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EXECUTIVE SUMMARY

In 1986, the National Mussel Watch Program (MWP), was designed by the National Oceanic and At-
mospheric Administration (NOAA) to monitor the Nation’s coastal waters for chemical contaminants
and biological indicators of water quality. The MWP is based on the periodic collection and analysis
of bivalves (oysters and mussels) and sediment from a network of monitoring sites located through-
out the Nation’s coastal zones. Currently, five regions (Northeast, Southeast, Gulf of Mexico, West
Coast, & Great Lakes) are sampled on a five-year rotation, with one region being sampled each year.
The focus of this Gulf of Mexico technical report is to discuss the general distribution of trace metal
contaminants in bivalve tissues collected from 39 sites across five states (Texas, Louisiana, Missis-
sippi, Alabama, and Florida) in the northern Gulf of Mexico on the US coast. This report contains the
analysis of both the most recent (2017) data as well as data previously collected by the MWP.

Of the 8 metals reported here, none displayed regional trends based on Spearman-Rank analyses,
possibly due to the innate variability of the data. However, a combination of regional 3-point moving
averages, site-based trend analyses and comparisons to the historic national MWP data set helps
to elucidate the overall condition of these metals in the Gulf of Mexico region. Most of the metals,
including copper, lead, mercury, tin and zinc, do not show any indication of increasing or decreas-
ing on a regional scale since 1986. Notable concentrations for these metals are site specific and do
not appear to fall outside of the normal variations detected by the MWP. Comparatively, cadmium
concentrations appear to have decreased in the region since 1986 and concentrations remain low
in 2017 compared to the historic national MWP data. Conversely, arsenic and nickel concentrations
appear to be increasing regionally. Arsenic concentrations remain relatively low with the exception of
one historically high site in Tampa Bay and a handful of other sites in Florida whose site concentra-
tions have been increasing over time. Nickel concentrations have seemingly been increasing over
time at both the regional scale and at many individual sites. Furthermore, many sites in the Gulf of
Mexico now have nickel concentrations that compare to the highest nickel concentrations detected
nationally for C. virginica by the MWP.

The authors do not attempt to offer many direct explanations for the trends and variations of the data
presented in this report, instead leaving that analysis to the managers and stakeholders that have a
better understanding of the local dynamics and potential sources. The aim of this report is to contex-
tualize recent regional monitoring data in both time and space and to provide a perspective that may
not be attainable at the local level. By doing so, we hope to support the allocation of resources and
the ongoing studies and efforts necessary to manage coastal chemical contaminants nationwide.
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INTRODUCTION

1.0 INTRODUCTION

In 1986, the National Mussel Watch Program (MWP), was designed by the National Oceanic and At-
mospheric Administration (NOAA) to monitor the Nation’s coastal waters for chemical contaminants
and biological indicators of water quality. The MWP was established in response to a legislative man-
date under Section 202 of Title Il of the Marine Protection, Research and Sanctuaries Act (MPRSA)
(33 USC 1442), which called on the Secretary of Commerce, among other activities, to initiate a
continuous monitoring program. The MWP design is based on the periodic collection and analysis of
bivalves (oysters and mussels) and sediment from a network of monitoring sites located throughout
the Nation’s coastal zones. To date, NOAA's MWP is one of the longest running, continuous coastal
monitoring programs. The MWP monitoring sites are found along all the United States coastlines,
including Alaska, the Great Lakes, Hawaii, and in territories such as Puerto Rico.

Afundamental challenge faced by any long-term environmental monitoring program is how (or wheth-
er) to evolve in response to changing technologies, societal factors and environmental conditions.
In 2013, due to budgetary constraints, the National Centers for Coastal Ocean Science (NCCOS)
undertook the task of re-designing the MWP, moving from a nationwide yearly monitoring approach
targeting every MWP station, to the rotating regional monitoring model that is currently employed.
The five regions (Northeast, Southeast, Gulf of Mexico, West Coast, & Great Lakes) are sampled on
a five-year rotation, with one region being sampled each year. The regional approach allows the pro-
gram to improve its presence in coastal communities by increasing interaction and collaboration with
local stakeholders, integrating inputs from coastal resource managers, and providing specific data
needs to help fill local data gaps. By making adaptive changes and leveraging regional partnerships,
the program has increased its scientific relevance and reputation and has evolved to include more
than 300 monitoring sites and nearly 600 chemical contaminants. The list of chemical contaminants
includes metals, legacy organic compounds and chemicals of emerging concern (CECs) (Figure
1). The MWP provides unique data that are vital to evaluating the health of the Nation’s estuarine

e
o)
Al
Legend
4 Mussel Watch Sites 0 335 670 1,340 2010 2680

Figure 1. National Mussel Watch sites.
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and coastal waters, particularly describing the levels of chemical contamination. The MWP dataset
allows for temporal and spatial evaluation of regional and national changes in chemical distribution
and concentration. The program’s long-term data collection supports the assessment of potential
impacts of unforeseen events such as oil spills and hurricanes, as well as evaluating the effective-
ness of regulations that ban or limit toxic chemical usage s or support legislation such as the Clean
Air and Clean Water Acts.

In 2017, the MWP performed their regional sampling along the Gulf of Mexico. The focus of this Gulf
of Mexico report is to discuss the general distribution of trace metal contaminants in bivalve tissues
collected from 39 sites across five states (Texas, Louisiana, Mississippi, Alabama, and Florida) in the
northern Gulf of Mexico on the US coast.

2.0 METHODS
2.1 Sampling Design

Mussels and oysters are widely distributed along the coast, minimizing the issues inherent when
comparing data from markedly different and mobile species. This wide-ranging distribution and the
fact that adult bivalves are fixed to a local substrate makes bivalves a good integrator of contamina-
tion within a given area (Berner et al., 1976; Farrington et al., 1980; Farrington, 1983; and Tripp and
Farrington, 1984). They are good surrogates for monitoring environmental quality because contami-
nant levels in their tissue respond to changes in ambient environmental factors and these organisms
generally accumulate chemicals with little metabolic transformation (Roesijadi et al., 1984; Sericano,
1993). Historically, Mussel Watch sites were selected to represent large coastal areas that can be
used to construct a nationwide assessment without the interferences or bias that can be attributed
to known site specific contaminant input. Sites selected for monitoring are generally 10 to 100 km
apart along the U.S. coastline, including the Great Lakes, Puerto Rico, Alaska, and Hawaii. Where
possible, sites were selected to coincide with historical mussel and oyster monitoring locations from
other programs, such as the U.S. EPA's Mussel Watch sites that were sampled from 1976 to 1978
(Goldberg et al., 1983), and to complement sites sampled through state programs, such as the Cali-
fornia Mussel Watch Program (Martin, 1985). Because one single species of mussel or oyster is not
common to all coastal regions, a variety of species are collected to gain a national perspective. A tar-
get species is identified for each site based on abundance and ease of collection. Mussels (Mytilus
species) are collected from the North Atlantic and Pacific coasts, oysters (Crassostrea virginica) from
the mid-Atlantic (Delaware Bay) southward and along the Gulf Coast, and zebra mussels (Dreis-
sena species), an invasive species, are collected from sites in the Great Lakes. Despite the number
of sites for a coastline as large as that of the U.S., relatively few species are required to determine
a national contaminant perspective. For organic contaminants it is possible to compare across all
sites because Mussel Watch species have a similar ability to bioaccumulate contaminants. For trace
metals there are clear differences in bioaccumulation abilities between coastal mussels and oysters.
Oysters have a greater affinity for zinc, copper and silver, while mussels are better able to accumu-
late lead and chromium (Kimbrough et al., 2008).

The oysters in this report were collected by hand or dredged from intertidal to shallow subtidal zones,
brushed clean, packed in iced containers, and shipped to analytical laboratories within two days of
collection. Sample collection protocols are described in detail in Apeti et al. (2012). Sample prepara-
tion, extraction techniques and analytical methods used by the Mussel Watch Program are available
in Kimbrough and Lauenstein (2006). The Mussel Watch Program uses a performance-based quality
assurance (QA) process to ensure data quality. This effort has been in operation since 1986 and is
designed to document sampling protocols, analytical procedures and laboratory performance.

An Assessment of Metals in the Gulf of Mexico
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This Gulf of Mexico report contains the analysis of both the most recent (2017) as well as previously
generated data for 39 sites across five states in the Gulf of Mexico on the US coast. In the 2017
assessment, sixty sites were visited for potential oyster retrieval, however, 21 of the sites had insuf-
ficient oyster population for metals analysis (Figure 2, Table 1).
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Figure 2. Mussel Watch sites visited in the Gulf of Mexico in 2017. 21 of the 60 sites visited had insuffi-
cient oyster populations for metals analysis.

Table 1. Description of Mussel Watch sites selected for the 2017 survey. 21 of the 60 sites visited had in-
sufficient oyster population for metals analysis. "eo" signifies the site was not analyzed for metals in 2017.
TX = Texas, LA = Louisiana, MS = Mississippi, AL = Alabama, FL = Florida

MWP Site | State General Location Specific Location Latitude Longitude | Sample Date
LMSB TX Lower Laguna Madre South Bay 26.04272 -97.18147 | 9/14/2017
LMPI ™ Lower Laguna Madre Port Isabel 26.07367 -97.19927 9/14/2017
LMAC TX Lower Laguna Madre Arroyo Colorado 26.28010 -97.28827 9/14/2017
° CCBH X Corpus Christi Boat Harbor 27.83649 -97.37970 9/15/2017
° CCDC X Corpus Christi Nueces Bay, Doyle Cove 27.86183 -97.37262 9/15/2017
CCNB X Corpus Christi Nueces Bay 27.85158 -97.35961 9/13/2017
CBCR X Copano Bay Copano Reef 28.14251 -97.12864 9/28/2017
° SAMP X San Antonio Bay Mosquito Point 28.37028 -96.73611 9/27/2017
° MBLR X Matagorda Bay Lavaca River Mouth 28.66032 -96.58430 9/26/2017
MBGP TX Matagorda Bay Gallinipper Point 28.58397 -96.56463 9/26/2017
MBCB X Matagorda Bay Carancahua Bay 28.63152 -96.38497 9/27/2017
° MBEM X Matagorda Bay East Matagorda 28.71417 -95.88637 9/27/2017
° GBSC X Galveston Bay Ship Channel 29.71314 -94.99254 11/6/2017
GBCR TX Galveston Bay Confederate Reef 29.26454 -94.91530 9/16/2017
GBOB X Galveston Bay Offatts Bayou 29.28479 -94.83608 | 9/16/2017
GBTD TX Galveston Bay Todd's Dump 29.50259 -94.89604 | 9/17/2017
GBYC TX Galveston Bay Yacht Club 29.62096 -94.99579 | 9/17/2017

National Status and Trends Mussel Watch Program
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GBHR X Galveston Bay Hanna Reef 29.47841 -94.74537 9/16/2017
SLBB LA Sabine Lake Blue Buck Point 29.78893 -93.90686 | 10/7/2017
CLSJ LA Calcasieu Lake St. Johns Island 29.82696 -93.38447 10/7/12017
CLLC LA Calcasieu Lake Lake Charles 30.05867 -93.30750 | 10/8/2017
° JHJH LA Joseph Harbor Bayou Joseph Harbor Bayou 29.63916 -92.76839 | 10/13/2017
VBSP LA Vermilion Bay Southwest Pass 29.58057 -92.05366 10/8/2017
ABOB LA Atchafalaya Bay Oyster Bayou 29.24027 -91.13314 | 10/12/2017
CLCL LA Caillou Lake Caillou Lake 29.25407 -90.92947 | 10/12/2017
TBLB LA Terrebonne Bay Lake Barre 29.25334 -90.59284 | 10/12/2017
° BBMB LA Barataria Bay Middle Bank 29.27667 -89.94200 | 10/11/2017
° LBGO LA Lake Borgne Gulf Outlet 29.94672 -89.83689 | 10/9/2017
° LBMP LA Lake Borgne Malheureux Point 29.86671 -89.67652 10/9/2017
° BSBG LA Breton Sound Bay Gardene 29.60077 -89.63283 10/9/2017
MSPC MS Mississippi Sound Pass Christian 30.30271 -89.32790 | 10/10/2017
MSBB MS Mississippi Sound Biloxi Bay 30.39293 -88.85794 | 10/10/2017
MSPB MS Mississippi Sound Pascagoula Bay 30.34083 -88.58809 | 10/10/2017
° MBHI AL Mobile Bay Hollingers Is. Chan. 30.56607 -88.07257 11/4/2017
MBDR AL Mobile Bay Dog River 30.59090 -88.04227 11/4/2017
PBPH FL Pensacola Bay Public Harbor 30.41367 -87.19133 11/5/2017
PBSP FL Pensacola Bay Sabine Point 30.34642 -87.15248 11/5/2017
° PBIB FL Pensacola Bay Indian Bayou 30.51677 -87.11145 11/4/2017
CBJB FL Choctawhatchee Bay Joe's Bayou 30.41038 -86.49095 11/5/2017
CBPP FL Choctawhatchee Bay Postil Point 30.48267 -86.47923 11/5/2017
° CBSR FL Choctawhatchee Bay Off Santa Rosa 30.41082 -86.20790 11/5/2017
PCMP FL Panama City Municipal Pier 30.15068 -85.66325 11/6/2017
SAWB FL St. Andrew Bay Watson Bayou 30.14182 -85.63490 11/6/2017
° APDB FL Apalachicola Bay Dry Bar 29.67577 -85.06227 11/6/2017
° APCP FL Apalachicola Bay Cat Point Bar 29.72392 -84.88654 11/6/2017
AESP FL Apalachee Bay Spring Creek 30.07753 -84.32909 11/7/2017
SRWP FL Suwannee River West Pass 29.30493 -83.18273 11/7/2017
CKBP FL Cedar Key Black Point 29.20700 -83.06907 11/8/2017
TBNP FL Tampa Bay Navarez Park 27.78713 -82.75398 11/9/2017
TBOT FL Tampa Bay Old Tampa Bay 28.02457 -82.63240 11/8/2017
° TBPB FL Tampa Bay Papys Bayou 27.84438 -82.61115 11/8/2017
TBKA FL Tampa Bay Peter O. Knight Airport 27.90870 -82.45378 11/8/2017
TBHB FL Tampa Bay Hillsborough Bay 27.86017 -82.38662 | 11/13/2017
TBCB FL Tampa Bay Cockroach Bay 27.67917 -82.52023 | 11/13/2017
° CBBI FL Charlotte Harbor Bird Island 26.51390 -82.03485 11/9/2017
° CBFM FL Charlotte Harbor Fort Meyers 26.55887 -81.92340 11/9/2017
NBNB FL Naples Bay Naples Bay 26.11187 -81.78480 | 11/10/2017
RBHC FL Rookery Bay Henderson Creek 26.02628 -81.73547 | 11/10/2017
° EVFU FL Everglades Faka Union Bay 25.90153 -81.51255 | 11/11/2017
° FBFO FL Florida Bay Flamingo 25.14110 -80.92317 | 11/12/2017

An Assessment of Metals in the Gulf of Mexico




METHODS

2.2 Study Area

The Gulf of Mexico region along the United States includes marine waters along the Southern United
States and encompasses coastal habitats in Texas, Louisiana, Mississippi, Alabama, and Florida.
When compared to other regional estuarine groupings, the average Gulf of Mexico estuary is dis-
tinguished by shallower water depth with shorter estuarine residence times, includes more wetland
acreage per open water area, greater fisheries yield per area wetland, smaller tidal range, and higher
sedimentation rates (Turner, 2001). Some Gulf of Mexico estuaries have flora and fauna not usu-
ally found in most other U.S. estuaries (e.g., manatees and mangroves) (Zimmerman et al., 2002).
The large wetland-estuarine systems along the northern coast of the Gulf of Mexico are the result
of continuous transport and deposition of riverine and marine sediments in an area with a low to
moderate wave energy and low tidal range (generally less than 1.0 m) (Ellis and Smith, 2021; Mata
et al., 2011).

The Gulf Coast is made of many inlets, bays, and lagoons. The coast is intersected by numerous
rivers, the largest of which is the Mississippi River. Much of the land along the Gulf Coast is, or was,
marshland. Forming a crescent along the Gulf Coast is the Gulf Coastal Plain, which reaches from
Southern Texas to the western Florida Panhandle, while the western portions of the Gulf Coast are
made up of many barrier islands and peninsulas, including the 130-mile (210 km) Padre Island along
the Texas coast. These landforms protect the numerous bays and inlets providing as a barrier to
oncoming waves but also serve to entrain sediments from upland areas. The central part of the Gulf
Coast, from eastern Texas through Louisiana, consists primarily of marshland. The eastern part of
the Gulf Coast, predominantly Florida, is dotted with many bays and inlets.

The Gulf Coast climate is considered a humid subtropical habitat, although the southern-most area
of Florida does resemble a tropical climate. This region is vulnerable to extreme weather events in-
cluding hurricanes and severe thunderstorms. These events help define the summer months where
precipitation is greatest. July or August are commonly the wettest months of the year due to the
combination of frequent summer thunderstorms, and tropical weather systems (tropical depressions,
tropical storms and hurricanes), Tornadoes are infrequent along this coast but do occur; however,
they occur more frequently in inland portions of Gulf Coast states.

The coastal areas along the Gulf of Mexico Coast are a major center of economic activity. The marsh-
lands along the Louisiana and Texas provide breeding grounds and nurseries for marine life that drive
the fishing and shrimping industries. The Apalachicola, Grand Bay, and Weeks Bay NERRs are of
particular interest because of their economic and ecologic importance in the northern Gulf of Mexico
(Passeri et al. 2016). Each estuary has its own unique morphology and hydrodynamic influences.
Apalachicola is a wide, shallow estuary located within the Florida Panhandle. It is the second largest
watershed system in the northern Gulf of Mexico surpassed only by the Mobile River basin (Isphord-
ing, 1985). The Apalachicola River discharges into East Bay through a delta and distributary system
nearly three km wide. The estuary is sheltered from the Gulf of Mexico by a chain of barrier islands.
Apalachicola is an ecologically and economically significant estuary that contains oyster reefs, sea-
grass beds, and salt marshes. Oysters, shrimp, blue crab, and finfish are the most harvested species
with a value over $134 million in economic impact annually. In addition, Apalachicola Bay provides
approximately 90% of Florida’s oyster harvest and 10% of the total U.S. harvest (FDEP, 2013)

The regional economy is also dominated by industries related to energy, petrochemical and tourism
sectors. The large cities of the region are (from west to east) Brownsville, Corpus Christi, Houston,
Galveston, Beaumont, Lake Charles, Lafayette, Baton Rouge, New Orleans, Gulfport, Biloxi, Mobile,
Pensacola, St. Petersburg, Tampa, and increasingly, Sarasota. All of these cities are considered as

National Status and Trends Mussel Watch Program
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metropolitan areas and most contain large ports (https://worldpopulationreview.com/state-rankings/
gulf-states). The Port of South Louisiana (Metropolitan New Orleans in Laplace) and the Port of
Houston are two of the ten busiest ports in the world by cargo volume. As of 2004, seven of the top
ten busiest ports in the U.S. are on the Gulf Coast (https://www.iwr.usace.army.mil/).

The discovery of oil and gas deposits along the coast and offshore, combined with easy access to
shipping, have made the Gulf of Mexico the heart of the U.S. petrochemical industry. There are ap-
proximately 4,000 oil platforms found in this region. This region also features other important indus-
tries including aerospace and biomedical research sectors, as well as established industries such
as agriculture. For these reasons, the vibrant Gulf of Mexico coastal economy and population can
impact coastal habitat quality.

2.3 Data Analysis

This report contains the analysis of the most recent MWP sampling data in the Gulf of Mexico (2017)
and compares them to existing NS&T MWP data (1986-2012). Data management and analysis were
conducted using a combination of R version 3.4.4 (R Core Team, 2013), Microsoft Excel (2016),
JMP® version 12 (SAS Institute Inc., Cary, NC, 1989-2019) and ArcGIS (ESRI, 2011).

Concentrations were blank corrected by subtracting the method blank from the sample concentra-
tions to correct for signal originating from the reagent or solvents. Concentration values for individual
contaminants that were below the method detection limit (MDL) were qualified as undetected and
were assigned a value of zero. This only applied to tin, where all but one site were below the MDL.

Individual site concentrations from 2017 were compared to boxplots and the median of their historic
site concentrations. The 39 sites sampled in 2017 were analyzed for site-based trends and a region-
al trend based on yearly medians using Spearman Rank Correlations. Significance was determined
as p-value <0.05.

To bring further perspective to the 2017 data, it was compared to previously existing MWP data.
The NS&T data used for comparison comprise oyster tissue from the species Crassostrea virginica
sample concentrations collected by the national MWP along the Southeast and Gulf coasts since the
initiation of the program (1565 individual samples across 129 sites collected over 30 years) (Figure
3). The data were clustered into three groups using the Ward Hierarchical Cluster Analysis. The 2017
data were then compared to these groups to see how it related to the lowest, middle and highest
concentrations ever detected by the MWP.

3.0 CONTAMINANTS
3.1 Background Information

The Mussel Watch Program monitors nearly 600 contaminants including metals, organic compounds
and contaminants of emerging concern (CECs). Of the 22 metals analyzed by the MWP, a subset
of eight metals have been selected for this report. There are three principal reasons for this, 1) the
availability of historical MWP data for the metals, 2) several of these elements are considered to be
abundant “earth metals” and 3) the current state of science and associated methods are less certain
of guaranteeing accurate and precise quantitation of several metals. For example, aluminum (Al),
iron (Fe), silicon (Si) and manganese (Mn) are all abundant earth metals. As such, the overriding sig-
nal for these chemicals tends to be a direct correlation to local earth crustal composition. Chromium
(Cr), antimony (Sb), silver (Ag) and thallium (Tl) can be counted among those difficult to quantify.

An Assessment of Metals in the Gulf of Mexico
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Figure 3. The 129 nationwide Mussel Watch ProgramSItes where Crassostrea virginica have been col-
lected.

Moreover, thallium is generally found in such low concentrations that our ability to detect its mere
presence is restricted. The eight metals presented in this report can be found in Table 2.

3.1.1 Environmental Sources and Transport

Metals occur naturally in the environment, but human use (anthropogenic) of metal products, particu-
larly since the industrial age, has resulted in excessive releases. Chemical contaminants enter the
environment through point or non-point sources. Point source pollution, such as industrial and mu-
) nicipal effluents from a pipe or smokestack, are more easily
;a";': ZM Metal'zv‘“t"":gt'y m°"'t°':d regulated. In contrast, pollution from non-point sources are
y the Wusse YWatch Frogram an diffuse releases of chemicals to the environment such as
presented in this report. . .
runoff from agricultural and urban lawns and volatilization of

SYMBOL ELEMENT chemicals from land or water to the atmosphere. As a result,
_ non-point source pollution is difficult to regulate. Anthropo-
As Arsenic genic sources of metals include fossil fuel and waste burn-
Cd Cadmium ing, mining and ore processing, chemical production, and
Cu Copper agriculture. These sources are largely responsible for the
Pb Lead elevated environmental concentrations observed in coastal
Hg Mercury waters. Atmosphere releases can occur from both point and
Ni Nickel nonpoint anthropogenic sources such as smokestack emis-
- — sion, motor vehicle exhaust, and volatilization of pesticides
. from soil and plants, as well as natural sources such as vol-

Zn Zinc canic eruptions, and forest fires.
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Once released, a chemical will interact with its environment based upon its unique chemical and
physical properties, and the prevailing environmental conditions. Atmospheric transport, in contrast
to other forms of chemical transport, results in diffuse regional, intercontinental and global distri-
bution of contaminants, especially for persistent compounds that degrade slowly. Wide dispersion
results in ambient levels being found globally. The “grasshopper effect” (global distillation) is a type
of atmospheric transport whereby volatile chemicals released to the environment in lower (warmer)
latitudes volatilize from land and surface waters and are transported in the atmosphere and redepos-
ited in higher (cooler) latitudes. The process is repeated in “hops” and leads to a net gain in concen-
tration at higher latitudes where these chemicals remain trapped. Through this process, chemicals
originating from warmer climates can settle in Arctic environments, far from where they were used or
released by human activities.

Transport of metals to coastal and estuarine water occurs primarily from runoff and atmospheric
deposition. Point and non-point sources of pollution to streams, rivers and coastal waters have left a
legacy of pollution in some areas from industrial discharges, along with agricultural and urban runoff.
Contaminants that enter water may become more reactive, attach to suspended particles, settle to
the bottom or be taken up by organisms. Resuspension of sediments can reintroduce contaminants
to the overlying water column, thereby making sediments both a source and a sink for contaminants.
In addition, sediment accumulation is also associated with permanent storage of contaminants.

Some chemicals have been identified as harmful and these chemicals are often regulated by policy
or mandate. Over time, one would expect a net decrease in the regulated contaminant (parent com-
pound) and potentially a net increase in transformation or degradation products. These processes
can result in dilution and/or concentration of chemicals in specific environmental media, such as
water, sediment or biota. Fate and transport processes are briefly summarized here. For a more
detailed discussion, see Manahan (2005).

3.1.2 Bioaccumulation and Toxicity

An organism’s behavior and physiology, coupled with a chemical contaminant’s physico-chemical
properties and bioavailability, determine which compounds are taken up by an organism and the
associated biological effects. Some chemicals may be toxic to an organism while others may sim-
ply accumulate in tissue without harm. Metals tend to accumulate in selected tissues such as liver,
kidney or bone, while organic contaminants usually accumulate in fat tissues. By the process of
biomagnification through trophic level transfer, predators, particularly those at the top of the food
chain (including humans), can be exposed to large amounts of contaminants that are accumulated
in tissue of their prey. Mussels and oysters accumulate contaminants across their gills and by inges-
tion of particles. For some metals, like arsenic and cadmium, mussels and oysters do not regulate
concentrations in their tissue, but instead respond to changes in their immediate environment.

Metals exist in the environment in several forms and each form may result in varying toxicity. Copper,
for example, has the ability to cycle between an oxidized state, Cu(ll), and reduced state, Cu(l), and
is used by cuproenzymes involved in redox reactions (ASTDR, 2004; Harvey and McArdie, 2008;
Stern, 2010). It is this property of copper that also makes it potentially toxic because the transitions
between Cu(ll) and Cu(l) can result in the generation of superoxide and hydroxyl radicals (ASTDR,
2004; Harvey and McArdie, 2008; Stern, 2010). The analytical methods used by the Mussel Watch
Program do not distinguish between these various forms, but instead report values as total metal
(aggregation of all species of a metal).

An Assessment of Metals in the Gulf of Mexico



CONTAMINANTS Arsenic (As)
3.2 Arsenic (As)

3.2.1 Chemical Description

Arsenic is a toxic metal that is found in the environment at high levels as a result of natural sources
and industrial production. Products that contain arsenic include preserved wood, semiconductors,
pesticides, defoliants, pigments, antifouling paints, and veterinary medicines. In the recent past, as
much as 90% of arsenic in industrial production was used for wood preservation (ATSDR, 2007a).
Atmospheric sources of arsenic include smelting, fossil fuel combustion, power generation, and
pesticide application. Arsenic is toxic at high concentrations to fish, birds and plants. In animals and
humans prolonged chronic exposure is linked to cancer (Goyer, 1986). Inorganic arsenic, the most
toxic form, represents approximately 10% of total arsenic. Less harmful organic forms, such as ar-
senobetaine, predominate in seafood (Edmonds and Francesconi, 1977, 1988, 1993; Phillips, 1990;
US FDA, 1993a). The MWP measures total arsenic, including both the inorganic and the organic
forms. Safety guidance levels for arsenic in fish and shellfish are no longer listed by the US FDA (US
FDA, 2011). Centuries of human activities have changed the natural biogeochemical cycle of arse-
nic resulting in contamination of land, water, and air. Movement of arsenic to coastal and estuarine
water occurs primarily from river runoff and atmospheric deposition. The major source responsible
for apparent elevated levels of arsenic in the Nation is natural crustal rock (Welch et al. 1988). This
is important because it affects concentrations on the regional level. Concentrations of arsenic ex-
ceeding the current US EPA drinking water standard (10 parts per billion) (US EPA, 1979) have been
documented in Interior Alaska, Seward and Kenai peninsulas, Mat-Su Valley, and Anchorage (Athey
et al., 2018).

3.2.2 Arsenic Results

2017 Arsenic Data Statistics

» Concentration range: 3.39 — 41.01 ug/dry g

* Mean concentration: 11.52 + 7.45 (SD) ug/dry g

* Maximum concentration: 41.01 yg/dry g (Tampa Bay Navaez Park — TBNP)

Summary of Arsenic:

There was a total of 12 sites that showed a significant trend of arsenic concentrations over time,
with eight of the sites showing an increase over the course of MWP monitoring, and the remaining
four displaying a decrease. The increasing trendline over time for arsenic concentration was at the
following sites: Galveston Bay Offatts Bayou - GBOB (p <0.001, rho = 0.76), Galveston Bay Yacht
Club - GBYC (p = 0.034, rho = 0.53), Pensacola Bay Sabine Point - PBSP(p = 0.025, rho = 0.73),
Choctawhatchee Bay Joe's Bayou - CBJB (p = 0.002, rho = 0.74), Choctawhatchee Bay Postil Point
— CBPP (p = 0.032, rho = 0.51), Panama City Municipal Pier — PCMP (p = 0.013, rho = 0.72), St.
Andrew Bay Watson Bayou — SAWB (p = 0.005, rho = 0.67), and Tampa Bay Cockroach Bay — TBCB
(p=0.001, rho = 0.76). The following four sites displayed a decreasing trendline over time for arsenic
concentration: Mississippi Sound Pascagoula Bay — MSPB (p = 0.027, rho = -0.53), Cedar Key Black
Point — CKBP (p = 0.046, rho = -0.48), Naples Bay Naples Bay — NBNB (p = 0.015, rho = -0.58), and
Rookery Bay Henderson Creek — RBHC (p = 0.012, rho = -0.59) (Figure 5, Appendix 2).

When compared to the historic MWP arsenic concentrations, 65% of the 2017 sites were above their
historic MWP medians. There is was no significant regional trend in arsenic concentrations over time
(Figure 6, Appendix 3). Tampa Bay Navaez Park — TBNP arsenic concentration for 2017 fell within
the highest historic MWP National cluster range (32.60 — 123.00 ug/dry g) (Figure 4). This is among
the highest values ever detected for arsenic by the MWP and could suggest a particular point or non-
point source of contamination, possibly from industrial or agricultural pollution.

National Status and Trends Mussel Watch Program
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Figure 4. 2017 arsenic concentrations compared to the historic national MWP Crassostrea virginica arse-
nic concentrations (ug/dry g) (129 national sites sampled between 1986-2012 for a total of 1565 samples).
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Figure 5. 2017 arsenic concentrations (red triangles) compared to boxplots of the historic MWP data for
each site (1986-2012) and the results of the trend analysis showing signifcant increasing or decreasing

trends (grey triangles).
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CONTAMINANTS Cadmium (Cd)

3.3 Cadmium (Cd)
3.3.1 Chemical Description

Cadmium occurs naturally in the Earth’s crust as complex oxides and sulfides in ores but is not re-
garded as an essential element for human life. Environmental contamination of cadmium in coastal
and estuarine environments can be linked to both natural and non-point anthropogenic sources
(Roesijadi, 1984). Natural sources can be linked to river runoff from cadmium rich soils, leach-
ing from bedrock, and upwelling from marine sediment deposits (Sokolova et al., 2005). Industrial
sources and uses include zinc, lead and copper production, electroplating and galvanizing, smelting,
mining, fossil fuel burning, waste slag, and sewage sludge (ATSDR, 1999a; US FDA 1993b). In addi-
tion to abundant industrial applications, other products that contain cadmium include batteries, color
pigment, plastics, and phosphate fertilizers. As a result of fossil fuel burning, erosion, and biological
activities, cadmium becomes airborne and is transported by atmospheric processes. Land-based
runoff and ocean upwelling are the main conveyors of cadmium into coastal environments. Respi-
ration and food represent the two major exposure pathways for humans to cadmium. Exposure to
high levels occurs primarily as a result of occupational exposure. Cadmium is toxic to fish, especially
salmonoid species and juveniles, and chronic exposure can result in reductions in growth. Safety
guidance levels for cadmium in fish and shellfish are no longer listed by the US FDA (US FDA, 2011).

3.3.2 Cadmium Results

2017 Cadmium Data Statistics

« Concentration range: 0.58 - 10.57 pg/dry g

* Mean concentration: 3.27 + 2.39 (SD) pg/dry g

» Maximum concentration: 10.57 ug/dry g (Sabine Lake Blue Buck Point - SLBB)

Summary of Cadmium:

There was a total of seven sites that showed a significant decreasing trend of cadmium concentra-
tions over the course of MWP monitoring. Lower Laguna Madre South Bay — LMSB (p = 0.002, rho
= -0.68), Galveston Bay Confederate Reef — GBCR (p = 0.049, rho = -0.5), Galveston Bay Todd's
Dump — GBTD (p = 0.022, rho = -0.56), Atchafalaya Bay Oyster Bayou — ABOB (p = 0.004, rho =
-0.68), Suwannee River West Pass — SRWP (p = 0.037, rho = -0.9), Cedar Key Black Point — CKBP
(p <0.001, rho = -0.83), and Naples Bay Naples Bay — NBNB (p = 0.005, rho = -0.65) display a de-
creasing trend (Figure 8, Appendix 2). The 2017 cadmium concentration for all seven sites fall within
the lowest historic MWP national cluster range (0.00 — 4.40 ug/dry g) (Figure 7).

There were no regional trends for cadmium (Figure 9, Appendix 3). The presence of cadmium at ev-
ery site suggests that natural sources are driving concentrations with some more localized influenc-
es potentially affecting a small number of sites, such as Galveston Bay Confederate Reef - CBCR,
thereby creating the minimal observed site and regional variability.

When compared to the historic MWP cadmium concentrations, 36% of the 2017 sites were above
their historic MWP medians (Figure 8).
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Figure 7. 2017 cadmium concentrations compared to the historic national MWP Crassostrea virginica cad-
mium concentrations (ug/dry g) (129 national sites sampled between 1986-2012 for a total of 1565 samples).
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each site (1986-2012) and the results of the trend analysis showing signifcant increasing or decreasing
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Figure 9. (A) Boxplots representing the historic cadmium concentrations of the 39 site analyzed in this
report and (B) the three-point moving average of the yearly median concentrations.
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CONTAMINANTS Copper (Cu)

3.4 Copper (Cu)

3.4.1 Chemical Description

Copper is a naturally occurring element that is ubiquitous in the environment. Trace amounts of cop-
per are an essential nutrient for plants and animals. Anthropogenic sources include mining, manu-
facturing, agriculture, sewage sludge, antifouling paint, fungicides, wood preservatives, and vehicle
brake pads. The US EPA phase-out of chromated copper arsenate (CCA) wood preservatives and
the 1980s restrictions on tributyltin marine antifouling paint has stimulated a transition to copper-
based wood preservatives and marine antifouling paint (US EPA, 1979). Copper can be toxic to
aquatic organisms; juvenile fishes and invertebrates are much more sensitive to copper than adults
(Mohammed, 2013). Although copper is not highly toxic to humans, chronic effects of copper as a
result of prolonged exposure to large doses, can cause damage to the digestive tract and eye irrita-
tion (ATSDR, 2004). Excessive exposure to copper has been linked to cellular damage leading to
Wilson’s disease in humans (Tchounwou et. al., 2008; Stern, 2010). There is no recommended US
FDA safety level for copper in fish and fish products. The most common form of copper in water is
Cu (I) which is mostly found bound to organic matter. Transport of copper to coastal and estuarine
water occurs as a result of runoff and river transport. Atmospheric transport (Denier van der Gon et
al., 2007) and deposition of particulate copper into surface waters may also be a significant source
of copper to coastal waters.

3.4.2 Cadmium Results

2017 Copper Data Statistics

» Concentration range: 25.93 — 1302.78 ug/dry g

* Mean concentration: 342.60 £ 307.85 (SD) pg/dry g

» Maximum concentration: 1302.78 ug/dry g (Vermilion Bay Southwest Pass -VBSP)

Summary of Copper:

There was a total of seven sites that showed a significant increasing trend of copper concentrations
over the course of MWP monitoring. Galveston Bay Offatts Bayou — GBOB (p = 0.050, rho = 0.52),
Mississippi Sound Biloxi Bay — MSBB (p = 0.020, rho = 0.60), Choctawhatchee Bay Joe's Bayou
— CBJB (p = 0.012, rho = 0.63), St. Andrew Bay Watson Bayou — SAWB (p = 0.044, rho = 0.51),
Tampa Bay Navaez Park — TBNP (p = 0.004, rho = 0.70), Tampa Bay Old Tampa Bay — TBOT (p =
0.017, rho = 0.60), Tampa Bay Peter O. Knight Airport — TBKA, Tampa Bay Hillsborough Bay — TBHB
(p = 0.004, rho = 0.71), and Naples Bay Naples Bay — NBNB (p < 0.001, rho = 0.74) all display an
increasing trend. Only one site, Atchafalaya Bay Oyster Bayou — ABOB (p = 0.015, rho = -0.60)
displayed a significant decreasing trend for copper concentration over time (Figure 11, Appendix 2).

Copper concentrations showed greater variability within and between sites than arsenic or cadmium.
However, like arsenic, the 2017 copper concentration for four of the seven sites (Sabine Lake Blue
Buck Point -SLBB, Vermilion Bay Southwest Pass -VBSP, St. Andrew Bay Watson Bayou — SAWB,
and Rookery Bay Henderson Creek — RBHC) fall within the highest historic MWP national cluster
range (694.00 — 2179.67 ug/dry g) (Figure 10). There were no regional-based trends in copper over
time (Figure 12, Appendix 3). When compared to the historic MWP copper concentrations, 79% of
the 2017 sites were above their historic MWP medians (Figure 11). There are no US FDA guideline
for copper in shellfish. Many of the sites that were sampled in 2017 had increases in their copper
concentrations as compared to the historic copper concentrations. Since copper continues to be
used in both marine and terrestrial industries, it would be prudent to continue to monitor these con-
centrations over time.
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Figure 10. 2017 copper concentrations compared to the historic national MWP Crassostrea virginica cop-
per concentrations (ug/dry g) (129 national sites sampled between 1986-2012 for a total of 1565 samples).
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Figure 11. 2017 copper concentrations (red triangles) compared to boxplots of the historic MWP data for
each site (1986-2012) and the results of the trend analysis showing signifcant increasing or decreasing

trends (grey triangles).
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CONTAMINANTS Lead (Pb)

3.5 Lead (Pb)

3.5.1 Chemical Description

Lead is a ubiquitous metal that occurs naturally in the Earth’s crust. Loadings of lead into coastal wa-
ters are primarily linked with wastewater discharge, river runoff, atmospheric deposition and natural
weathering of rock. Lead can be found in air, soil and surface water (ATSDR, 2007b). Environmental
levels of lead increased worldwide over the past century because of leaded gasoline use (ATSDR,
2007b). Significant reductions in source and load resulted from the regulation of lead in gasoline and
lead based paints. High levels found in the environment are usually linked to anthropogenic activities
such as manufacturing processes, paint and pigment, solder, ammunition, plumbing, incineration
and fossil fuel burning. In the communications industry, lead is still used extensively as protective
sheathing for underground and underwater cables, including transoceanic cable systems (USGS,
2008). Lead is not a biologically required micronutrient and is toxic to many organisms, including
humans. Exposure of fish to elevated concentrations of lead results in neurological deformities and
black fins in fish (Mance, 1987). Lead primarily affects the nervous system, which results in de-
creased performance and inhibits typical mental developmental in humans. Exposure to lead may
also cause brain and kidney damage and cancer (IARC, 2006). Safety guidance levels for lead in fish
and shellfish are no longer listed by the US FDA (US FDA, 2011).

3.5.2 Lead Results

2017 Lead Data Statistics

« Concentration range: 0.32 — 11.16 ug/dry g

* Mean concentration: 1.65 + 1.83 (SD) uyg/dry g

» Maximum concentration: 11.16 ug/dry g (Vermilion Bay Southwest Pass - VBSP)

Summary of Lead:

There was a total of two sites that showed a significant increasing trend of lead concentrations over
course of MWP monitoring: Corpus Christi Nueces Bay — CCNB (p <0.001, rho = 0.81), and Galves-
ton Bay Confederate Reef — GBCR (p = 0.035, rho = 0.53). Only one site Choctawhatchee Bay Joe's
Bayou — CBJB (p = 0.010, rho = -0.65) displayed a decreasing trend in lead concentration over time
(Figure 14, Appendix 2).

Lead concentrations showed less site-based variability over time than arsenic, cadmium, and cop-
per concentrations. Vermilion Bay Southwest Pass (VBSP) which had the highest individual year
concentrations for copper, also had the highest individual year concentration of lead (11.16 yg/dry g,
2017). Furthermore, when compared to the historic MWP lead concentrations, VBSP along with Cal-
casieu Lake, Lake Charles (CLLC) fell within the highest concentration range (3.73 — 28.90 pg/dry g)
(Figure 13). There were no regional trends in lead concentrations over time (Figure 15, Appendix 3).
When compared to the historic MWP lead concentrations, 90% of the 2017 sites were above their
historic MWP medians (Figure 14).
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Figure 13. 2017 lead concentrations compared to the historic national MWP Crassostrea virginica lead
concentrations (ug/dry g) (129 national sites sampled between 1986-2012 for a total of 1565 samples).
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Figure 14. 2017 lead concentrations (red triangles) compared to boxplots of the historic MWP data for
each site (1986-2012) and the results of the trend analysis showing signifcant increasing or decreasing
trends (grey triangles).
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Figure 15. (A) Boxplots representing the historic lead concentrations of the 39 site analyzed in this report
and (B) the three-point moving average of the yearly median concentrations.
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CONTAMINANTS Mercury (Hg)

3.6 Mercury (Hg)

3.6.1 Chemical Description

Mercury is a highly toxic, non-essential trace metal that occurs naturally. Elevated levels occur as a
result of human activity (ATSDR, 1999b). In the US, coal fired-electric turbines, municipal and medi-
cal waste incinerators, mining, landfills and sewage sludge are the primary emitters of mercury into
the air. Mercury is a human neurotoxin that also affects the kidneys and developing fetuses. The
most common human exposure route for mercury is the consumption of contaminated food. The
US FDA has not established a safety level for mercury but has set a safety level of 1.0 ppm wet
weight for methyl mercury, the form most likely to impact animal and humans (US FDA, 2011). The
Mussel Watch Program measures total mercury, of which methyl mercury is only one component.
Children, pregnant women, or women likely to become pregnant are advised to avoid consumption
of swordfish, shark, king mackerel and tilefish and should limit consumption to fish and shellfish rec-
ommended by US FDA and US EPA (US EPA, 1979; US FDA, 2011). In the environment, mercury
may change forms between elemental, inorganic, and organic. Natural sinks, such as sediment and
soil, represent the largest source of mercury to the environment. Estimates suggest that wet and dry
deposition accounts for 50-90% of the mercury load to many estuaries, making atmospheric trans-
port a significant source of mercury worldwide (NADP, 2020).

3.6.2 Mercury Results

2017 Mercury Data Statistics

« Concentration range: 0.06 — 0.87 ug/dry g

* Mean concentration: 0.17 + 0.14 (SD) pg/dry g

» Maximum concentration: 0.87 ug/dry g (Rookery Bay Henderson Creek — RBHC)

Summary of Mercury:

Like arsenic, there were more sites displaying a significant decreasing trend of mercury concentra-
tions over the course of MWP monitoring than there were sites displaying an increasing trend. The
following six sites showed a decrease in trend for mercury concentration: Galveston Bay Confeder-
ate Reef — GBCR (p = 0.023, rho = -0.58), Matagorda Bay Carancahua Bay — MBCB (p = 0.007, rho
= -0.73), Choctawhatchee Bay Joe's Bayou — CBJB (p < 0.001, rho = -0.82), Tampa Bay Navaez
Park — TBNP (p = 0.007, rho = -0.66), Tampa Bay Old Tampa Bay — TBOT (p = 0.011, rho = -0.64),
and Tampa Bay Cockroach Bay — TBCB (p = 0.013, rho = -0.59). While Lower Laguna Madre Port
Isabel — LMPI (p = 0.030, rho = 0.65) and Calcasieu Lake St. Johns Island — CLSJ both show an
increasing trend for mercury concentration over time (Figure 17, Appendix 2).

Unlike the 2017 arsenic, cadmium, copper, and lead concentrations, mercury has ten sites that fell
within the highest concentration cluster when compared to the historic MWP mercury concentration
(0.17 — 1.55 pg/dry g) (Figure 16). The ten sites are listed as follows: Matagorda Bay Gallinipper
Point — MBGP, Sabine Lake Blue Buck Point — SLBB, Calcasieu Lake St. Johns Island — CLSJ,
Calcasieu Lake, Lake Charles — CLLC, Mississippi Sound Pass Christian — MSPC, Pensacola Bay
Public Harbor — PBPH, Pensacola Bay Sabine Point — PBSP, Choctawhatchee Bay Postil Point —
CBPP, Tampa Bay Old Tampa Bay — TBOT, and Tampa Bay Cockroach Bay — TBCB.

There were no regional trends for mercury concentration over time (Figure 18, Appendix 3). When

compared to the historic MWP mercury concentrations, 77% of the 2017 sites were above their his-
toric MWP medians (Figure 17).
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Figure 16. 2017 mercury concentrations compared to the historic national MWP Crassostrea virginica mer-
cury concentrations (ug/dry g) (129 national sites sampled between 1986-2012 for a total of 1566 samples).
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CONTAMINANTS Nickel (Ni)

3.7 Nickel (Ni)

3.7.1 Chemical Description

Nickel is a naturally occurring, biologically essential trace element that is widely distributed in the
environment. It exists in alloy form in combination with other metals and as a soluble element. Nickel
is found in stainless steel, nickel-cadmium batteries, pigments, computers, wire, coinage and is used
for electroplating (ATSDR, 2005a). Nickel derived from weathering rocks and soil is transported to
streams and rivers by runoff. It accumulates in sediment and becomes inert when it is incorporated
into minerals. River and stream input of nickel are the largest sources for oceans and coastal waters.
Atmospheric sources are usually not significant, except in the Great Lakes where the atmospheric
input of nickel accounts for 60-80% of the total anthropogenic input to Lake Superior, and 20-70% of
total inputs to Lakes Erie and Ontario (Nriagu et al., 1995). In Lakes Erie and Ontario, most of the Ni
is derived from municipal and industrial wastewaters and thus is likely to be complexed with organic
matter (Sweet et al., 1998). Complexation reduces the chemical reactivity and bioavailability of Ni
and may account for the high concentrations and long residence times in the water column (Nriagu
et al., 1995). Food is the major source of human exposure to nickel (ATSDR, 2005a). Exposure to
large doses of nickel can cause serious health effects, such as bronchitis, while long-term exposure
can result in cancer. There is no evidence that nickel biomagnifies in the food chain (McGeer et al.,
2003; Suedel et al.,1994). Safety guidance levels for nickel in fish and shellfish are no longer listed
by the US FDA (US FDA, 2011).

3.7.2 Nickel Results

2017 Nickel Data Statistics

« Concentration range: 1.34 — 16.02 ug/dry g

* Mean concentration: 4.48 + 3.17 (SD) yg/dry g

« Maximum concentration: 16.02 ug/dry g (Matagorda Bay Gallinipper Point — MBGP)

Summary of Nickel:

Unlike cadmium, there were no sites that display a decreasing trend of nickel concentrations over the
course of MWP monitoring. Nickel concentration for the following 12 sites show a significant increase
in concentration over time: Lower Laguna Madre South Bay — LMSB (p = 0.0397, rho = 0.4884),
Lower Laguna Madre Port Isabel — LMPI (p = 0.0021, rho = 0.8182), Matagorda Bay Carancahua
Bay — MBCB (p = 0.0386, rho = 0.6014), Galveston Bay Confederate Reef - GBCR (p = 0.0134, rho
= 0.6029), Galveston Bay Todd's Dump — GBTD (p = 0.0254, rho = 0.5395), Galveston Bay Yacht
Club — GBYC (p = 0.0134, rho = 0.6029), Galveston Bay Hanna Reef — GBHR (p = 0.0010, rho =
0.7432), Calcasieu Lake Lake Charles — CLLC (p = 0.0232, rho = 0.5466), Pensacola Bay Public
Harbor — PBPH (p = 0.0396, rho = 0.5357), Tampa Bay Navaez Park — TBNP (p = 0.0198, rho =
0.5929), Tampa Bay Peter O. Knight Airport — TBKA (p = 0.0097, rho = 0.6429), Tampa Bay Cock-
roach Bay — TBCB (p = 0.0008, rho = 0.7328) (Figure 20, Appendix 2).

An Assessment of Metals in the Gulf of Mexico

24



CONTAMINANTS Nickel (Ni)

Nickel concentrations in 2017 when compared to the historic MWP nickel concentration resulted in
19 out of 39 sites falling within the highest concentration cluster (3.52 — 12.57 yg/dry g) (Figure 19).
The 19 sites are as follows: Copano Bay Copano Reef — CBCR, Matagorda Bay Gallinipper Point
— MBGP, Matagorda Bay Carancahua Bay — MBCB, Galveston Bay Confederate Reef — GBCR,
Galveston Bay Offatts Bayou — GBOB, Galveston Bay Hanna Reef — GBHR, Galveston Bay Yacht
Club — GBYC, Sabine Lake Blue Buck Point — SLBB, Calcasieu Lake St. Johns Island — CLSJ, Cal-
casieu Lake Lake Charles — CLLC, Vermilion Bay Southwest Pass - VBSP, Atchafalaya Bay Oyster
Bayou — ABOB, Caillou Lake Caillou Lake — CLCL, Terrebonne Bay Lake Barre — TBLB, Mississippi
Sound Biloxi Bay — MSBB, Mississippi Sound Pascagoula Bay — MSPB, Mobile Bay Dog River —
MBDR, St. Andrew Bay Watson Bayou — SAWB, and Tampa Bay Navaez Park — TBNP.

There was so significant regional trend calculated for nickel over time. However, the data, while vari-
able, suggest that nickel concentrations in tissue have been slowly increasing over time, but more
data and further analysis are needed to confirm this trend (Figure 21, Appendix 3).

All the sites in 2017 (100%) are above their historic means (Figure 20).
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Figure 19. 2017 nickel concentrations compared to the historic national MWP Crassostrea virginica nickel
concentrations (ug/dry g) (129 national sites sampled between 1986-2012 for a total of 1565 samples).
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Figure 20. 2017 nickel concentrations (red triangles) compared to boxplots of the historic MWP data for
each site (1986-2012) and the results of the trend analysis showing signifcant increasing or decreasing

trends (grey triangles).
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CONTAMINANTS Tin (Sn)

3.8 Tin (Sn)

3.8.1 Chemical Description

Tin sources in coastal water and soil include manufacturing and processing facilities, as well as the
degradation of legacy organotins (Tributyltin). Tin also occurs in trace amounts in natural waters.
Concentrations in unpolluted waters and the atmosphere are often near analytical detection limits.
Tin has not been mined in the U.S. since 1993 (USGS, 2008); however, Canadian tin mining occurs
in the Great Lakes Region. Humans are exposed to elevated levels of tin by eating from tin-lined
cans and by consuming contaminated seafood (ATSDR, 2005b). Exposure to elevated levels of tin
compounds by humans leads to liver damage, kidney damage, and cancer. There is no US FDA
recommended guideline for tin in seafood. Tin enters coastal waters bound to particulates, and from
riverine sources derived from soil and sediment erosion. Bioconcentration factors for inorganic tin
were reported to be 1,900 and 3,000 for marine algae and fish (Seidel et al., 1980; Thompson et al.,
1972). Inorganic tin can be transformed into organometallic forms by microbial methylation and is
correlated with increasing organic content in sediment (Hadjispyou et al., 1998). Tin is regarded as
being relatively immobile in the environment and is rarely detected in the atmosphere. It is mainly
found in the atmosphere near industrial sources as particulates from combustion of fossil fuels and
solid waste (Gerritse et al., 1982; WHO, 1980).

3.8.2 Tin Results

2017 Tin Data Statistics

« Concentration range: 0.00 — 0.12 ug/dry g

* Mean concentration: 0.00 + 0.02 (SD) pg/dry g

» Maximum concentration: 0.12 pg/dry g (Naples Bay Naples Bay - NBNB)

Summary of Tin:

2017 tissue tin concentrations display minimal variability both temporally and spatially with a con-
centration range of 0.00 — 0.12 ug/dry g (Appendix 1). There was a total of five sites that showed
a significant decreasing trend of tin concentrations over the course of MWP monitoring, Galveston
Bay Offatts Bayou — GBOB, Choctawhatchee Bay Joe's Bayou — CBJB, Panama City Municipal Pier
— PCMP, Tampa Bay Peter O. Knight Airport — TBKA, and Naples Bay Naples Bay — NBNB (Figure
23, Appendix 2).

All 39 sites were below the historic mean concentration for tin, and all 2017 tin concentrations fell
in the lowest cluster when compared to the historic MWP tin concentrations (Figure, 23, Figure 22).

There were no regional trends for tin concentrations over time (Figure 24, Appendix 3).
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Figure 22. 2017 tin concentrations compared to the historic national MWP Crassostrea virginica tin con-
centrations (ug/dry g) (129 national sites sampled between 1986-2012 for a total of 1565 samples).
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Figure 24. (A) Boxplots representing the historic tin concentrations of the 39 site analyzed in this report
and (B) the three-point moving average of the yearly median concentrations.
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CONTAMINANTS Zinc (Zn)

3.9 Zinc (Zn)

3.9.1 Chemical Description

Zinc releases from anthropogenic sources are greater than those from natural sources (ATSDR,
2005c). The primary anthropogenic sources of zinc in the environment (air, water, soil) are related
to mining and metallurgic operations involving zinc and use of commercial products containing zinc,
including tire wear particles and brake pads. The most important sources of anthropogenic zinc in
soil come from discharges of smelter slags and wastes, mine tailings, coal and bottom fly ash, and
the use of commercial products such as fertilizers and wood preservatives that contain zinc (ATSDR,
2005c). The major industrial sources include electroplating, smelting and drainage from mining op-
erations (Mirenda, 1986). The greatest use of zinc is as an anti-corrosive coating for iron and steel
products (sheet and strip steel, tube and pipe, and wire and wire rope). Canada is one of the largest
producers and exporters of zinc. The United States is the largest customer for Canadian refined zinc,
and the automobile industry is the largest user of galvanized steel. Dissolved zinc occurs as the free
hydrated ion and as dissolved complexes. Changes in water conditions (pH, redox potential, chemi-
cal speciation) can result in dissolution from or sorption to particles (US EPA, 1979). In air, zinc is
primarily found in the oxidized form bound to particles. Zinc precipitates as zinc sulfide in anaerobic
or reducing environments, such as wetlands, and thus is less mobile, while remaining as the free ion
at lower pHs. As a result of natural and anthropogenic activities, zinc is found in all environmental
compartments (air, water, soil, and biota).

Zinc is an essential nutrient. Human exposure to high doses of zinc may cause anemia or damage
to the pancreas and kidneys (ATSDR, 2005c). However, zinc does not bioaccumulate in humans;
therefore, toxic effects are uncommon and associated with excessively high doses. Fish exposed to
low zinc concentrations can sequester it in some cases (McGeer et al., 2003). There is no US FDA
recommended safety level for zinc in fish and fish products.

3.9.2 Zinc Results

2017 Zinc Data Statistics

» Concentration range: 309.93 — 21007.75 pg/dry g

* Mean concentration: 4407.96 + 3941.40 (SD) pg/dry g

* Maximum concentration: 21007.75 ug/dry g (Rookery Bay Henderson Creek - RBHC)

Summary of Zinc:

Zinc concentrations vary both temporally and spatially with a concentration range of 309.93 —
21007.75 pg/dry g (Appendix 1). There was one site with a decreasing trend of zinc concentrations
over the course of MWP monitoring, Mobile Bay Dog River — MBDR (p = 0.042, rho = -0.68), and 3
sites with increasing trends of zinc concentratios; Lower Laguna Madre Arroyo Colorado — LMAC (p
= 0.021, rho = 0.68), Galveston Bay Offatts Bayou — GBOB (p = 0.001, rho = 0.76), and Naples Bay
Naples Bay — NBNB (p = 0.018, rho = 0.56) (Figure 26, Appendix 2).

2017 zinc concentrations were widely distributed among the three historic MWP national clusters.
Zinc concentrations in 2017 when compared to the historic MWP zinc concentration resulted in four
sites falling within the highest concentration cluster (8000.00 — 26796.33 pg/dry g); Galveston Bay
Yacht Club — GBYC, Galveston Bay Offatts Bayou — GBOB, Tampa Bay Old Tampa Bay — TBOT, and
Rookery Bay Henderson Creek — RBHC (Figure 25). There were no regional trends for tin concentra-
tions over time (Figure 27, Appendix 3). When compared to the historic MWP zinc concentrations,
74% of the 2017 sites were above their historic MWP medians (Figure 26).
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Figure 25. 2017 zinc concentrations compared to the historic national MWP Crassostrea virginica zinc
concentrations (ug/dry g) (129 national sites sampled between 1986-2012 for a total of 1565 samples).
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Figure 26. 2017 zinc concentrations (red triangles) compared to boxplots of the historic MWP data for
each site (1986-2012) and the results of the trend analysis showing signifcant increasing or decreasing
trends (grey triangles).
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Figure 27. (A) Boxplots representing the historic zinc concentrations of the 39 site analyzed in this report
and (B) the three-point moving average of the yearly median concentrations.
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SUMMARY

4.0 SUMMARY

Even though there are no significant regional trends for
the eight metals analyzed, Table 3 displays the site-spe-
cific trends that are notable across the Gulf of Mexico
(GOM) region. While cadmium, nickel and tin showed
uniform site-based trends across the region (increasing
or decreasing), all other contaminants showed variation
depending on the site, highlighting the importance of lo-
cal influences on many of these metal concentrations.
Figure 28 summarizes the comparison of the 2017 data
to the historical national MWP data clusters, highlight-
ing the metals and sites for which multiple relatively
high concentrations were detected. Nickel and mercury
were the two metals with the most 2017 concentrations
falling within the high national MWP clusters (21 and 10
sites, respectively). Sites SLBB and RBHC each had
four metals whose 2017 concentrations fell within the
high national MWP clusters. VBSP had high concen-
trations for three metals, and all of the other sites had
two or fewer. A brief overview of the notable findings for
each metal can be found below.

Arsenic concentrations showed both increasing and
decreasing site specific temporal trends throughout the
GOM, however, many of the sites with increasing trends
in arsenic concentrations are situated along the Florida
Panhandle. Additionally, the sites along the northwest-
ern coastline of Florida, from Pensacola Bay to Tampa
Bay, had the highest ranges of historic arsenic concen-
trations in the Gulf of Mexico and several of their 2017
arsenic concentrations fall within the medium or high
national MWP clusters (Figure 28). Historically, TBNP
has had two of the three highest arsenic concentration
(125 pg/dry g and 75 pg/dry g) that MWP has ever de-
tected.

Although there is no significant Spearman rank correla-
tion for cadmium concentrations for the regional trend,
it does appear that the rolling average for the regional
and site-based trend is decreasing. There are no cad-
mium concentrations within the high MWP cluster for
2017, and 64% of the sites were below the historic
medians. Seven of the thirty-nine sites displayed a de-
creasing trend for cadmium concentration with none
increasing. Similar to findings in Apeti, et. al. (2009),
there is a significant inverse correlation between con-
centration of cadmium in C. virginica and the salinity
concentrations in the GOM in 2017 (Appendix 4). In es-
tuaries, the salinity gradient is one of the main factors

Table 3. Summary of the site-based trend

analyses; D = decreasing trend, | = increas-
ing trend.

State

Site

Arsenic (As)

Copper (Cu)

Lead (Pb)

Mercury (Hg)

Nickel (Ni)

Tin (Sn)

Zinc (Zn)

LMSB

O | Cadmium (Cd)

X

LMPI

X

LMAC

X

CCNB

X

CBCR

X

MBGP

X

MBCB

X

GBCR

X

GBOB

X

GBTD

X

GBYC

X

GBHR

LA

SLBB

LA

CLSJ

LA

CLLC

LA

VBSP

LA

ABOB

LA

CLCL

LA

TBLB

MS

MSPC

MS

MSBB

MS

MSPB

AL

MBDR

FL

PBPH

FL

PBSP

FL

CBJB

FL

CBPP

FL

PCMP

FL

SAWB

FL

AESP

FL

SRWP

O

FL

CKBP

FL

TBNP

O

FL

TBOT

FL

TBKA

FL

TBHB

FL

TBCB

FL

NBNB

O

FL

RBHC

An Assessment of Metals in the Gulf of Mexico

34



SUMMARY

TX LA MS AL FL
Arsenic (As) - H BE B B
Cadmium (Cd) - H N HE B || |
Copper (Cu)- [ | HE B | [ | HE BEE
Lead (Pb)-ll_| HEEN EEE B | N N EREE B
Mercury (Ho) - HENEEN B BN N EEE "AeN B TErE
nglz_kel((Sng' R AEEEEEEE B H EEEEEE EEEEE EEE
N n)-
ZII—]c>(zr])-l 1 I-I 1 1 1 I-I - - I.I 1 1 I-I 1 1 I-I.I 1 I-
BLQ2EHBEBO0E & & Fhadi@ddidnsanao
s @A <
5558822883888 o 2 BEOSRR<GORRERR2E

low [l medium [ high

Figure 28. Heatmap summarizing the distribution of the 2017 metal tissue concentrations in comparison
to the MPW national data clusters.

controlling Cd bioaccumulation from the dissolved phase. It has been shown that in coastal habitats,
the rates of Cd uptake by mollusks decrease along an increasing salinity gradient in estuaries (Rain-
bow, 1995; Riedel et al., 1998; De Wolf et al., 2004). Salinity in the waters of the GOM is increasing
due to a decrease in fresh water entering the waters as a result of several decades of river diversions
(Das et al., 2012). This increase in salinity could lead to the possible decrease in cadmium uptake
by Crassostrea virginica.

Even though the rolling average show no significant regional trend for copper, there were nine indi-
vidual sites showing an increasing trend for copper concentration and only site where it was decreas-
ing. In 2017, 79% of the sites were above their historic MWP medians for Cu concentrations. There
are two sites in Louisiana, SLBB and VBSP, that had noticeably higher 2017 concentrations than
their historic concentration ranges for copper. Likewise, Florida had two sites, RBHC and SAWB,
that showed the same trend.

Across the region, there were no notable spatial patterns in lead concentrations as well as no notable
regional trend; however, there is some site specific spatial and temporal variability. In 2017, VBSP
had one of the highest concentrations ever measured in the region despite having a historically low
range of lead concentrations. Site CBPP has had the highest range of lead concentrations in the
region historically; although, the 2017 concentrations was below the sites historic median.

Mercury, unlike lead, displayed a wide array of spatial variability across the region. Despite many
sites with 2017 concentrations falling within the historical high MWP cluster, there are few sites that
stand out. Sites TBOT and MBGP have the highest historical MWP Hg concentrations ranges in the
region, and their 2017 Hg concentrations fall within their usual range. Site RBHC historically had
moderate Hg concentrations, but in 2017 it had the highest concentration of Hg measured to date in
the region. Hopefully, future sampling will assist in determining if this is an anomaly or representative
of an upward trend at the site (RBHC).

At all sites, the 2017 nickel concentrations were above their historic national MWP medians. There
is spatial variability in the region for Ni concentrations, with sites from Copano Bay, TX through Ala-
bama displaying the highest historic concentration ranges. Additionally, there were 12 sites across
the region with site-based increasing trends. In general, free ionic metal concentrations are reduced
in high salinity environments in comparison to low salinity or freshwater because of the increased
presence of complexing anions. For nickel in sea water, the two of importance are SO42- and Cl-
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(Sadiq, 1989). In addition, at higher salinities, there should be increased competition with metal ions
by protective cations such as Na+, Mg2+ and Ca2+ for binding to sites at the biotic ligand (Paquin et
al., 2000, Janssen et al., 2003). Therefore, salinity is thought to act protectively against the toxicity
of many metals, including Ni (Eisler, 1998). In the case of nickel, it would be expected that, with the
increase in salinity in the Gulf of Mexico, a decrease in nickel in the region would be notable (Ap-
pendix 4). However, this is not the case in the region.

All the 2017 tin tissue concentrations were in the lowest historical MWP cluster. Five sites displayed
a decreasing trend and there were no increasing site-based trends detected. Since 2005, the con-
centrations of Sn in the region have been extremely low.

Similar to the mercury results, in 2017 site RBHC had the highest concentration of zinc ever detected
in the region. As stated earlier, future sampling will assist in determining if this is an anomaly for both
Hg and Zn concentrations or representative of an upward trend at site RBHC for both metals. Five of
the sites in the region fell within the highest national MWP cluster for Zn concentrations. There was
no regional trend and only 4 site-based trends for Zn (three increasing and two decreasing).

The aim of this report is to contextualize recent regional monitoring metals data in both time and
space and to provide a perspective that may not be attainable at the local level. By doing so, we
hope to support the allocation of resources and the ongoing studies and efforts necessary to manage
coastal chemical contaminants nationwide.
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Appendix 1. 2017 metal tissue concentrations (ug/g dry weight) above MDL measured in oyster tissue in
the Gulf of Mexico.

Site Arsenic | Cadmium | Copper Lead Mercury Nicll<el Tin Zinc
(As) (Cd) (Cu) (Pb) (Hg) (Ni) (Sn) (Zn)

s 3.39 0.58 25.93 0.32 0.06 1.34 0.00 | 309.93
ABOB| 9.10 359 | 17830 | 1.8 0.07 5.35 0.00 [ 2014.62
AESP| 16.22 3.20 74.07 0.65 0.17 1.46 0.00 | 1587.47
CBCR| 9.74 781 | 29097 | 119 0.14 8.71 0.00 [ 1572.81
CBJB| 20.70 1.89 | 51956 | 1.06 0.13 2.29 0.00 | 2900.15
CBPP| 8.38 1.63 | 17542 | 347 0.23 2.57 0.00 [ 3459.40
CCNB| 16.17 2.61 158.03 | 1.82 0.14 243 0.00 [ 4747.10

CKBP|  8.99 0.58 33.83 0.75 0.11 2.30 0.00 | 309.93
CLCL| 851 360 | 29230 | 507 0.09 7.18 0.00 | 289235
CLLC| 6.05 312 | 52238 | 064 0.17 5.93 0.00 [ 7463.69
CLsJ| 6.03 459 | 23300 | 1.06 0.17 5.83 0.00 | 2553.06
GBCR| 7.80 216 | 168.12 | 0.91 0.10 4.45 0.00 [ 1929.74
GBHR| 5.18 580 | 20257 | 073 0.08 5.25 0.00 | 2536.75
GBOB| 10.74 097 | 40628 | 164 0.06 3.75 0.00 [ 14068.28
GBTD| 5.50 353 | 12057 | 1.23 0.09 5.05 0.00 [ 3004.21
GBYC| 5.63 5.01 371.06 | 2.82 0.09 412 0.00 | 8907.03
LMAC| 18.33 2.21 10080 | 0.54 0.13 1.61 0.00 | 1247.41
LMPI| 15.16 116 | 22264 | 0.8 0.08 2.21 0.00 [ 3552.33
LMSB| _ 16.51 179 | 17215 | 0.99 0.15 1.34 0.00 | 2160.88
MBCB| 10.16 506 | 17974 | 163 0.07 7.99 0.00 [ 1874.39
MBDR| 7.27 329 | 43446 | 097 0.08 4.03 0.00 | 7338.08
MBGP| 7.24 3.81 21452 | 1.30 0.36 16.02 0.00 [ 2131.13
MSBB|  6.37 658 | 32862 | 207 0.17 3.67 0.00 | 4367.39
MSPB|  9.91 378 | 23484 | 093 0.16 3.96 0.00 | 4038.66
MSPC| 8.98 190 | 40557 | 2.09 0.21 2.66 0.00 | 6546.59
NBNB| 9.73 070 | 58505 | 0.32 0.14 1.52 0.12 | 3349.79
PBPH|  7.83 357 | 21484 | 088 0.23 3.45 0.00 | 5532.89

PBSP| 17.20 1.92 42.91 0.54 0.17 3.30 0.00 [ 757.61
PCMP|  26.35 148 | 41815 | 0.75 0.08 2.02 0.00 | 2204.19
RBHC| 10.98 500 | 129763 | 1.28 0.87 4.18 0.00 [ 21007.75
SAWB| 19.35 118 | 1048.09 | 1.76 0.09 4.86 0.00 | 5432.85
sLBB|  7.04 1057 | 81863 | 3.39 0.24 7.28 0.00 | 8867.74
SRWP| 25.86 1.55 25.93 0.58 0.14 3.18 0.00 [ 121263
TBCB|  7.38 1.20 83.46 0.59 0.19 2.21 0.00 [ 129220
TBHB]  3.39 268 | 20900 | 119 0.16 1.42 0.00 [ 314372
TBKA|  5.95 165 | 503.73 | 0.98 0.14 1.54 0.00 | 5945.87
TBLB] 9.74 2890 | 15615 | 1.56 0.09 9.57 0.00 | 3059.85
TBNP|  41.01 079 | 21238 | 142 0.07 3.66 0.00 | 2805.68
TBOT|  4.18 214 | 39371 2.42 0.49 3.49 0.00 | 9088.40
VBSP|  8.84 1044 | 1302.78 | 11.16 0.10 13.05 0.00 | 5005.88
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Appendix 2. Statistical results from Spearman Rank Correlations on site-based trends.

Site Arsenic Cadmium Copper Lead Mercury Nicl_<e| Tin Zinc
(As) (Cd) (Cu) (Pb) (Ho) (Ni) (Sn) (Zn)
Values| p |rho| p |rho| p |rho| p |rho| p |rho| p |rho| p |rho| p |rho
ABOB/| 0.125 |-0.40 | 0.004 | -0.68 | 0.015 | -0.60 | 0.564 | -0.16 | 0.191 | 0.34 | 0.557 | 0.16 | 0.516 | 0.18 | 0.072 | -0.46
AESP| 0.994 | 0.00 | 0.958 | 0.02 | 0.418 | 0.24 | 0.605 | -0.15 | 0.620 | 0.15 | 0.164 | 0.39 | 0.811 |-0.07 | 0.605 | 0.15
CBCR| 1.000 | 0.00 | 0.413 | -0.23 | 0.612 | 0.14 | 0.095 | 0.45 | 0.023 | -0.58 | 0.355 | 0.26 | 0.556 | -0.17 | 0.960 | -0.01
CBJB| 0.002 | 0.74 | 0.860 | 0.05 | 0.012 | 0.63 | 0.009 | -0.65 |<0.001 | -0.82 | 0.689 | 0.11 | 0.027 | -0.57 | 0.376 | 0.25
CBPP/| 0.032 | 0.51 | 0.278 |-0.27 | 0.197 | 0.32 | 0.219 | -0.30 | 0.791 | -0.07 | 0.269 | 0.28 | 0.641 | -0.12 | 0.358 | -0.23
CCNB/| 0.594 | 0.14 | 0.070 | -0.46 | 0.837 | -0.06 | <0.001| 0.81 | 0.557 | -0.16 | 0.116 | 0.41 | 0.872 | 0.04 | 0.333 | 0.26
CKBP/| 0.046 | -0.48 | <0.001 | -0.83 | 0.657 | -0.11 | 0.964 | 0.01 | 0.668 | -0.11 | 0.521 | 0.16 | 0.839 | -0.05 | 0.463 | -0.18
CLCL| 0.751 | -0.08 | 0.348 |-0.24 | 0.363 | 0.24 | 0.184 | 0.34 | 0.178 | 0.34 | 0.023 | 0.55 | 0.757 | 0.08 | 0.866 | 0.04
CLLC| 0.562 | 0.16 | 0.571 | 0.16 | 0.355 | 0.26 | 0.550 | 0.17 | 0.095 | 0.45 | 0.091 | 0.45 | 0.747 | -0.09 | 0.074 | 0.48
CLSJ| 0.072 | -0.45| 0.400 | -0.22 | 0.955 | -0.01 | 0.158 | 0.36 | 0.034 | 0.51 | 0.061 | 0.46 | 0.970 | 0.01 | 0.673 | 0.11
GBCR| 0.249 | 0.31 | 0.049 |-0.50 | 0.922 | -0.03 | 0.035 | 0.53 | 0.765 | 0.08 | 0.013 | 0.60 | 0.804 |-0.07 | 0.240 | -0.31
GBHR| 0.753 | 0.09 | 0.144 |-0.38 | 0.617 | -0.14 | 0.163 | 0.37 | 0.957 | 0.01 | <0.001 | 0.74 | 0.784 | 0.07 | 0.345 | -0.25
GBOB | <0.001| 0.76 | 0.079 |-0.47 | 0.048 | 0.52 | 0.483 | 0.20 | 0.334 |-0.27 | 0.666 |-0.12 | 0.014 |-0.62 | 0.001 | 0.76
GBTD| 0.548 | 0.16 | 0.020 |-0.56 | 0.715 | -0.10 | 0.794 | 0.07 | 0.833 | -0.06 | 0.025 | 0.54 | 0.562 |-0.15| 0.205 | 0.32
GBYC| 0.034 | 0.53 | 0.105 | -0.42 | 0.240 | 0.31 | 0.158 | 0.37 | 0.905 | 0.03 | 0.013 | 0.60 | 0.931 | -0.02 | 0.966 |-0.01
LMAC | 0.201 | -0.42 | 0.679 | 0.14 | 0.264 | 0.37 | 0.223 | 0.40 | 0.492 | -0.23 | 0.051 | 0.60 | 0.693 |-0.13 | 0.021 | 0.68
LMPI| 0.199 | -0.42| 0.137 |-0.48 | 0.170 | 0.45 | 0.272 | -0.36 | 0.030 | 0.65 | 0.002 | 0.82 | 0.157 |-0.46 | 0.958 | 0.02
LMSB| 0.349 | -0.23| 0.002 |-0.68 | 0.990 | 0.00 | 0.073 | 0.43 | 0.069 |-0.44 | 0.040 | 0.49 | 0.865 | 0.04 | 0.570 | 0.14
MBCB| 0.587 |-0.17 | 0.175 |-0.42 | 0.106 | -0.49 | 0.085 | 0.52 | 0.007 |-0.73 | 0.039 | 0.60 | 0.165 |-0.43 | 0.379 | -0.28
MBDR | 0.244 | 0.43 | 0.058 | -0.65| 0.170 | -0.50 | 0.898 | 0.05 | 0.139 | -0.53 | 0.244 | 0.43 | 0.539 | -0.24 | 0.042 | -0.68
MBGP| 0.110 | -0.41| 0.520 |-0.17 | 0.295 | 0.28 | 0.158 | 0.37 | 0.147 |-0.38 | 0.172 | 0.36 | 0.718 |-0.10 | 0.305 | 0.27
MSBB | 0.108 | -0.43 | 0.840 |-0.06 | 0.020 | 0.59 | 0.940 | -0.02 | 0.643 |-0.13 | 0.909 | 0.03 | 0.101 |-0.44 | 0.201 | 0.35
MSPB| 0.023 | -0.53 | 0.108 |-0.39 | 0.505 | -0.17 | 0.791 | 0.07 | 0.074 | -0.43 | 0.748 | 0.08 | 0.888 | -0.04 | 0.097 | -0.40
MSPC| 0.852 | -0.05| 0.105 |-0.41| 0.708 | 0.10 | 0.232 | 0.31 | 0413 | 0.21 | 0.178 | 0.34 | 0.431 | 0.20 | 0.374 | 0.23
NBNB| 0.015 |-0.58 | 0.005 | -0.65| <0.001 | 0.74 | 0.896 | -0.03 | 0.286 | -0.27 | 0.058 | 0.47 | <0.001 | -0.74 | 0.018 | 0.56
PBPH | 0.884 | 0.04 | 0.737 |-0.09 | 0.850 | -0.05 | 0.087 | 0.46 | 0.894 | 0.04 | 0.040 | 0.54 | 0.250 |-0.32 | 0.576 | 0.16
PBSP| 0.025 | 0.73 | 0.488 | -0.27 | 0.798 | -0.10 | 0.308 | 0.38 | 0.798 | 0.10 | 0.668 | 0.17 | 0.725 | -0.14 | 0.170 | -0.50
PCMP| 0.013 | 0.72 | 0.937 | 0.03 | 0.853 | 0.06 | 0.077 | -0.55 | 0.937 | 0.03 | 0.332 | 0.32 | 0.037 | -0.63 | 0.051 |-0.60
RBHC| 0.012 | -0.59 | 0.619 | 0.13 | 0.808 | 0.06 | 0.224 | 0.31 | 0.371 | -0.23 | 0.058 | 0.47 | 0.638 |-0.12 | 0.794 | 0.07
SAWB| 0.004 | 0.67 | 0.154 | 0.37 | 0.044 | 0.51 | 0.192 | -0.34 | 0.074 | 0.46 | 0.310 | 0.27 | 0.465 | -0.20 | 0.478 | -0.19
SLBB| 0.933 |-0.02 | 0.162 | 0.36 | 0.236 | 0.30 | 0.580 | -0.14 | 0.445 | 0.20 | 0.068 | 0.45 | 0.862 | -0.05| 0.680 | 0.11
SRWP| 0.747 | 0.20 | 0.037 |-0.90 | 0.624 | 0.30 | 0.624 | 0.30 | 0.747 | 0.20 | 0.505 | 0.40 | 0.718 |-0.22 | 0.624 | 0.30
TBCB| <0.001 | 0.75 | 0.101 |-0.41| 0.063 | -0.46 | 0.439 | 0.20 | 0.013 | -0.59 | <0.001 | 0.73 | 0.241 | 0.30 | 0.758 | -0.08
TBHB| 0.982 | -0.01| 0.366 | 0.26 | 0.004 | 0.71 | 0.110 | -0.45 | 0.487 |-0.20 | 0.197 | 0.37 | 0.586 |-0.16 | 0.692 | 0.12
TBKA| 0.081 | 0.46 | 0.771 | 0.08 | 0.050 | 0.51 | 0.226 | -0.33 | 0.198 | -0.35 | 0.010 | 0.64 | 0.003 |-0.71 | 0.830 | 0.06
TBLB| 0.715 | 0.10 | 0.343 | -0.25| 0.772 | 0.08 | 0.837 | -0.05 | 0.139 | -0.37 | 0.248 | 0.30 | 0.475 | -0.19 | 0.837 | -0.05
TBNP| 0.344 | -0.26 | 0.187 |-0.36 | 0.004 | 0.70 | 0.899 | -0.04 | 0.007 |-0.66 | 0.020 | 0.59 | 0.587 |-0.15| 0.398 | 0.24
TBOT| 0.079 | 0.47 | 0.550 |-0.17 | 0.017 | 0.60 | 0.869 | -0.05 | 0.011 | -0.64 | 0.081 | 0.46 | 0.361 |-0.25 | 0.550 | -0.17
VBSP| 0.963 | -0.01| 0.837 |-0.05| 0.660 | 0.12 | 0.593 | 0.14 | 0.574 | 0.15 | 0.081 | 0.44 | 0.533 | 0.16 | 0.680 | 0.11
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Appendix 4. 2017 metal tissue concentrations (ug/g dry weight) compared to site water salinity (ppt) con-

APPENDICES

Appendix 3. Statistical results from Spearman
Rank Correlations on regional trends.

Metals p-value rho
Arsenic (As) 0.537 0.13
Cadmium (Cd) 0.052 -0.39
Copper (Cu) 0.666 0.09
Lead (Pb) 0.968 -0.01
Mercury (Hg) 0.385 -0.18
Nickel (Ni) 0.248 0.24
Tin (Sn) 0.825 -0.05
Zinc (Zn) 0.870 0.03

centrations.
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