louisiana relative
to Alabama (posterior probabilities: 98% (Figure 5)).

For models that included common species and balanced
sample sizes the intercept, slope, and TMF mean estimates
were 2.01 (95% CI: 2.56, -1.44), 0.37 (95% CI: 0.06, 0.67), and
2.305 (95% CI: 1.108, 4.501), respectively for Alabama (Figure 5).
The Alabama regression intercept equates to a mean MeHg
concentration of 0.143 (95% CI: 0.081, 0.255) ugg' at a TP
of 1. The mean intercept, slope, and TMF estimates for Louisiana
were —2.63 (95% CI: 3.22, —2.01), 0.63 (95% CI: 0.33, 0.92), and
4973 (95% CI: 2.002, 10.460), respectively (Figure 5). The
Louisiana regression intercept equates to a mean MeHg
concentration of 0.072 (95% CI: 0.036, 0.144) ugg ' at a TP
of 1. Pairwise comparisons of model parameters indicated that
intercept estimates were generally higher in Alabama relative to
Louisiana (posterior probability: 92%), while slope and TMF
estimates were higher in Louisiana relative to Alabama (posterior
probabilities: 90%; Figure 5).

Discussion

When comparing samples collected before and after the
DWH oil spill we found little evidence to suggest that the
DWH event, either directly or indirectly, led to changes in the
concentration of Hg assimilated into the tissues of consumers at
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the base of the coastal Louisiana food web. Even so, our results
indicate that there was significant biomagnification of Hg within
the coastal Louisiana food web, driven by the consumers’ trophic
position and their use of differing basal carbon sources. Regional
comparisons between Louisiana and Alabama further identified
differing concentrations of MeHg and THg at the base of the food
web as well as evidence of higher trophic biomagnification of Hg
in the coastal Louisiana, relative to Alabama.

Mercury in Louisiana oysters

We found that spatial variation in oyster THg concentration
within Barataria Bay, Louisiana was greater than temporal
variation in THg prior to (1986-2007) and immediately after
(2010) the DWH oil spill. Specifically, oysters collected from
Lower Barataria Bay consistently had credibly higher
concentrations of THg in their tissues relative to oysters
collected from Upper Barataria Bay. Our results agree with
Apeti et al. (2012), who prior to the spill in 2006 reported
higher Hg concentrations in oyster tissue from Lower
Barataria Bay (Middle Bank: THg: 0.047 ppm; MeHg 0.023)
relative to Upper Barataria Bay (Bayou Saint Dennis: THg:
0.026 ppm;  MeHg  0.011). THg

concentrations in 2016 were also higher in Lower Barataria

Surface  sediment
Bay (0.054 ppm) relative to Upper Barataria Bay (0.048 ppm)
and MeHg concentrations were low (<0.005 ppm) in both areas
of Barataria Bay (Apeti et al., 2012). Following the spill in January
2011, surface sediment THg concentrations reported across four
sites within Barataria Bay (0.043 + 0.015 ppm; Keevan, 2012)
were broadly similar to pre-spill THg concentrations reported by
Apetietal. (2012). These prior studies support the conclusions of
our analyses, which found spatial differences in oyster THg
within Barataria Bay both before and after the DWH oil spill
and no credible difference in THg concentration between oysters
collected from 1986 to 2007 and oysters collected in 2010.
Multiple factors had the potential to alter Hg deposition and
dynamics in coastal Louisiana following the DWH oil spill. For
example, while DWH oil itself had a low Hg concentration (Paris
et al., 2012), harmful algal blooms formed from the lack of
copepod grazing could have aided evasion of Hg into the
atmosphere (Pandey et al., 2009; Walsh et al., 2015). Excessive
rain events potentially increased the deposition of atmospheric
Hg into the coastal ecosystem where dramatic changes in
microbial activity and assemblages were occurring in response
to the presence of hydrocarbons and dispersant substrates
(Beazley et al, 2012; Scalise, 2013; Joye et al, 2014;
Kleindienst et al., 2015; Engel et al., 2017). The increased flux
of fresh water and dissolved organic carbon from the river could
also have increased the amount of Hg in the coastal system
(Aiken et al., 2003; Ravichandran, 2004; Wang et al., 2004; Taylor
et al., 2019). Even so, our results indicate that these factors had no
measurable effect on the amount of Hg incorporated into a
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common primary consumer (i.e., oysters) at the base of the
coastal Louisiana food web directly after the DWH oil spill, at
least at the spatial and temporal scope examined in this study.

The time needed for Hg to move through the food web along
with the spatial separation among the site of the oil spill, our
sample sites, and the location of river diversion may have also
influenced our results. Hg deposited from the DWH oil and/or
subsequent environmental conditions was most likely in the
inorganic form and had to undergo microbial transformation
before becoming bioavailable in the food web (Knightes et al.,
2007). In addition, oyster tissues reflect longer-term assimilation
of diet and Hg (Cunningham and Tripp, 1973). Thus, a potential
temporal lag between Hg deposition, methylation, and tissue
assimilation may have contributed to the lack of differences
found between oysters collected before and after DWH oil
spill. The offshore location (64 km southeast off the Louisiana
coast) and depth of the spill (1,525 m) further decrease the
likelihood that the spill had any immediate influence on Hg
burden in primary consumers in the coastal Louisiana food web
(McNutt et al., 2012). In addition, both the upper and lower
sampling sites in Barataria Bay may have been too distant from
the Davis Pond, LA river diversion to have experienced
significant trophic responses to punctuated salinity changes
following DWH (Fry and Chumchal, 2012). However, because
there was no change in Hg concentrations in oysters at the
bottom of the food chain, it is reasonable to assume the Hg
burdens in subsequent higher trophic position consumers were
not also influenced by DWH, and thus these data may be used as
baseline values of Hg for this and future studies. However, it is
important to note that pathways for accumulation and exposure
in higher trophic predators could have varied if predators had to
prey shift as a result of loss of preferred prey following the spill.

Mercury dynamics in the Louisiana coastal
food web

We found that both a consumer’s trophic position (i.e., §"°N)
and, to a lesser extent, basal carbon source use (i.e., §8"°C) were
predictors of the tissue Hg concentration across species in the
Louisiana coastal food web. With the exception of seabirds, none
of the organisms sampled in Louisiana had an Hg value larger
than the FDA advisory limit of 1.0 ppm nor the LDEQ limit of
0.500 ppm (Katner et al, 2010), which are consistent with
concentrations of Hg found in fish species sampled from the
same area by Fry and Chumchal (2012). Blue crabs, which are a
commonly consumed species, had similar Hg burdens to blue
crabs from the US Atlantic coast (Adams and Engel, 2014). The
observed relationship between tissue Hg concentration, §"°N
values, and trophic position is not unexpected as multiple past
studies have found biomagnification of Hg in upper trophic level
aquatic predators which generally consume a larger biomass than
that of its prey to sustain metabolic function (Lavoie et al., 2013).
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Most consumers cannot efficiently eliminate MeHg from tissues,
so chronic consumption of contaminated prey (even at low
levels) may cause the MeHg to accumulate in consumers and
may lead to deleterious health consequences (Liu et al., 2011).

Despite their potential as bioindicators of ecosystem health,
few studies have captured the long-term effects of chronic
exposure to sub-lethal Hg concentrations in long-lived
endotherms such as seabirds along the northern Gulf of
Mexico coast because of their complex life histories, spatial
movements, and species-specific metabolisms (Monteiro and
Furness, 1995; Kim et al, 1996). The Hg burden in brown
pelicans from this study was less than those measured in
brown pelican tissues in both southeastern California and
North Carolina, which were not associated with any severe
adverse effects (Ruelas-Inzunza et al, 2009; Newtoff and
Emslie, 2017). While there remains a disconnect between how
the Hg burden directly relates to the health, and considering the
links
neurodegenerative diseases, monitoring Hg dynamics and

emerging between atmospheric pollutants and
toxicological effects should remain a priority (Levesque et al.,
2011; Bondy, 2016).

In contrast to 8"°N values and trophic position, only a weak
negative effect of a §"°C values on MeHg concentrations was
observed. Consumer 8"C values in marine systems are often
used to infer the importance terrestrial, nearshore/benthic, and
offshore/pelagic resource use (France, 1995). For example, in
coastal systems C, marsh grasses and benthic macroalgae
generally have 8VC  values
phytoplankton (Peterson et al., 1985; Peterson and Fry, 1987).
Our

proportions of terrestrial and/or benthic carbon sources are

lower relative to coastal

results indicate consumers that assimilate higher
more likely to have lower Hg concentrations relative to
species consuming water column/pelagic resources. This could
be due to higher Hg bioavailability and/or biomagnification in
the water column relative to the benthos or marsh platform.
Similar conclusions have been drawn in Hg studies in other
estuarine and lake systems, where the effect of basal carbon
source use was stronger than the one in this study (Chen et al,
2014; Karimi et al., 2016).

In addition to differences in trophic position and basal
resource use, the observed variability in Hg concentrations
among coastal Louisiana consumers may also correspond with
species-specific feeding strategies, residence time in coastal
habitats, and tissue-specific differences in Hg. In Louisiana the
two mullet species had the lowest MeHg concentrations (0.004 +
0.003 and 0.001 + 0.001pgg") relative to the other fishes
(Table 3). In addition, the Hg concentrations found in the
planktivorous small mullet in this study were lower than those
found in past studies of Baritaria Bay (Fry and Chumchal, 2012).
Moreover, our results indicate a range of variation in Hg
concentrations among organisms with similar basal resource
and/or trophic position. For example, §"°C values, §"°N values,
and trophic position were generally similar between benthivorous
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blue crabs and mullet species, however Hg concentration was
relatively higher in blue crabs. Evans et al. (2000) observed a
similar trend between blue crabs and another benthic consumer,
the pink shrimp (Farfantepenaeus duorarum), and concluded that
the differentiating factor could be the residence time each
consumer spent in contaminated areas. Alternatively, the higher
concentrations observed in blue crabs could be due to the use of
homogenized whole bodies including the hepatopancreas, which,
as the primary organ responsible for elimination, is known to
accumulate larger concentrations of Hg relative to other tissues
(Adams and Engel, 2014). When compiling prior research that
validated the relationships between MeHg and THg we
endeavored to obtain data for the specific species and/or taxa
we sampled in Louisiana (Table 1). While multiple studies have
found strongly positive correlations between tissue MeHg and
THg concentrations in these species (e.g., Kannan et al., 1998;
Apeti et al., 2012; Adams and Engel, 2014), deviations from these
assumed relationships may contribute to additional unexplained
variation in the MeHg concentrations calculated for blue crab and
other taxa in our study. It is of note that blue crabs sampled in
Louisiana from this study had higher Hg burdens relative to those
sampled by Adams and Engel (2014) on the Atlantic coast of
Florida. While it lies beyond the scope of this study, elevated levels
of Hg in blue crabs may have implications for long-term
consumption by humans (Lincoln et al,, 2011).

Trophic magnification of Hg in coastal
Louisiana and Alabama

Based on findings from prior studies on select coastal and
estuarine invertebrate and fish species, we expected that Hg
would biomagnify up the coastal Louisiana food web to meso-
and top predators (Bank et al., 2007; Fry and Chumchal, 2012).
However, we did not anticipate the large magnitude of Hg
transferred between trophic positions. Other studies that have
utilized TMFs as biomagnification metrics generally have slopes
closer to 1, even when the system is biomagnifying the
(Bisi et al, 2012). Most of these studies,
however, include only ectothermic species or rely solely on

contaminant

8N values as a proxy for trophic position and have stronger
linear fits (Rumbold et al., 2018; Fonseca et al., 2019). It is
possible that these results could be influenced by the assumed
trophic enrichment factor (3.4%o) we used in the TP calculations.
Previous studies have demonstrated that observed trophic
enrichment factors can in some cases be lower than the
commonly assumed Post (2002) value (3.4%0) (Kobayashi
et al, 2019). In addition, the uncertainty in the fitted linear
regression could be a consequence of sampling across a large
region with varying environmental conditions created by natural
gradients imposed by riverine and marine processes. Regardless,
these results provide new insight into the trophic dynamics of Hg
in the coastal Louisiana food web with consideration of coastal
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seabirds. This biomagnification model establishes a baseline that
may be used to inform future studies and monitoring efforts.
While both Louisiana and Alabama had TMF values greater
than 1, Louisiana had a higher TMF. This result implies that
MeHg is potentially biomagnifying at relatively higher
concentrations per trophic transfer in the coastal Louisiana
food web. On the contrary, Alabama had a higher baseline
concentration of MeHg. One possible explanation for this
differing MeHg baseline may be that the Alabama sample
came from locations within Mobile Bay, which is directly
influenced by the Mobile and Tensaw rivers. In contrast,
Barataria Bay in Louisiana does not have a direct hydrological
connection to the Mississippi River, and it has been suggested
that the basin has historically less contamination than other
coastal areas in Louisiana (Katner et al., 2010). Even so,
Showalter (2010) found significant correlation between log
[THg] and 8"N values when considering all species in their
which with results
biomagnification in the Alabama coastal food web.

study, agrees our indicating Hg

Our analyses indicate that variation in species composition and
sample sizes have the potential to influence estimates of TMFs as
well as comparisons of biomagnification between food webs. For
example, while 95% CI overlapped across methods, mean estimates
of TMF varied when using our full Louisiana dataset (6.288),
Louisiana species also found in Alabama (2.305), and Louisiana
species also found in Alabama at standardized sample sizes (4.973).
In addition, standardizing both species and sample sizes between
Louisiana and Alabama reduced the posterior probability that TMF
differed (90%) relative to standardizing only by species (98%). This
suggests that sub-setting species and/or sample sizes may be an
important approach to consider when seeking to standardize TMF
comparisons between food webs. Regardless, it is important to
recognize that restricting/reducing species and sample sizes also
has the potential to mask meaningful biological differences between
food webs. Therefore, we recommend researchers calculate TMFs
using multiple approaches (e.g., full datasets vs. standardized
datasets) to allow for more comprehensive assessments when
seeking to compare biomagnification between food webs.

Conclusion

This research provides an assessment of Hg concentrations
and biomagnification through the coastal Louisiana food web
prior to and immediately following the 2010 DWH oil spill. We
found no evidence to suggest that the DWH event influenced Hg
concentrations in oysters, a common indicator species at the base
of the coastal Louisiana food web. However, we did observe
significant biomagnification of Hg within the coastal Louisiana
food web. Specifically, variation in Hg concentration among
species was related to trophic position and the use of differing
carbon sources. Regional comparisons between Louisiana and
Alabama found different baseline concentrations of MeHg and
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THg at the base of the food web, along with evidence of higher
trophic biomagnification of Hg in the coastal Louisiana food web,
relative to Alabama. Differences at the regional level underscore
the need for development of trophic and contaminant baselines
in consumers at multiple trophic levels over space and time in
order to adequately evaluate short- and long-term ecological
consequences of environmental stressors.
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