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ABSTRACT

In 2010, the Deepwater Horizon (DWH) oil spill, released 4.9 million barrels of
oil into the Gulf of Mexico, creating the largest marine oil spill in the history of the U.S.
petroleum industry. Trace metals, including those from crude oil, were dispersed in the
water column and bound to suspended particulates. As obligate filter-feeding omnivores
and a predominate fishery in the Gulf of Mexico, Gulf menhaden (Brevoortia patronus)
are susceptible to trace metal accumulation. Samples of menhaden were collected at two
locations in coastal Louisiana, Grand Isle (GI) and Vermillion Bay (VB), with VB
serving as the non-impacted DWH oil spill site and GI as the impacted DWH oil spill
site. The analysis of trace metals was performed using inductively coupled plasma-optic
emission spectroscopy (ICP-OES) methods. Eleven metals (As, Ba, Cd, Co, Cr, Cu, Fe,
Ni, Pb, Zn, V) were chosen and observed by four variables: place (VB or Gl), size (small
or large), month (July, August or September), and year (2011 or 2012) and the
interactions between the variables. Metal concentrations in the current study followed the
sequence: Fe >Zn > Ba > As >V > Cr > Cu > Ni > Pb > Co > Cd. Results showed that in
2011, VB had statistically higher concentrations than Gl for 9 of the 11 metals. Elevated
discharge rates during the Mississippi River Flood of 2011 produced a dilution effect,
decreasing the concentration of trace metals in the water column at GI. Size was also
significant, with small fish having statistically higher concentrations for 8 of the 11
metals. In fish, younger/smaller fish have higher metabolic activities than older/larger
fish, which leads to a higher metal accumulation in smaller fish. Arsenic was the only
metal that had higher concentrations in 2011 and in large fish. Differences in arsenic

trends may be attributed to the DWH oil spill, which may have caused reduced



adsorption of arsenic by the mineral goethite and increased concentrations of arsenic in
the water. Iron and zinc in the current study exceeded the FAO/WHO maximum

permissible limit.



1. INTRODUCTION

On April 20, 2010, the Mobile Offshore Drilling Unit Deepwater Horizon, located
45 miles southeast of Venice, Louisiana, exploded and caught fire (OSHA, 2011; US
Coast Guard, 2011). NOAA experts estimated a flow rate of 5,000 barrels per day (BPD)
leaked from the well, while other scientists estimated as high as 100,000 BPD (US Coast
Guard, 2011). For 87 days, over 4.9 million (4,928,100) barrels of oil were released into
the Gulf of Mexico (GOM) (Haycox, 2012; US Coast Guard, 2011). After various failed
attempts and many response factors, the Macondo well was capped and closed on July
15, 2010 (US Coast Guard, 2011). The Deepwater Horizon (DWH) oil spill incident
created the largest marine oil spill in the history of the petroleum industry and the worst
man-made environmental disaster in the United States (Haycox, 2012; Kornfeld, 2011,
McNutt et al., 2012).

The major constituents of crude oils are organic but also include trace
concentrations of inorganics or metals. Analyses have shown that arsenic, cobalt,
chromium, copper, nickel, lead, iron, vanadium, and zinc are consistently present in crude
oil, with quantities of each metal varying greatly (Erickson et al., 1954; Petroleum HPV,
2003) Trace metals are significant sources of environmental pollution. They are
abundant, easily dissolved in and moved by water, and quickly absorbed by aquatic
organisms (Hodson, 1988; Jezierska et al., 2009). Some trace metals are beneficial and
essential to fish; trace metals like copper, zinc and iron are required for fish metabolism
and must be taken up from water, food, or sediment. However, non-essential trace metals,
such as cadmium, lead, and mercury are also taken up and can accumulate in tissues

(Hodson, 1988; Canli and Atli, 2003). Accumulation of the metals depends on several



factors including, the form of the metal, exposure route, environmental conditions (water
temperature, pH, hardness, salinity), intrinsic factors (fish age, feeding habits), metal
concentration, and exposure period (Dallinger et al., 1987; Jezierska and Witeska, 2006).
Accumulation of trace metals in fish tissues is mainly dependent on water concentrations
of metals and exposure periods, but all factors play an important role (Canli and Atli,
2003).

The DWH spill affected living organisms, entire ecosystems, fisheries, and
livelihoods of fishermen (Upton, 2011; Kornfeld, 2011). Areas used for spawning,
nurseries, and growth were destroyed or covered with oil. Oil in estuaries where many
fish including menhaden spend their early life stages, can result in declined health,
reduced growth and reproduction, and changes in migration patterns. Similarly, oil
suspended in the water column can cause mortality in developing menhaden eggs as well
as death in plankton, the main food source for menhaden (Upton, 2011). In the United
States, the GOM is host to the largest amount of seafood by volume other than Alaska
(Upton, 2011). In 2008, the Gulf commercial fishery landings totaled 1.273 billion
pounds with a value of $697 million (NMFS, July 2010). The second largest commercial
species by value was menhaden at $64 million, with $45 million of that revenue coming
from the state of Louisiana (NOAA, 2010). The DWH oil spill negatively affected the
menhaden fishery in 2010, when menhaden landings in Louisiana decreased by 171
million pounds or 17 percent when compared to the same time period in 2009 (Upton,
2011).

Gulf menhaden, Brevoortia patronus, commonly known as bunker, mossback, or

pogy, are small fish found throughout the GOM, specifically from Sable, Florida to



Veracruz, Mexico (Lassuy, 1983; Reintjes, 1969; Franklin, 2007). Menhaden are
obligate, filter-feeding omnivores who swim with their mouths open while filtering
particulates within the water, including phytoplankton (Franklin, 2007; Vaughan et al.,
2007). Gulf menhaden do not migrate long distances but travel inshore during early
spring and offshore in late fall (Pristas et al., 1976; Ahrenholz, 1981). Spawning occurs
from October to March and peaks in December and January in offshore waters (Lewis
and Roithmayr, 1981). By way of currents, 3 to 5 week old larvae make their way to
estuaries and grow rapidly, transforming into juveniles (Christmas et al., 1982; Vaughan
et al., 2007). Juvenile gulf menhaden spend their first summer in deeper estuarine waters
before journeying into offshore waters in late fall and winter (Christmas et al., 1982). By
the spring months, gulf menhaden travel back to inshore waters where they swim in
dense schools near the surface (Vaughan et al., 2007). Menhaden oil is rich in Omega-3
fatty acids, an essential fatty acid that humans and all mammals must obtain through diet
(Simopoulous, 1991). Omega-3 fatty acids are beneficial to human health and have been
shown to reduce the risk of cardiovascular disease and hypertension, decrease stiffness
and joint pain associated with arthritis, reduce inflammation, help defend against
Alzheimer’s Disease and dementia, autoimmune disorders, and cancer (Simopoulos,
1991, Franklin, 2007).

Gulf menhaden are a fundamental part of Louisiana’s economy and human health.
In 2007, Louisiana led the harvest with 92 percent of the total commercial catch in the
United States (Vaughan et al., 2007). Gulf menhaden are also vital prey for several
commercial and recreational species of fish (Lassuy, 1983). Therefore, the monitoring of

gulf menhaden and their life cycle is essential. As filter feeders and a prey species, gulf



menhaden are an ideal species to evaluate the health of aquatic ecosystems. They have
been proven to be useful in monitoring the build-up of pollutants in the aquatic food
chain that can lead to adverse effects and death of aquatic organisms (Yousuf and El-

Shahawi, 1999; Farkas et al., 2002).



2. LITERATURE REVIEW
2.1 Gulf Menhaden (Brevoortia patronus)

Gulf menhaden, Brevoortia patronus, commonly known as bunker, mossback, or
pogy are small fish that belong to the Clupeidae family (Franklin, 2007). Gulf menhaden
are found throughout the Gulf of Mexico, but specifically from Sable, Florida to
Veracruz, Mexico (Lassuy, 1983; Reintjes, 1969). Menhaden are obligate filter-feeding
omnivores, meaning they swim with their mouths open and filter anything in the water in
front of them, such as phytoplankton, through gill rakers (Franklin, 2007; Vaughan et al.,
2007). The coloration of the gulf menhaden is excellent camouflage for the forage fish.
From above, gulf menhaden have a green-blue tint to help blend the gulf menhaden with
ocean waters (Franklin, 2007). From the side, their bodies appear silver with iridescent
scales, while their bellies are a lighter shade to help them fade with lighter tones of the
sky (Franklin, 2007; Lassuy, 1983). Like other members of the Clupeidae family, gulf
menhaden have a deeply forked tail and single dorsal and anal fin (Franklin, 2007).
However, there are several features that differentiate gulf menhaden from other fish. One
distinct identification feature is a black spot directly behind the gill covering, with
smaller spots following (Lassuy, 1983). Other characteristics unique to gulf menhaden
include a large head and the absence of teeth in juveniles and adults as stated by Reintjes
in 19609.

While gulf menhaden do not necessarily migrate long distances, they do travel
inshore during early spring and offshore in late fall (Pristas et al., 1976; Ahrenholz,
1981). Spawning occurs from October to March, but peaks in December and January in

offshore waters (Lewis and Roithmayr, 1981). Once laid, the eggs float near the surface



and drift defenselessly with currents (Lassuy, 1983; Vaughan et al., 2007). Within 48
hours, at 15°C, the eggs hatch (Lassuy, 1983). By way of currents, 3 to 5 week old larvae
make their way to estuaries and grow rapidly transforming into juveniles (Christmas et

al., 1982; Vaughan et al., 2007) (Figure 2.1).
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Figure 2.1 Developmental stages of gulf menhaden at specified lengths
Source: Hettler (1984)

Juvenile gulf menhaden spend their first summer in deeper estuarine waters before

journeying into offshore waters in late fall and winter (Christmas et al., 1982). By the



spring months gulf menhaden travel back to inshore waters, where they swim in dense

schools near the surface (Vaughan et al., 2007) (Figure 2.2).
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Figure 2.2 Conceptual life history model for gulf menhaden
Source: Christmas et al., (1982)

While gulf menhaden can live up to 5 years of age, most only make it to 3 years of age

with an average length of 207 millimeters and weight of 190 grams (Nicholson, 1978; ).



The gulf menhaden fishery began in the 1800’s, but records were not kept until
World War 1l (Nicholson, 1978; VanderKooy and Smith, 2002). Peak landings occurred
during the mid-1980s, with 982,000 metric tons of gulf menhaden being landed in 1984
(VanderKooy and Smith, 2002; NMFS, unpublished data) (Appendix A). In 2004, the
gulf menhaden fishery was the second largest, by weight, in the United States, totaling
468,736 metric tons landed annually (NMFS, 2005; Vaughan et al., 2007). In 2007,
Vaughan, Shertzer, & Smith determined that Louisiana lead the harvest with 92 percent
of the total catch coming from their coastline. The National Marine Fisheries Service’s
(2012) most recent forecast for gulf menhaden show that in 2011, 613,261 metric tons
were landed, a 62 percent increase from 2010 (Figure 2.3). Smaller landings are
attributed to the decrease in effort, vessels, and plants operating in the Gulf of Mexico

(VanderKooy and Smith, 2002).

2007 =—12008 2009 === 2010

120

o AN
VN

thousands of metric tons

Apr May Jun Jul Aug Sep Oect

Figure 2.3 Gulf menhaden landings by month from 2007 to 2011
Source: National Marine Fisheries Service (2012)



The gulf menhaden fishery is one of the highest monitored fisheries, regulated by
interstate agreement through the Gulf States Marine Fisheries Commission (VanderKooy
and Smith, 2002). The gulf menhaden fishery season is specifically outlined to a 28-week
period, beginning the third Monday in April through November 1 (Vaughan et al., 2007).
In several states, boats using purse-seine nets dominate the gulf menhaden landing. The
process begins with the help of a spotter pilot who sights a school of menhaden and
directs the vessels toward the fish (NMFS, 2012). Once near the fish, two boats that are
sharing a purse seine net begin to move in opposite directions. While moving, they throw
out the net and surround the menhaden (Franklin, 2007). The top of the net has floats to
keep it near the surface, whereas the bottom has weights to keep it beneath the school of
menhaden (Franklin, 2007). The net contains rings along the bottom with a line running
through them called a purse-line. Once a circle has been formed, the purse-line is pulled
and all rings pull toward one another, trapping the fish (Franklin, 2007). The use of
purse-seine nets for menhaden landing have been banned since 1995 and 2003 in Florida
and Alabama, respectively; however, the nets are still legal and currently used in
Mississippi, Louisiana and Texas (VanderKooy and Smith, 2002).

After the fish are confined and brought onboard, the vessels return to menhaden
processing factories (Franklin, 2007). Today, four menhaden reduction factories are
active along the Gulf coast with one in Moss Point, Mississippi and three in Louisiana -
Empire, Abbeville, and Cameron (NMFS, 2012). There are two options when the
menhaden arrive at the processing facility: reduction or bait (VanderKooy and Smith,
2002). In 2002, VanderKooy and Smith stated that, “the reduction fishery greatly

overshadowed bait landing with highest totals of 982,000 metric tons (1984) for



reduction compared to 17.3 metric tons for bait (1987).” However, menhaden are still an
important bait fish for fishermen (Hale et al., 1991). Reduction of menhaden will
generate three products: fishmeal, fish oil and condensed fish solubles (VanderKooy and
Smith, 2002). Fishmeal is an important ingredient in pet food, animal food, and
aquaculture (Lassuy, 1983). In animal food, fishmeal is valuable due to its high protein
content and is used to yield maximum growth rates and increase feed effectiveness in the
poultry industry (VanderKooy and Smith, 2002).

Aquaculture feeds represent a developing market for fishmeal (Hale et al., 1991).
Other uses of aquaculture feed include: 1) the potential use of menhaden hydrolysate as a
milk replacer for calf feeding (Hale and Bauersfeld, 1978), 2) the application of
menhaden hydrolysates as fish peptones for the culture of microorganisms (Green et al.,
1973), 3) use of menhaden as a component in intermediate-moisture pet foods (Rasekh et
al., 1976), and 4) diluted menhaden solubles for use as an emulsion fertilizer for house
plants and agricultural crops (Aung et al., 1984).

Marine oils constitute just over 2 percent of the world production of fats and oils
(Hale et al., 1991). In 1989, menhaden oil production was 0.10 million tons or $23.2
million in value (NMFS, 1990). Menhaden oil accounted for 97 percent of total fish oil
production in the United States. The amount of menhaden oil produced each year varies
due to natural variations in the abundance of stocks and the oil content of menhaden. The
average annual menhaden oil production for the 10-year period of 1980-89 was 0.132
million tons (Hale et al., 1991; VVanderKooy and Smith, 2002; NMFS, unpublished data)
(Appendix B). Almost all menhaden oil is exported and competes in the internal

marketplace, due to the past ban of menhaden oil being used for general use in foods in
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the U.S. by the FDA (VanderKooy and Smith, 2002). In 1998, the United States exported
88 percent of total production of fish oil, with four countries receiving 91 percent of the
total exports: Netherlands, Canada, Japan, and Norway (USDOC, 1999; VanderKooy and
Smith, 2002) (Appendix C).

Menhaden oil has been incorporated into edible products in Europe for years and
has recently been approved for use in the United States (VanderKooy and Smith, 2002).
In 1997, the FDA affirmed that menhaden oil was generally recognized as safe (GRAS)
as a direct human food ingredient with specific limitations (Substances Affirmed as
GRAS: Menhaden Oil, 1997; VanderKooy and Smith, 2002). To produce menhaden oil,
the entire fish is cooked at 96°C for 8 to 10 minutes in a steam cooker. This allows the
protein to coagulate and rupture the fat cells. Next, the cooked fish is pressed and the
liquid is centrifuged to divide the oil and aqueous phases (Substances Affirmed as
GRAS: Menhaden Qil, 1997; VanderKooy and Smith, 2002; Menhaden Oil, 2009). The
crude oil must then be refined further for human consumption. The process begins when
the crude oil is chilled and the solid fraction is filtered, a step called winterization.
Following winterization, the free fatty acids are neutralized and removed by alkalai
refining. The final steps include bleaching to reduce the color and deodorization to
remove the odor causing bodies (Substances Affirmed as GRAS: Menhaden Qil, 1997,
ENVIRON, 1999; Menhaden Oil, 2009) (Appendix D). Once refined, the oil is blended
with other fats for cooking oils, shortening, margarine and other products (Dubrow et al.,
1976; VanderKooy and Smith, 2002; Menhaden Oil, 2009) (Table 2.1). Menhaden oil is
also used in other products such as paints, plastics, resins, cosmetics and fertilizers

(VanderKooy and Smith, 2002). Because of its special properties, some menhaden oil is
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still sold in the United States for certain industrial applications. Some of the industrial
products containing menhaden oil include: protective coatings, lubricants, printing inks,
carriers of insecticides, caulks and sealants, surfactants, plasticizers, and leather treatment
agents (VanderKooy and Smith, 2002).

Table 2.1 Maximum level of menhaden oil in food as served

Source: modified from Menhaden Oil (2009)

Maximum Level

Category of Food of Use in Food
(as Served)
Baked goods, baking mixes 5.0 percent
Cereals 4.0 percent
Cheese products 5.0 percent
Chewing gums 3.0 percent
Condiments 5.0 percent
Confections, frostings 5.0 percent
Dairy product analogs 5.0 percent
Egg products 5.0 percent
Fats, oils, but not in infant formula 12.0 percent
Fish products 5.0 percent
Frozen dairy desserts 5.0 percent
Gelatins, puddings 1.0 percent
Gravies, sauces 5.0 percent
Hard candy 10.0 percent
Jams, jellies 7.0 percent
Meat products 5.0 percent
Milk products 5.0 percent
Nonalcoholic beverages 0.5 percent
Nut products 5.0 percent
Pastas 2.0 percent
Plant protein 5.0 percent
Poultry products 3.0 percent
Processed fruit juices 1.0 percent
Processed vegetable juices 1.0 percent
Snack foods 5.0 percent
Soft candy 4.0 percent
Soup mixes 3.0 percent
Sugar substitutes 10.0 percent
Sweet sauces, toppings, syrups 5.0 percent
White granulated sugar 4.0 percent

Menhaden oil consists mainly of triglycerides, which are esters of glycerol and

fatty acids with chains of 14 to 22 carbon atoms and small amounts of monoglycerides
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and diglycerides (ENVIRON, 1999). Menhaden oil is different than edible vegetable oils
and animals fats due to its high proportion of polyunsaturated fatty acids with 4, 5 and 6
double bonds (about 25 percent by weight). These polyunsaturated fatty acids in
menhaden are C18:4 (2.3 percent), C20:4 (2.0 percent), C20:5 (13.1 percent), C22:5 (2.5
percent) and C22:6 (6.7 percent). (The first number refers to the total number of carbon
atoms in the fatty acid; the second number refers to the total number of double bonds)
(Substances Affirmed as GRAS: Menhaden Oil, 1997). Menhaden oil is also comprised
of about 33 percent saturated fatty acids and 31 percent monounsaturated fatty acids
(Substances Affirmed as GRAS: Menhaden Oil, 1997; ENVIRON, 1999).
Eicosapentaenoic acid or EPA (C20:5) and docosahexaenoic acid or DHA (C22:6) are the
major sources of omega-3 (w3) fatty acids in menhaden oil. Menhaden oil is rich in ®3
fatty acids, an essential fatty acid that humans, and all mammals, cannot make and must
obtain through diet (Simopoulous, 1991).

Omega-3 fatty acids are beneficial in many ways to human health and have been
shown to reduce the risk of cardiovascular disease (CVD) and hypertension, decrease
stiffness and joint pain associated with arthritis, reduce inflammation, help defend against
Alzheimer’s Disease and dementia, autoimmune disorders, and cancer (Simopoulos,
1991, Franklin, 2007; Glick and Fischer, 2013) . Evidence from the National Heart, Lung
and Blood Institute study, suggests that the daily dietary intake of 0.5 to 1.0 grams of
long chain w3 fatty acids per day reduces the risk of cardiovascular death in middle-aged
American men by about 40 percent. Atherosclerosis, which is associated with
cardiovascular disease, is a condition where artery walls become clogged (Sperling et al.,

1987; Jump et al., 2012). Omega-3 fatty acids have been shown to aid with
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atherosclerosis by inhibiting the production of platelet activating factor (PAF). PAF
activates platelets, which in turn leads to atherosclerosis (Sperling et al., 1987;
Simopoulous, 1991) (Table 2.2). In clinical trials, EPA and DHA, in the form of fish oil
along with antirheumatic drugs was shown to improve joint pain in patients with
rheumatoid arthritis (Kremer et al., 1989; Robinson and Kremer, 1991; Goldberg and
Katz, 2007).

Table 2.2 The effects dietary 3 fatty acids have on the factors and mechanisms

involved in the development of inflammation, atherosclerosis, and immune diseases
Source: modified from Simopoulous (1991); Simopoulous et al. (1991)

Reduce or inhibit risk and/or precipitating factors

Arachidonic acid
Platelet aggregation
Thromboxane A, formation
Monocyte and/or macrophage function
Leukotriene formation (LTB,)
Formation of platelet activating factor (PAF)
Toxic oxygen metabolites
Interleukin 1 formation (IL-1)
Formation of tumor necrosis factor (TNF)
Platelet-derived growth factor-like protein (PDGF)
Intimal hyperplasia
Blood pressure and/or blood pressure response
Very-low density and low-density lipoproteins (VLDL, LDL)
Triglycerides
Lipoprotein (a) [Lp(a)]
Fibrinogen
Blood viscosity

Increase beneficial and/or protective factors

Prostacyclin formation (PGl; + PGl3)
Leukotriene B; (LTB3)
Interleukin 2 (1L-2)
Endothelial-derived relaxing factor (EDRF)
Fibrinolytic activity
Red-cell deformability
High-density lipoprotein (HDL)

The anti-inflammatory effects of o3 fatty acids function by inhibiting the 5-

lipoxygenase pathway, the source for proinflammatory leukotrienes, in neutrophils and
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monocytes and inhibiting the leukotriene B, (LTB,), whose function is to promote
inflammation (Lee et al., 1985; Kremer et al., 1987; Afman and Muller, 2012). For
diseases associated with inflammation, such as asthma and ulcerative colitis, ®3 fatty
acids are potential therapeutic agents (Simopoulos, 1991; Goldberg and Katz, 2007).
Omega-3 fatty acids were also shown to successfully benefit patients with psoriasis.
When used in combination with etretinates, it effectively lowered the hyperlipidemia
caused by that drug and decreased the nephrotoxicity of cyclosporine, a side effect
(Allen, 1991). Analysis of brain cortical regions displayed that patients with Alzheimer
disease or mild cognitive impairment displayed 14 percent lower DHA in the mid-frontal
cortex and 12 percent lower in superior temporal cortex (Tan et al., 2012). It was found
that DHA (900 mg/day) resulted in improved-verbal recognition-memory scores;
however not on working memory or executive function (Yurko-Mauro et al., 2010). In
cancer studies, results have consistently shown that o3 fatty acids delayed tumor
appearance and decreased both the rate of growth and the size and number of tumors
(Fernandes and Venkatraman, 1991; Cave, 1991; Greene et al., 2011). Furthermore, it
was shown that 3 fatty acids decreased PGE, production, which is overproduced in
tumors and aids in the progression of cancer by promoting angiogenesis and metastasis
(Karmali, 1989). In other studies containing human breast-cancer cells in nude mice, it
was shown that mice fed ®3 fatty acids had less pulmonary metastases, reduced serum
estrogen and prolactin concentrations, less PGE; in the tumor, and reduced c-myc
oncogene mMRNA concentrations in the tumor-tissue cells (Fernandes and Venkatraman,
1991). Based upon clear evidence, it is evident that DHA is essential for the normal

functional development of the retina and brain, predominantly in premature infants
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(Bazan, 1989; Martinez, 1989). A new area for 3 fatty acids is developing as scientists
look at the effects of adding w3 fatty acids to drug treatments, which may have a
synergistic effect (increasing the effects of drugs) or decreasing their toxicity
(Simopoulos, 1991).

Omega-3 fatty acids are an important part of the human diet and health. For this
reason, the following recommendations were made by scientists: 1) omega-3 fatty acids
should be included in all infant formula and diets of pregnant women, premature infants,
full-term infants, children, young adults and elderly adults for normal growth,
development and overall human health (Martinez, 1989; Simopoulous, 1991; Brenna and
Diau, 2007), 2) increased intake of fish or fish oils may be necessary over and above the
amount determined for their essentiality, particularly in those who have a family history
or other evidence of susceptibility to coronary heart disease, hypertension, arthritis,
psoriasis, and cancer (Simopoulous, 1991; Mozaffarian and Wu, 2012), and 3) omega-3
fatty acids are potentially valuable as additional treatment to some diseases
(Simopoulous, 1991).

Overall, gulf menhaden are a fundamental part of Louisiana’s economy and
human health. The gulf menhaden fishery is largest in the Gulf of Mexico with 420,706
metric tons being brought in annually (VanderKooy and Smith, 2002). This fishery
provides many jobs and brings commerce into Louisiana. Gulf menhaden are also vital
prey for several commercial and recreational species of fish (Lassuy, 1983). Furthermore,
gulf menhaden oil is beneficial to human health. Therefore, the monitoring of gulf

menhaden and their life cycle is essential.
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2.2 Deepwater Horizon Oil Spill

On the evening of April 20, 2010, the Mobile Offshore Drilling Unit Deepwater
Horizon, located 45 miles southeast of Venice, Louisiana, exploded and caught fire
(OSHA, 2011; US Coast Guard, 2011). The fire continued to burn fiercely for 36 hours,
until the Deepwater Horizon rig sank on April 22, 2010 (US Coast Guard, 2011). As the
rig sank, it dragged the underwater riser, a pipe that carries oil from the well head to the
rig, 5,000 feet below the ocean’s surface to the ocean floor (US Coast Guard, 2011). The
riser bent and twisted as it fell, and resulted in subsea leaks from three locations in the
bent riser (OSHA, 2011). NOAA experts estimated a flow rate of 5,000 barrels per day
(BPD) leaked from the well, while other scientists estimated as high as 100,000 BPD (US
Coast Guard, 2011). For 87 days, over 4.9 million (4,928,100) barrels of oil were released
into the Gulf of Mexico (Haycox, 2012; US Coast Guard, 2011). After various failed
attempts and many response factors, the Macondo well was capped and closed on July
15, 2010 (US Coast Guard, 2011). Analysts and experts maintain that the Deepwater
Horizon (DWH) oil spill was avoidable, with the National Commission stating, “The
Deepwater Horizon blowout, explosion and oil spill did not have to happen,” in the final
report to the president on January 11, 2011 (Haycox, 2012). This incident created the
largest marine oil spill in the history of the petroleum industry and the worst man-made
environmental disaster in the United States (Haycox, 2012; Kornfeld, 2011; McNutt et
al., 2012).

The DWH spill affected living organisms, entire ecosystems, fisheries and
livelihoods of fishermen (Upton, 2011; Kornfeld, 2011). Areas used for spawning,

nurseries, and growth were destroyed or covered with oil. Having oil in estuaries, where
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many fish, including menhaden, spend their early life stages, can result in declined
overall health, reduced growth and reproduction and changes in migration pattern.
Similarly, having oil suspended in the water column can cause mortality of plankton, a
food source for menhaden, and eggs (Upton, 2011). The DWH spill not only affected
individual fish species, but also other species due to ecological interactions. Immediate
damages occurred when 12 days following the explosion and spill, NOAA closed 6,817
square miles of federal and state waters to fishing to ensure seafood safety (Upton, 2011).
However, greater damages were yet to come when 88,522 square miles or nearly 37
percent of federal waters in the Gulf of Mexico were closed to fishing by June 2, 2012
(Upton, 2011). Teams of analysts also found that 1,053 total linear miles of shoreline
were oiled (Upton, 2011). In the United States, the Gulf area produces the greatest
amount of seafood by volume, other than Alaska (Upton, 2011). In 2008, the Gulf
commercial fishery landings totaled 1,273 million pounds with a value of $697 million
(NMFS, July 2010). The second largest commercial species by value was menhaden at
$64 million, with $45 million of that revenue coming from Louisiana (NOAA, 2010)
(Table 2.3). The DWH spill has negatively affected the menhaden fishery of 2010, when
menhaden landings in Louisiana decreased by 171 million pounds or 17 percent when
compared to the exact same time period in 2009 (Upton, 2011).

Other than fisheries, livelihoods were also affected. Upton states that, “The Gulf
states supported over 213,000 full and part-time jobs with related income impacts of $5.5
billion” (NMFS, April 2010). Without commercial fishing waters open, fishermen were
unable to harvest seafood. Not only did fishermen lose earnings, processors, distributors

and buyers also suffered. Many distributors were forced to sell alternative products from
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other areas. Many suppliers from the Gulf region became worried that recovering
markets would be challenging to restore (Upton, 2011).
Table 2.3 Commercial landings and revenue (in thousands) for major species in the Gulf

of Mexico region by state
Source: modified from NOAA, 2010; NMFS, July 2010

State Total Landings Revenue for Major
and Revenue Commercial Species
Landings | Revenue Shrimp | Menhaden | Oysters g’:l;g
West 58,643 | $162,182 | $23,265 $15 $5473 | $3,300
Alabama | 24534 | $44,234 | $38,355 $59 $243 $1,533
Mississippi | 201,822 | $43,697 | $17,146 | $18534 | $6,869 $ 447
Louisiana | 915,956 | $272,857 | $130,623 | $45,768 | $38,852 | $32,185
Texas 72,469 | $174,621 | $157,182 0 $8835 | $2341
Totals | 1,273,424 | $697,501 | $366,571 | $64,376 | $60,272 | $ 39,806

Another major concern was consumer trust in Gulf seafood. A study, conducted by the
marketing research company MRops, found that of the people polled 70 percent of buyers
had some level of apprehension about the safety of seafood from the Gulf of Mexico.
Furthermore, 23 percent decreased their intake following the DWH spill (Upton 2011,
McGill 2011). A protocol was put in place by the FDA, NOAA and coastal states to
determine if areas were able to be re-opened to fishing. The protocol included samples of
species passing sensory and chemical analyses to guarantee the seafood was safe for
human consumption (Upton, 2011; Ylitalo et al., 2012). The sensory portion entailed an
expert panel inspecting the edible portions of the samples for oil and dispersants by odor
and taste (Upton, 2011). Once all the samples for a given area passed the sensory test,
chemical analysis was performed on additional samples to check for polycyclic aromatic
hydrocarbons (PAHS) and dispersants. If a sample from an area passed both tests, the area
was deemed safe for fishing and could be re-opened. However, some have critiqued the

protocol by saying the number of toxic substances being tested was too small and the
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setting of PAH levels of concern should have included further factors (Marshall, 2010).
In a congressional testimony on August 19, 2010 FDA officials said:

To date all samples have passed sensory testing for oil or dispersants and, as with

the surveillance sampling, the results of all chemical analyses have shown PAH

levels well below the levels of concern, usually by a factor of 100 to 1,000 below

those levels, essentially at the same level as were seen before the spill (U.S.

Congress, House Committee on Energy and Commerce, Subcommittee on Energy

and Environment, 2010).
While immediate damages and injuries were alarming, perhaps long-term harm was of
greater concern. Another alarming factor was that while seafood samples were being
tested for PAHs, they were not being tested for trace metals.
2.3 Crude Oil and Trace Metals

The petroleum industry dates back to the 1800s when crude oil and tar were first
used for waterproofing and medical purposes. Then in the 1850s, when it was discovered
that crude petroleum could be distilled to make kerosene for lighting, the industry began
to expand. The requirement for gasoline and diesel fuel, thanks to the creation of the
internal combustion engine, helped to establish the petroleum business (Petroleum HPV,
2003). Crude oils are formed over millions of years when the remains of tiny marine
plants and animals descend to the sea floor, and become submerged with mud and silt.
Layers upon layers build upon one another, resulting in high pressures and temperature
on the remains. This causes a chemical transformation to hydrocarbons and other crude
oil components (Petroleum HPV, 2003).

Crude oil is a combination of several compounds, typically four key hydrocarbon
groups; saturates, aromatics, asphlatenes and NSO compounds. Saturates are

hydrocarbons made up of straight chains of carbon atoms. Aromatics are hydrocarbons

made up of rings of carbon. Asphlatenes are compound polycyclic hydrocarbons that
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encompass complex carbon rings; while NSO compounds are generally nitrogen, sulfur
and oxygen (Hardaway et al., 2004). The saturate fraction is the largest for most crude
oils and is composed of two subgroups: paraffins, simple straight-chain hydrocarbon
groups, and isoprenoids, hydrocarbon chains with branches (Hardaway et al., 2004).
While the major constituents of crude oils are organic, there are trace concentrations of
inorganics or metals. These metals and inorganic elements range from subparts per
billion (ppb) to tens and hundreds of parts per million (ppm) (Hardaway et al., 2004).
Analyses have shown that cobalt, chromium, copper, nickel, lead, iron, vanadium and
zinc are consistently present in crude oil, with quantities of each metal varying greatly
(Erickson et al., 1954; Petroleum HPV, 2003). However, studies have shown that nickel
and vanadium are the most abundant (Erickson et al., 1954; Hardaway et al., 2004). A
study performed by Marathon Ashland Petroleum LLC in 1994, showed levels of nickel
and vanadium were 7.7 and 11.0 ppm, respectively, in a high quality Light Louisiana
Sweet Crude (Petroleum HPV, 2003). Even though some of these metals are removed
during the refining process, these metals can enter the environment through accidental
spills, such as the DWH spill (Petroleum HPV, 2003; Hardaway et al., 2004).
2.4 Trace Metals in Fish

Trace metals are significant sources of environmental pollution. They are
abundant, easily dissolved in and moved by water, quickly absorbed by aquatic
organisms, and tightly bound by sulfhydryl groups of proteins (Hodson, 1988; Jezierska
et al., 2009). Some trace metals are beneficial and essential to fish. For example, trace
metals like copper, zinc and iron are required for fish metabolism and must be taken up

from water, food or sediment. However, non-essential trace metals, such as cadmium,
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lead and mercury are also taken up and can accumulate in their tissues (Hodson, 1988;
Canli and Atli, 2003). Accumulation of the metals depends on several factors: form of
metal, exposure route, environmental conditions (water temperature, pH, hardness,
salinity), intrinsic factors (fish age, feeding habits), metal concentration, and exposure
period (Dallinger et al., 1987; Jezierska and Witeska, 2006). While some studies have
shown that accumulation of trace metals in fish tissues is mainly dependent on water
concentrations of metals and exposure periods, all factors play an important role (Canli
and Atli, 2003). In fish tissue metal concentrations follow the ranking: Fe > Zn > Pb >
Cu > Cd > Hg. Levels of zinc can be very high with over 300 pg/g d. w., while cadmium
is accumulated in low amounts, below 1 pg/g d. w. (Jezierska and Witeska, 2006).

The form of the metal during exposure can greatly alter where metals accumulate
and how quickly or harmful the metal will be to the fish (Dallinger et al., 1987; Jerzierska
and Witeska, 2006). Metals exist in water as one of two forms, particulate or soluble. The
soluble form consists of unbound and bound fractions. The unbound metal compounds
are the most toxic to fish and contain several ionic forms of different accessibility to fish
(Jezierska and Witeska, 2006). For metal concentration, generally the higher the metal
concentration in the water, the more metals are taken up and accumulated by the fish. The
relationship between body metal level and waterborne concentration is only related if the
metal is taken up by the fish from the water. This relationship is not certain if the source
of metal is from food (Jezierska and Witeska, 2006).

Metals can enter a fish’s body in three routes: the body surface, the gills and the
digestive tract (Dallinger et al., 1987; Jezierska and Witeska, 2006). The uptake of trace

metals through the skin needs more examination; however, it is expected that the body
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surface of the fish is resistant to harmful substances in the surrounding water (Dallinger
et al., 1987). Several studies have reported that mucus secretion may inhibit trace metals
from entering the body of fish (VVaranasi and Markey, 1978; Lock and Van Overbeeke,
1981; Eddy and Fraser, 1982; Part and Lock, 1983). The gills of fish play a key role in
the uptake of trace metals. Gills are the main organs of gas exchange and are a vital site
for the uptake of essential and non-essential metal ions from the water (Chartier, 1974;
Fenwick and So, 1974; Dallinger et al., 1987). In an experiment performed by Pé&rt and
Svanberg (1981), it was revealed that cadmium is taken up by perfused gills of rainbow
trout and that a substantial uptake happens immediately after exposure. Once absorbed in
the gills, the metals are spread throughout the whole body, accumulating in specific
organs (Dallinger et al., 1987). Trace metals have also been shown to induce harmful
changes in gill morphology (Baker, 1969; Skidmore, 1970; Van der Putte et al., 1981,
Karlsson-Norrgren et al., 1985). Metals enter the digestive tract of fish when suspended
matter, sediments and organisms serving as food sources are contaminated with trace
metals (Dallinger et al., 1987). Pollution of aquatic systems has led to metal
contamination of the food for several fish species (Hardistry et al., 1974; Prosi, 1983;
Anderson et al., 1978; Heyraud and Cherry, 1979; Van Hassel et al., 1980).

There are several environmental conditions that can modify the uptake and
accumulation of trace metals in fish. Water temperature has shown to increase the rate of
uptake of certain metals with increasing water temperature (Jezierska and Witeska,
2006). Kock et al. (1996) indicated that Salvelinus alpinus, or Arctic char, higher uptake
rates of cadmium and lead occurred during the summer when water temperature was

higher. Furthermore, it was presented by Douben (1989b) that the rate of uptake and

23



elimination of cadmium by Noemacheilus barbatulus increased with water temperature,
with a stronger effect on absorption than on elimination. Water temperature can also
cause differences in where the metals accumulate in the fish (Jezierska and Witeska,
2006). Yang and Chen (1996) demonstrated that higher water temperatures stimulate
accumulation of cadmium in the kidneys and liver. The reason for increased
accumulation of metals by fish at higher temperatures is most likely due to a higher
metabolic rate, resulting in a higher rate of metal uptake and binding (Jezierska and
Witeska, 2006).

Water acidification or pH is another environmental condition that affects metal
accumulation rates in fish (Jezierska and Witeska, 2006). Data comparing concentrations
of cadmium, lead and zinc in fish from various lakes, indicated that fish from acidified
lakes had significantly higher levels of cadmium and lead, but not zinc (Haines and
Brumbaugh, 1994). Jezierska and Witeska (2006) stated, “we may conclude that water
acidification affects bioaccumulation of metals by the fish in an indirect way, by
changing solubility of metal compounds or directly, due to damage of epithelia which
become more permeable to metals, and on the other hand, competitive uptake of H* ions
may inhibit metal absorption.”

Water hardness (primarily calcium concentration) affects the uptake of metals in
fish, mainly in the gill epithelium (Jezierska and Witeska, 2006). Several studies have
reported that water enhanced with calcium led to a reduced copper accumulation in the
gills of fish (Playle et al., 1992). Baldisserotto et al. (2005) indicated that fish were
protected against dietary and waterborne cadmium uptake due to an elevated diet in Ca?".

In 2000, Barron and Albeke reported that zinc uptake in Oncorhynchus mykiss, or
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rainbow trout, was reduced by calcium. Calcium competing with other metals for binding
sites on the gill surface may be an explanation as to why calcium reduces the uptake of
metals in fish and was presented by Pagenkopf (1983).

Like water hardness, salinity also decreases the uptake and accumulation of
metals by fish (Jezierska and Witeska, 2006). A study performed with Platichthys flessus,
showed that the fish that adapted to seawater displayed lower copper concentration than
those adapted to freshwater (Stagg and Shuttleworth, 1982). Consistent with that study,
Somero et al. (1977) reported that the rate of lead accumulation by Gillichthys mirabilis
was inversely proportional to the salinity of the medium.

Intrinsic factors such as age of the fish and feeding habits can considerably
change the amount of metal that is accumulated or taken up by the fish (Jezierska and
Witeska, 2006). For example, predatory fish species were shown to accumulate more
mercury than benthivores. Kidwell et al. (1995) reported that benthivores contained more
cadmium and zinc (Kidwell et al., 1995; Voigt 2004). Similarly, Ney and Van Hassel
(1983) found that lead and zinc levels were higher in benthic fish. Metal accumulation
can differ between species in the same water body due to living and feeding habits
(Jezierska and Witeska, 2006).

Age and size of the fish also play an important role in accumulation and tissue
concentrations (Jezierska and Witeska, 2006). Tissue concentrations for most metals
(except mercury) are typically inversely related to the age and size of the fish (Jezierska
and Witeska, 2006). According to De Wet et al. (1994) measurements of bioaccumulation
of iron, manganese, zinc, copper, nickel and lead by Pseudocrenilabrus philander

exhibited an inverse relationship between metal concentrations and body mass of the fish.
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An inverse relationship between the age of the fish and metal concentrations were found
in two similar studies, with lead by Allen-Gill and Martynov (1995) and with zinc, lead,
cadmium and nickel by Ney and Van Hassel (1983). The youngest fish displayed the
highest concentrations of metals, with zinc having the greatest differences (Jezierska and
Witeska, 2006). Furthermore, Canli and Atli (2003) indicated negative relationships
between fish length and metal concentrations for chromium, lead and copper.
2.5 Trace Metal Effects on Early Development

Waters that are polluted with trace metals can affect physiological processes in
fish, including breeding and development, which can cause a reduction of offspring
quantity and quality. Early developmental stages, such as the formation of eggs,
hatching, larval development and juvenile growth are especially sensitive to water
pollution (Heath, 1987; Jezierska et al., 2009). Exposure to metals during spawning has
been shown to result in contamination of eggs and sperm, and negatively affect fish
fertility and embryonic development (Jezierska et al., 2009) (Table 2.4). Miller et al.
(1992) observed that white sucker, Catostomus commersoni, from polluted water
exhibited higher concentrations of copper and zinc in the testes and ovaries than fish from
non-polluted sites. In a laboratory study, Allen (1995) exposed Oreochromis aureus to
cadmium and lead for a week. The results showed metal deposition in the testes and
ovaries, with the ovaries having higher concentrations of metals, specifically cadmium.
Other studies have indicated that metals may also affect spermatozoa motility time,
which is crucial for successful fertilization (Jezierska et al., 2009). Sarnowska et al.
(1997) reported a concentration-related decrease in motility time of Ctenopharyngodon

idella spermatozoa when exposed to copper and lead.
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Table 2.4 The effects of metals on early stages of fish development
Source: modified from Jezierska et al. (2009)

The effects of trace metals during various stages of fish
embryonic development

l. Swelling, cleavage, blastula, gastrulation
¢ Reduced swelling (reduced space for developing embryo)
e Abnormal cleavage, blastula malformation
¢ Malformation of embryos
o Death of embryos
1. Organogenesis
e Reduced metabolic rate, and development rate
¢ Disturbed organogenesis
¢ Malformation of embryos
o Death of embryos
1. Hatching
¢ Inhibited hatching gland development
Altered hatching rate (premature or delayed hatching)
Malformation of embryos
Death of unhatched embryos
Death of newly hatched larvae
Conseguences
Reduced hatchability
Increased in abnormality of newly hatched larvae
Reduced body size of larvae
Reduced survival of larvae

Trace metals affect various stages during embryonic development, including
swelling, cleavage, blastula, and gastrulation (Jezierska et al., 2009). During embryonic
development, fish eggs swell because the perivitelline space, containing a colloidal
suspension of protein secreted by the vitelline membrane, causes water absorption
(Peterson and Martin-Robichaud, 1982). Metal ions are able to enter into the egg and
change chorion structure and permeability when the egg shell is still highly permeable
(Jezierska et al., 2009). Studies performed by Jezierska et al. (2009) on Cyprinus carpio
eggs found that copper, cadmium, and lead reduced swelling compared to control groups.
Eggs that are properly swollen allow the embryo to change its position every 5 to 10

seconds, while eggs that do not swell enough are too small. This does not allow the
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embryos to move and may result in hatching of abnormal larvae (Korwin-Kossakowski,
1996). Abnormal cleavage was indicated in Cyprinus carpio eggs treated with lead,
copper or cadmium by Jezierska et al. (2009). Other results showed uneven or irregularly
distributed blastomeres, sometimes with the entire blastula deformed. Furthermore, Chow
and Cheng (2003) concluded that the critical period of cadmium exposure of Danio rerio
was the gastrulation period. They determined that the developmental defect that alters
axial curvature results from defects in myotomes of the somites and the gastrulation
period precedes the formation of the somites. In a study with the same species and metal,
embryo malformations were seen as blastodermal lesions and exogastrulation in the first
48 hours (Hallare et al., 2005). The highest mortality of embryos occurred during the first
24 hours after fertilization, with the maximum occurring at the stage of blastula formation
(Slominska, 1998; Lugowska, 2005). Studies performed by Lugowska (2005) indicated
that after exposure to highly toxic copper, embryos died mostly at the stage of blastula
(>25%) and body segmentation (>15%).

Another stage of embryonic development that trace metals may affect is
organogenesis, the period from body segmentation to hatching. This may include reduced
metabolic rate and development rate, disturbed organogenesis, malformation of embryos,
and even death of embryos (Jezierska et al., 2009). Studies performed with Cyprinus
carpio embryos showed developmental retardation at the stage of eye pigmentation, when
exposed to copper or lead (0.2 mg dm™ and 2 mg dm, respectively) (Lugowska and
Jezierska, 2000; Lugowska, 2005). Futhermore, Lugowska and Jezierska (2000) found
that lead shortened the entire embryonic development time. Malformations of embryos

were observed by Jezierska et al. (2009) in Cyprinus carpio treated with lead, copper or
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cadmium. The most common malformations perceived were craniofacial anomalies, yolk
sac malformation, vertebral shortening and curvatures, and cardiac malformations
(Jezierska et al., 2009). Embryo mortality is much lower during organogenesis, with
Lugowska (2005) showing that during organogenesis most embryos (>5%) die before the
stage of eye pigmentation.

The final stage of embryonic development that trace metals disrupt is hatching
(Jezierska et al., 2009). Prior to hatching, fish embryos develop hatching glands located
on the head. The glands generate chorionase, the enzyme required to breakdown the egg
shell during hatching. Waterborne metals have been shown to affect the development and
functioning of these glands (Jezierska et al., 2009). Kapur and Yadav (1982) observed
disturbances of transcription and translation from metals, which resulted in reduced
synthesis of proteins, including chorionase. Furthermore, Witeska et al. (1995) found
that when common carp embryos were incubated in water containing 0.05 mg dm™ of
cadmium, the effect of metals was most prominent during the hatching process, where
hatching was inhibited or accelerated by trace metals. Upon hatching, Hallare et al.
(2005) demonstrated that exposure to cadmium caused Danio rerio embryos numerous
malformations including: acute heart and head edema, weak pigmentation, helical bodies,
hooked tail, tail degeneration, blistering of fins, immobilization and abnormal body
posture. Structural and functional disturbances during embryonic development led to a
reduced number of hatched larvae, with Stominska (1998) revealing that lead and copper
caused significantly elevated (8%) mortality of newly hatched larvae. Similarly,
Cleveland et al. (1986) observed that the embryos of Salvelinus fontinalis incubated in

acidified, Al-containing water were unable to hatch, with 50 percent of them “incomplete
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hatch” and no chance of survival.

Intoxication with trace metals during embryonic development can have
some severe consequences on fish. Some of those include: reduced hatchability,
increased abnormality of newly hatched larvae, reduced body size of larvae, and reduced
survival of larvae. The first period of embryonic development, just after fertilization and
most likely the period of hatching, are the most susceptible to metal intoxication.
Therefore, several disturbances induced by trace metals during early development of fish
cause a reduced number and quality of larvae (Jezierska et al., 2009).

2.6 Trace Metal Toxic Mechanisms in Fish

The key mechanisms of toxic action of trace metals are correlated to the osmotic
disturbances and alterations of enzyme synthesis and activity (Jezierska et al., 2009).
Cadmium causes a reduced level of calcium in the organism (Sauer and Watabe, 1988;
Verbost et al., 1989) by means of reducing Ca**-ATPase activity and disturbing calcium
uptake (Reddy et al., 1988; Wong and Wong, 2000). Whereas, copper affects sodium and
chloride actions and concentrations (Pelgrom et al., 1995; Sloman, 2003) by altering the
Na'/K*-ATPase activity, causing osmoregulatory failure (Grosell et al., 2004). Another
mechanism of action that metals use is binding to the sulfur groups (-SH) of proteins,
cysteine and glutathione. This causes a change in the structure and enzymatic activities of
the proteins, leading to an inhibition in the function of these biomolecules (Hodson,
1988; Jezierska et al., 2009). An example of sulfhydryl binding is when cadmium and
lead bind to calmodulin, a sensor protein of free calcium, which affects many different
cellular functions (Behra, 1993). There are several trace metals that are known to disrupt

the activity of various enzymes (Jezierska et al., 2009). For instance, cadmium reduces
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the activity of various enzymes of oxidative metabolism: citrate synthase (Couture and
Kumar, 2003), succinate dehydrogenase (SDH), glucose-6-phosphate dehydrogenase
(G6PDH) (Gargiulos et al., 1996), and lactate dehydrogenase (LDH) (Hilmy et al., 1985).
Lead is also known to cause a decline in the activity of three significant metabolic
enzymes: G6PDH, LDH, and pyruvate kinase (PK) (Osman et al., 2007). In addition,
both cadmium and lead disrupt hemoglobin synthesis by inhibition of two enzymes,
ferrochelatase and gamma levulinic acid dehydrogenase (ALA-D) (Nakagawa et al.,
1995; Caldwell and Phillips, 1998). Another course of action that trace metals have been
known to take is to cause endocrine disruption in fish (Jezierska et al., 2009). Cadmium
has been reported to diminish thyroid hormone levels (Hontela et al., 1996), inhibit
estrogen receptors (Le Guével etl al., 2000), and interrupt growth hormone expression
(Jones et al., 2005). Likewise, Chaurasia et al. (1996) showed that by affecting the iodine
metabolism, lead inhibits thyroid hormone synthesis. Additionally, cadmium, copper, and
lead have been reported to exert a genotoxic effect on fish (Cavas et al., 2005; Bagdonas
and Vosyliene, 2006).

It is common that fish from metal-contaminated water have low metal
accumulation in the muscle tissue (except mercury) or the part consumed by humans;
therefore, they are safe for human consumption. Although these fish may not be a threat
for human consumption, they may be a potential threat for predatory fishes, birds and
mammals feeding on these fish (Jezierska and Witeska, 2006). The transfer of trace
metals through food chains is an important issue in metal assimilation by fish (Dallinger

et al., 1987). Many trace metals are detrimental even at very low concentrations;
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consequently, low absorption rates are enough to attain biologically significant or
damaging concentrations in tissues (Jackim et al, 1970; Murai et al., 1981).

Dallinger et al. (1987) refer to the relationship of predators and consumers
obtaining trace metals from other organisms they consume as the food chain effect. Two
factors should be considered to determine to what degree the food chain effect in fish is
affected by ecological conditions. The first factor is associated with the amount of
contamination in the food supply (Dallinger et al., 1987). Many studies have suggested
that trace metal pollution in aquatic ecosystems is evidently reflected by high levels of
metals in sediments, macrophytes, and benthic animals rather than by elevated
concentrations in water (Enk and Mathis, 1977; Mclintosh et al., 1978; Mathis et al.,
1979; Van Hassel et al., 1980). Studies presented by Delisle et al. (1975) and Ney and
Van Hassel (1983) have shown that bottom-dwelling fish species acquire trace metals
because of their association with metal-containing sediments. Furthermore, consumption
of sediment and sediment-dwelling invertebrates is a vital source of metal uptake by fish
(Czarnezki, 1985; Loring and Prosi, 1986). As a result, the food chain effect is magnified
in aquatic environments where metal loaded food, like macrophytes or invertebrates, are
a large portion of the diet of fish (Hardisty et al., 1974; Murphy et al., 1978). The second
influence on the food chain effect in fish is the diminishment of species diversity
(Dallinger et al., 1987). Rygg (1985) and Roch et al. (1985) have presented trace metal
pollution leading to the elimination of susceptible species, therefore increasing the
dominance of a few tolerant and opportunistic species (Lang and Lang-Dobler, 1979).
Subsequently, trophic relationships become simple: food chains are reduced and

predatory fish are obligated to feed on fewer or one kind of metal-tolerant food organism
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(Dallinger and Kautzky, 1985). Metal tolerance of food organisms is established on two
contradictory effects: detoxification of metals by cellular inclusion and metal exclusion
(Dallinger et al., 1987). There are certain food organisms that are capable of storing
exceptionally large amounts of trace metals, such as isopods, snails, and sludge worms
(Enk and Mathis, 1977; Mathis et al., 1979; Dallinger and Kautzky, 1985; Rainbow,
1985; Prosi and Back, 1985). These animals possess effective detoxification mechanisms
whereby trace metals are bound to metal-binding proteins or stored in cellular structures
like vacuoles and lysosomes (Brown, 1977; Brown, 1978; Prosi, 1983; Simkiss and
Mason, 1983; Bouquegneau et al., 1984; Dallinger and Prosi, 1986). The choice of such
tolerant species in polluted habitats would result in a positive feedback mechanism,
whereby the food chain effect would be intensified (Dallinger et al., 1987). However, the
opposite effect has also been reported: Gachter and Geiger (1979) found that metal
pollution of aquatic environments may favor the growth of metal-tolerant phytoplankton
species that are represented by decreasing the uptake of trace metals per unit of biomass.
Tolerance is accomplished by the exclusion of trace metals. This negative feedback
mechanism plays a significant part in ecosystems by decreasing the availability of metals
for organisms belonging to higher trophic levels, causing the food chain effect to be
weakened (Géchter and Geiger, 1979; Dallinger et al., 1987). Thus, it is important to
monitor the levels of trace metals in gulf menhaden and determine if the DWH spill has

affected the accumulation of metals.
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3. DATA AND METHODS

3.1 Study Site
The two locations, Vermillion Bay (VB) and Grand Isle (GI), were chosen

because one was able to serve as a control or non-impacted, while the other as an
experimental location or impacted site from the DWH spill. It was determined, that
Vermillion Bay, Louisiana would serve as the control or non-impacted site; Grand Isle,
Louisiana was and currently remains an impacted site from the DWH spill.
3.2 Sample Collection

A five-panel gill net, approximately 700 feet in length, was used to catch the
samples. Once menhaden were onboard, they were separated by length, placed in plastic
freezer bags, and placed on ice. At the lab, menhaden samples were taken off the ice and
placed in a freezer. The collections of samples were accomplished with the help from the
Louisiana Department of Wildlife and Fisheries (LDWF). The sampling protocols that
were followed were chosen by the LDWF agents.
3.3 Preparation of Samples

For each metal analysis per month and year, six menhaden from Vermillion Bay
and six from Grand Isle were removed from the deepfreeze. Of the six menhaden, there
were three small and three large menhaden. The terms small and large were defined by
their fork length; small samples have fork lengths of less than 16 cm, and large samples
have fork lengths of 16 cm or larger. Once separated by size, the samples were cut into
smaller portions. The small samples were then placed in 150 or 200 mL beakers, while
large samples, because of size, were placed in 400 or 500 mL beakers. Beforehand, each
beaker was prewashed and weighed. Some samples were compacted further into the

beaker using a clean pestle to ensure that the entire sample was inside the beaker.
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Samples were covered with aluminum foil with two to three holes cut in the top, and
placed in a -86°C deep freezer to freeze solid. The next step was to remove the samples
and place them in a freeze dryer. The freeze dryer removed any liquid in the fish by first
freezing the sample to -60°C and then reducing the pressure to remove the water by
transitioning it to a gas. For 24 to 36 hours and 36 to 48 hours, small and large samples
were freeze dried respectively. Samples were then removed from the freeze dryer and
placed in a dessicator to finish drying. After 24+ hours in the dessicator, samples were
weighed in the beakers to get a final dry weight.

Upon removal from the dessicator, samples were ground to get a homogenous
sample. About 1 g of dry fish tissue was weighed to four decimal places and placed in a
55 mL glass digestion tube. Next, 5 mL of concentrated trace-metal-grade nitric acid was
added to the digestion tubes and allowed to sit for 12 hours. Samples were then placed in
a digestion block for 8 hours at 120°C. After completely digested the mixture was
evaporated down approximately 1.5 mL. Once cool, the mixture was diluted to 50 mL
with deionized water, covered with plastic paraffin film and vigorously shaken. Samples
settled for a minimum of 14 hours until the supernatant was clear. Next, 14 to 15 mL of
supernatant was transferred to 15mL glass inductively coupled plasma (ICP) tubes.
Digestion and ICP tubes were washed in a 5% nitric acid bath for 14 hours and rinsed six
times with deionized water before use. Metal analyses were performed on the samples
and two blanks using a Vista-MPX CCD Simultaneous inductively coupled plasma-
optical emission spectrometry (ICP-OES). The method used is referenced Hou et al.,

2006.
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3.4 ICP-OES Instrumentation

Menhaden were analyzed for metals using ICP-OES. Plasma is formed when
argon gas flows through a fluctuating elctro- magnetic field, which is produced by a
radiofrequency of 0.5-2kW power at 27 or 41 MHz. This field forms a state of partial
ionization that produces ohmic heating and temperatures up to 10,000°C. This high
temperature results in the elements emitting light of characteristic wavelengths of visible
or ultraviolet light specific for different elements, the intensity of which can be measured
and used to determine concentration. Samples are presented to the plasma as a fine
droplet aerosol. Then the light from the different elements is divided into different
wavelengths by grating, and captured by light-sensitive detectors. Each metal is observed
at one dominant wavelength; however other wavelengths are available (Table 3.1).

Table 3.1 Wavelength (nm) for each metal analyzed with ICP-OES

Metal Wavelength
Arsenic 193.696
Barium 455.403
Cadmium 228.802
Cobalt 228.615
Chromium 267.716
Copper 324.754
Iron 238.204
Nickel 231.604
Lead 220.353
Zinc 213.857
Vanadium 292.401

The ICP-OES system can analyze 40 elements or more at one time and can detect at the
Mg/L level. The Vista-MPX CCD Simultaneous ICP-OES was operated at a power level
of 1200 Watts and had an axial torch orientation with a CCD detector (Hardaway et al.,
2004).

3.5 Quality Assurance

Quality assurance methods were outlined by Hou et al., 2006.
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4. RESULTS AND DISCUSSION

4.1 Statistical Analysis

A total of 23 metals were analyzed for each tissue sample. From those, 11 metals
were chosen based on previous studies done on metal analyses in fish and metals in crude
oil: arsenic, barium, cadmium, cobalt, chromium, copper, iron, nickel, lead, zinc and
vanadium.

Concentrations of metals were given in mg/L and converted to jg/g with the
following equation:

<<mg/L_ ((blank 1;—blank 2))> o _05L>
1000
X w9

mass of sample in g 1mg

Mg/g =

Once converted to pg/g, metals were divided by four variables: place (Vermillion Bay or
Grand Isle), size (small or large), month (July, August or September), and year (2011 or
2012) (Table 4.1). SAS® version 9.1.3 was used for all statistical analyses using the
Tukey-Kramer Method to run pair-wise comparisons (Saxton, 1998; SAS Institute Inc.,
2004). A confidence interval of p < 0.05 was used for all statistical analysis. The four
variables and the interactions between the variables were observed for each metal.
4.2 Metals in Brevoortia patronus
4.2.1 Arsenic

Arsenic demonstrated a statistical difference for the single variables: place,
month, size, and year (Table 4.1). The variable size (F; 43 = 88.28, P = <.0001) had the
lowest P-value, with large fish having a statistically higher concentration of arsenic than
small fish, at 5.97 + 1.16 ug/g and 3.87 £ 0.06 pg/g respectively. The next variable,
month (F, 45 =10.13, P = 0.0002), had the highest concentrations of arsenic during the

months of September, at 5.37 = 1.34 ug/g, and August, at 5.03 £ 1.51 pg/g. When
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compared to July, with a concentration at 4.36 + 1.02 pg/g, August and September were
statistically greater; although when compared to one another there was no statistical
difference. The variable year (F1 45 =7.33, P = 0.0094) had a significant difference
between 2011 and 2012, with 2011 having a higher concentration of arsenic at 5.35 +
2.31 pg/g than 2012 at 4.49 + 1.17 pg/g. The last single variable, place (F1 45 =6.93, P =
0.0113), had statistically greater levels of arsenic at VB with a concentration at 5.17 £
0.64 pg/g as compared to Gl at 4.67 £ 0.58 pg/g. All mean concentration values for
arsenic are indicated in Table 4.2.

The interactions place*month, place*size, month*year, place*month*year, and
size*year were significant for arsenic (Table 4.1). The interaction month*year (F; 45 =
33.84, P =<.0001) had the second lowest P-value of all single or multiple factor models.
When comparing the same month between years, all months statistically differed between
years. July*2012 at 5.08 + 1.35 pg/g was statistically higher than July*2011, at 3.64 +
2.03 pg/g. While during August, 2011 was statistically higher than 2012 at 6.10 + 2.02
Mg/g and 3.96 £ 0.90 ug/g, respectively; For September, 2011 at 6.32 + 1.97 pg/g was
also significantly higher than 2012 at 4.42 + 1.01 pg/g. When comparing different
months within the same year, August and September of 2011 did not statistically differ
from one another, but did statistically differ from July; with July having the lowest
concentration among all three months at 3.64 + 2.03 pg/g. In 2012, July at 5.08 + 1.35
Ma/g was significantly higher than August at 3.96 + 0.90 ug/g; while September was not
statistically different from either month.

For the interaction size*year (F1 45 =9.46, P = 0.0035) there was a statistical

difference when comparing different sizes within the same year. In 2011, large fish had a
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higher concentration of arsenic at 6.79 + 2.19 ug/g than small fish at 3.91 + 1.34 ug/g. In
2012, large fish also had higher concentrations at 5.15 + 1.24 ug/g when compared to
small fish 3.82 + 0.58 pg/g. When comparing the same size between years, large*2011
had statistically higher concentrations than large*2012 at 6.79 + 2.19 pg/g and 5.15 +
1.24 pglg, respectively. For small fish there was no statistical difference between years.

The interaction place*size (Fy 4 =5.85, P = 0.0194) was significant when
comparing different sizes within the same location. VB*large at 6.49 + 1.53 was
significantly higher than VB*small at 3.85 + 0.84. For GI, large fish were also
statistically higher than small fish at 5.45 + 2.19 and 3.89 + 1.19, respectively. When
comparing the same size between locations, VB at 6.49 £ 1.53 had statistically higher
concentrations of arsenic than Gl at 5.45 + 2.19 for large fish; while there was no
statistical difference for small fish between locations.

The three way interaction: place*month*year (F, 45 =5.48 , P = 0.0072) was
significant for arsenic. When comparing the interaction of different places (VB to Gl),
same month (July to July), and same year (2011 to 2011) the interaction, VB*July*2011
at 4.78 + 2.32 pg/g was statistically higher than GI*July*2011 at 2.49 + 0.74 ug/g. Other
interactions were statistically significant.

The last interaction for arsenic that was significant was place*month (F,,4s = 5.41,
P =0.0076). When comparing the same month between locations, only VB*July was
statistically higher than GI1*July at 5.07 + 1.93 pg/g and 3.64 + 1.49 ug/g, respectively;
August and September did not differ statistically between the two locations. When

comparing different months within the same location, there was no statistical difference
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between the three months for VB. For Gl, August and September were not statistically
different from one another, but were statistically greater than July at 3.64 + 1.49 ug/g.

Table 4.1 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for arsenic

ARSENIC
Effect Numerator | Denominator F Value Pr>F

DF DF
Place 1 48 6.93 0.0113
Month 2 48 10.13 0.0002
Place*Month 2 48 5.41 0.0076
Size 1 48 88.28 <.0001
Place*Size 1 48 5.85 0.0194
Month*Size 2 48 1.07 0.3497
Place*Month*Size 2 48 1.45 0.2452
Year 1 48 7.33 0.0094
Place*Year 1 48 0.27 0.6085
Month*Year 2 48 33.84 <.0001
Place*Month*Year 2 48 5.48 0.0072
Size*Year 1 48 9.46 0.0035
Place*Size*Year 1 48 0.00 0.9932
Month*Size*Year 2 48 2.30 0.1108
Place*Month*Size*Year 2 48 1.18 0.3154

Table 4.2 Average arsenic concentration (ug/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012

Arsenic | 517+ | 467+ | 387+ | 597+ | 436+ | 503+ | 537+ | 535+ | 449+
0.64 0.58 0.06 1.16 1.02 1.51 1.34 2.31 1.17

4.2.2 Barium

Barium demonstrated a statistical difference for the single variables: month, size,
and year (Table 4.3). The variable size (F1 4 = 152.08, P = <.0001) had the lowest P-
value, with small fish having a higher concentration of barium at 9.88 + 0.13 pg/g than
large fish at 5.55 + 2.09 pg/g. The variable year (F; 45 =36.69, P = <.0001) had the
second lowest P-value, with 2012 having a higher concentration of barium than 2011 at
8.50 £ 2.57 ng/g and 6.93 + 3.95 ug/g, respectively. The next variable month (F; 43
=34.44, P = <.0001), had the highest concentrations during the months of August, at 9.09
+ 1.39 pg/g, and September, at 8.17 £ 0.11 pg/g. When compared to July, with a

concentration at 5.88 = 1.83 ug/g, August and September were statistically greater,
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although when compared to one another there was no statistical difference. All mean
concentration values for barium are indicated in Table 4.4.

The interactions month*size, place*year, month*year, place*month*year,
size*year, place*size*year, and place*month*size*year were all significant for barium
(Table 4.3). The interaction size*year (F1 43 = 24.76, P = <.0001) was significant when
comparing different sizes within the same year. In 2011, small fish had a higher
concentration of barium at 9.79 + 3.23 pg/g than large fish at 4.07 + 2.10 pg/g. In 2012,
small fish also had higher concentrations at 9.97+ 1.85 pg/g when compared to large fish
7.03 £ 2.36 pg/g. When comparing the same size between years, large*2012 had
statistically higher concentrations than large*2011 at 4.07 + 2.10 pg/g and 7.03 + 2.36
Ha/g, respectively. For small fish there was no statistical difference between years.

The interaction place*year (F1 45 =16.71, P = 0.0002) was statistically significant
for barium. When comparing different locations within the same year, VB*2011 had
significantly higher concentrations of barium at 7.56 + 3.68 pg/g than GI1*2011 at 6.30
4.22 pg/g. For 2012, there was no statistical difference in barium concentrations between
the two locations. When comparing the same location between years, there was no
statistical difference between 2011 and 2012 for VVB. While for Gl, 2012 was statistically
higher than 2011 at 9.01 + 2.24 ug/g and 6.30 + 4.22 ug/g, respectively.

The three way interaction: place*size*year (F1 45 =9.14, P = 0.0040) was
significant when comparing the interaction of the same place (VB to VB), different sizes
(small to large), and same year (2011 to 2012) for: VB*small*2011 at 10.25 * 2.96 pg/g
compared to VB*large*2011 at 4.86 + 1.92 pg/g, Gl*small*2011 at 9.33 £ 3.60 ug/g

compared to Gl*large*2011 at 3.27 + 2.06 pg/g, and VB*small*2012 at 10.00 + 1.84
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Hg/g compared to VB*large*2012 at 5.99 + 2.15 pg/g. When comparing the interaction
of different places (VB to Gl), same size (small to small), and same year (2011 to 2011)
there was a statistical difference for: VB*large*2011 at 4.86 + 1.92 pg/g compared to
Gl*large*2011 at 3.27 £+ 2.06 pg/g. Other interactions were statistically significant.

Another three way interaction that was significant for barium was:
place*month*year (F, 45 =7.29 , P = 0.0017). When comparing the interaction of different
places (VB to Gl), same month (July to July), and same year (2011 to 2011) there was a
statistical difference for: VB*July*2011 at 5.95 + 3.25 ug/g compared to GI*July*2011
at 3.22 + 2.42 pg/g. Other interactions were statistically significant.

The next interaction for barium that had a significant interaction was month*year
(F2.48 =6.53 , P = 0.0031). When comparing the same month between years, July*2012, at
7.18 £ 2.57 ng/g, was statistically higher than July*2011, at 4.59 + 3.08 ug/g. For
August, 2012 also had a statistically higher concentration than 2011 at 10.07 + 1.78 pg/g
and 8.11 * 3.86 pg/g, respectively; September did not statistically differ between 2011
and 2012. When comparing different months within the same year, August and
September of 2011 did not statistically differ from one another, but did statistically differ
from July; with July having the lowest concentration among all three months at 4.59
+3.08 pg/g. In 2012, August, at 10.07 + 1.78 pg/g, was statistically higher than July, at
7.18 £ 2.57 ng/g; while September*2012 was not statistically different from July or
August.

The interaction month*size (F, 43 =4.83, P = 0.0122) was significant for barium
when comparing different sizes within the same month. For July, small fish had

statistically higher concentrations of barium than large fish at 8.06 £ 1.94 pg/g and 3.71 £
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2.27 pgl/g, respectively; August*small, at 10.86 + 2.33 pg/g, was also statistically higher

than August*large at 7.32 + 2.81 pg/g; and for September, small fish at 10.72 + 2.51 ug/g

were significantly higher than large fish at 5.62 + 1.55 pg/g. When comparing the same

size between months, August*small and September*small did not statistically differ from

one another, but were significantly higher than July*small; with July*small having the

lowest concentration at 8.06 + 1.94 pg/g. Similarly in large fish, August and September

did not statistically differ from one another, but were statistically greater than July; with

July*large having the lowest concentration at 3.71 + 2.27 pg/g.

The four way interaction place*month*size*year, (F24s = 3.57, P = 0.0360), had

several significant interactions for barium.

Table 4.3 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for barium

BARIUM
Effect Numerator | Denominator F Value Pr>F
DF DF

Place 1 48 1.31 0.2588
Month 2 48 34.44 <.0001
Place*Month 2 48 0.95 0.3944
Size 1 48 152.08 <.0001
Place*Size 1 48 0.01 0.9233
Month*Size 2 48 4.83 0.0122
Place*Month*Size 2 48 1.95 0.1540
Year 1 48 36.69 <.0001
Place*Year 1 48 16.71 0.0002
Month*Year 2 48 6.53 0.0031
Place*Month*Year 2 48 7.29 0.0017
Size*Year 1 48 24.76 <.0001
Place*Size*Year 1 48 9.14 0.0040
Month*Size*Year 2 48 0.07 0.9284
Place*Month*Size*Year 2 48 3.57 0.0360

Table 4.4 Average barium concentration (ug/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012
Barium | 7.77+ | 766+ | 9.88+ | 555+ | 588+ | 9.09+ | 817+ | 6.93+ | 850+
031 | 191 | 043 | 209 | 1.83 | 139 | 011 | 395 | 257
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4.2.3 Cadmium

Cadmium demonstrated a statistical difference for the single variables: month and
year (Table 4.5). The variable year (F1 45 =11.77, P = 0.0012) was significant with, 2012
having a significantly higher concentration than 2011 at 0.18 + 0.07 pg/g and 0.15 = 0.04
Mg/g, respectively. The variable, month (F; 4 =8.70, P = 0.0006) had the highest
concentrations of cadmium during August with a concentration at 0.19 + 0.05 pg/g.
August was statistically greater than September, at 0.15 + 0.01 pg/g, and July, at 0.14 +
0.04 pg/g; however there was no statistical different between September and July. All
mean concentration values for cadmium are indicated in Table 4.6.

The interactions place*month, place*year and month*year were all significant for
cadmium (Table 4.5). The interaction place*year (Fy 4 = 25.35, P = <.0001) had the
lowest P-value and was significant when comparing different locations within the same
year. In 2011, VB had significantly higher concentrations of cadmium at 0.17 + 0.04 ug/g
when compared to Gl at 0.13 + 0.04 pg/g. In 2012, Gl had significantly higher
concentrations than VB at 0.21 + 0.09 pg/g and 0.15 + 0.02 pg/g, respectively. When
comparing the same location between years, there was no statistical difference between
2011 and 2012 for VB. While for GI, 2012 was statistically higher than 2011 at 0.21 +
0.09 pg/g and 0.13 £ 0.04 pg/g, respectively.

The interaction place*month (F, 4 = 10.15, P = 0.0002) was significant for
cadmium. When comparing the two locations to the same month, only GI*August was
statistically higher than VB*August at 0.22 + 0.10 pg/g and 0.16 + 0.04 pg/g,
respectively; July and September did not differ statistically between the two locations.

When comparing the same location to different months, there was no statistical difference
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between the three months for VB. While for GlI, July and September were not statistically
different from one another, but were statistically lower than GI*August at 0.22 + 0.10
Hg/g.

The last interaction that was significant for cadmium was month*year (F; 4s
=6.98, P = 0.0022). When comparing the same month between years, July*2012, at 0.17
+ 0.03 pg/g, was statistically higher than July*2011, at 0.12 + 0.05 pug/g. For August,
2012 also had a statistically higher concentration than 2011 at 0.22 + 0.10 pg/g and 0.16
+ 0.04 pg/g, respectively; September did not statistically differ between 2011 and 2012.
When comparing different months in the same year, September*2011 at 0.16 * 0.02 pg/g
was statistically greater than July*2011 at 0.12 + 0.05 pg/g; while August*2011 was not
statistically different from either month. In 2012, July and September did not statistically
differ from one another, but did statistically differ from August; with August having the
greatest concentration among all three months at 0.22 + 0.10 pg/g.

Table 4.5 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for cadmium

CADMIUM
Effect Numerator | Denominator F Value Pr>F

DF DF
Place 1 48 0.49 0.4870
Month 2 48 8.70 0.0006
Place*Month 2 48 10.15 0.0002
Size 1 48 0.06 0.8117
Place*Size 1 48 0.51 0.4788
Month*Size 2 48 0.21 0.8086
Place*Month*Size 2 48 0.88 0.4214
Year 1 48 11.77 0.0012
Place*Year 1 48 25.35 <.0001
Month*Year 2 48 6.98 0.0022
Place*Month*Year 2 48 2.45 0.0969
Size*Year 1 48 0.01 0.9314
Place*Size*Year 1 48 0.21 0.6475
Month*Size*Year 2 48 1.11 0.3383
Place*Month*Size*Year 2 48 0.37 0.6934
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Table 4.6 Average cadmium concentration (pg/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012

Cadmium | 0.16+ | 017+ | 0.16+ | 0.16+ | 0.14+ | 0.19+ | 0.15+ | 0.15+ | 0.18+
0.01 0.06 0.02 0.02 0.04 0.05 0.01 0.04 0.07

4.2.4 Cobalt

Cobalt demonstrated a statistical difference for the single variables: place, month,
and size (Table 4.7). The variable month (F; 45 =12.00, P = <.0001) had highest
concentrations of cobalt during September, at 0.98 + 0.49 pg/g, and August, at 0.68 +
0.16 pg/g. When compared to July, with a concentration at 0.49 + 0.15 pg/g, August and
September were statistically greater; although when compared to one another there was
no statistical difference. The next variable place (Fy 45 = 7.23, P = 0.0098) was also
significant with VB having higher concentrations of cobalt than Gl at 0.84 + 0.28 pg/g
and 0.59 = 0.16 pg/g, respectively. The last single variable, size (F1 43 =6.08, P =
0.0173), was significant with small fish having higher concentrations at 0.74 + 0.05 ug/g
than large fish at 0.69 + 0.17 pg/g. All mean concentration values for cobalt are indicated
in Table 4.8.

The interactions month*size, place*year, month*year, place*month*year, and
month*size*year were all significant for cobalt (Table 4.7). The interaction place*year
(F1,48 =14.27, P = 0.0004) was significant when comparing different locations within the
same year. In 2011, VB had significantly higher concentrations of cobalt at 1.04+ 0.36
Mg/g as compared to Gl at 0.47 £ 0.25 pg/g. While, in 2012 there was no statistical
difference in cobalt concentrations between the two locations. When comparing the same
locations between years, there was no statistical difference between 2011 and 2012 for
VB. For GI, 2012 was statistically higher than 2011 at 0.70 + 0.14 pg/g and 0.47 + 0.25

Mg/g, respectively.

46



The next interaction that had a significant interaction was month*year (F; s
=12.58 , P = <.0001). When comparing the same month between years, September*2011,
at 1.33 + 1.60 pg/g, was statistically higher than September*2012, at 0.63 + 0.19 ug/g.
However, July and August did not statistically differ between 2011 and 2012. When
comparing different months within the same year, July*2011 and August*2011 did not
statistically differ from one another, but did statistically differ from September*2011,
with September having the largest concentration at 0.63 + 0.19 pg/g. In 2012, there was
no statistical difference among the three months.

The three way interaction: place*month*year (F, 45 =4.67, P = 0.0141) was
significant for cobalt. When comparing the interaction of different places (VB to Gl),
same month (July to July), and same year (2011 to 2011) there was a statistical difference
for: VB*September*2011 at 2.00 + 2.14 pg/g compared to Gl*September*2011 at 0.67
0.17 pg/g. Other interactions were statistically significant.

The three way interaction: month*size*year (F1 45 =3.96, P = 0.0255) was not
significant for cobalt when comparing the interaction of the same month (July to July),
different sizes (small to large), and same year (2011 to 2011). However, other
interactions were statistically.

The interaction month*size (F, 43 =3.91, P = 0.0268) was significant for cobalt
when comparing different sizes within the same month. For July, small fish at 0.64 + 0.16
Ma/g had statistically higher concentrations than large fish at 0.34 £ 0.16 pg/g; while
August and September did not statistically differ between sizes. When comparing the
same size between months, for small fish there was no statistical difference among the

three months. For large fish, July and August did not statistically differ from one another,
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but did statistically differ from September*large; with September having the largest
concentration at 1.16 + 1.66 pg/g.

Table 4.7 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for cobalt

COBALT
Effect Numerator | Denominator F Value Pr>F
DF DF
Place 1 48 7.23 0.0098
Month 2 48 12.00 <.0001
Place*Month 2 48 0.94 0.3963
Size 1 48 6.08 0.0173
Place*Size 1 48 0.78 0.3805
Month*Size 2 48 3.91 0.0268
Place*Month*Size 2 48 1.72 0.1900
Year 1 48 0.16 0.6929
Place*Year 1 48 14.27 0.0004
Month*Year 2 48 12.58 <.0001
Place*Month*Year 2 48 4.67 0.0141
Size*Year 1 48 0.64 0.4261
Place*Size*Year 1 48 3.40 0.0714
Month*Size*Year 2 48 3.96 0.0255
Place*Month*Size*Year 2 48 0.88 0.4199
Table 4.8 Average cobalt concentration (g/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012
Cobalt 084+ | 059+ | 0.74+ | 069+ | 049+ | 068+ | 098+ | 0.76 + | 0.67 +
0.28 0.16 0.05 0.17 0.15 0.16 0.49 1.01 0.18

4.2.5 Chromium

Chromium demonstrated a statistical difference for the single variables: place,
month, size, and year (Table 4.9). The variable size (F; 43 = 84.51, P = <.0001) had the
lowest P-value of all single or multiple factor models. Small fish had statistically higher
concentrations, at 2.92 + 0.09 ug/g, than large fish, at 1.75 + 0.58 pg/g. The next variable
month (F, 45 =26.97, P = <.0001), had the highest concentration of chromium during
August, at 2.83 £ 0.96 ug/g. September and July followed with concentrations at 2.47 +
0.47 pg/g and 1.70 + 0.51 pg/g, respectively. All months were statistically different from
one another. The variable year (F1 45 = 25.66, P = <.0001) was also significant, with 2012

having a higher concentration of chromium at 2.57 + 0.98 pg/g than 2011 at 2.10 £ 1.43
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Mg/g. The last single variable, place (F1 45 =10.89, P = 0.0018), had statistically greater
levels of chromium at VB with a concentration at 2.50 + 0.19 pg/g as compared to Gl at
2.17 = 0.86 pg/g. All mean concentration values for chromium are indicated in Table
4.10.

The interactions month*size, place*year, month*year, size*year, and
month*size*year were all significant for chromium (Table 4.9). The interaction
place*year (F1 43 =37.28, P = <.0001), had the second lowest P-value for chromium.
When comparing different locations within the same year, VB*2011 had significantly
higher concentrations of chromium at 2.63 + 1.49 pg/g as compared to G1*2011 at 1.57 +
1.17 pg/g. Conversely, in 2012 there was no statistical difference in chromium
concentrations between the two locations. When comparing the same location between
years, there was no statistical difference between 2011 and 2012 for VB. For GI, 2012
was statistically higher than 2011 at 2.78 +£ 1.11 pg/g and 1.57 + 1.17 pg/g, respectively.

The next interaction that had a significant interaction was month*year (F4s =
15.58, P = <.0001). When comparing the same month between years, July*2012, at 2.06
+ 0.47 pg/g, was statistically higher than July*2011, at 1.34 + 0.66 pg/g. August*2012
also had statistically higher concentrations than August*2011 at 3.51 + 0.88 pg/g and
2.15 £ 0.97 ng/g, respectively; September did not statistically differ between 2011 and
2012. When comparing different months within the same year, August and September of
2011 did not statistically differ from one another, but did statistically differ from
July*2011; with July having the lowest concentration at 1.34 + 0.66 pg/g. In 2012,
September and July did not statistically differ from one another, but did have

significantly lower concentrations of chromium than August*2012 at 3.51 + 0.88 pg/g.
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For the interaction size*year (F 45 =8.57, P = 0.0052) there was a statistical
difference. When comparing different sizes within the same year, small*2011 had higher
concentrations of chromium at 2.86 + 1.62 pg/g than large*2011 at 1.34 + 0.60 pg/g. In
2012, small fish also had higher concentrations than large fish at 2.99 + 0.96 ug/g and
2.16 + 0.83 pg/g, respectively. When comparing the same size between years, there was
no statistical difference between 2011 and 2012 for small fish. For large fish, 2012 was
statistically higher, at 2.16 + 0.83 pg/g, than 2011, at 1.34 + 0.60 pg/g.

Another interaction that was significant for chromium was month*size (F4s
=8.02, P = 0.0010). When comparing different sizes within the same month,
August*small, at 3.38 £ 1.02 ug/g, was statistically higher than August*large, at 2.28 +
1.01 pg/g. For the month of September, small fish also had significantly higher levels of
chromium than large fish at 3.47 + 1.56 pg/g and 1.48 + 0.43 pg/g, respectively; while
there was no statistical difference between July*small and July*large. When comparing
the same size between months, August*small and September*small did not statistically
differ among one another, but did statistically differ from July*small; with July having
the lowest concentration among all three months at 1.92 + 0.56 pg/g. For large fish,
September and July did not statistically differ from one another, but did have
significantly lower concentrations of chromium than August at 2.28 + 1.01 ug/g.

The last interaction for chromium that was significant was the three way
interaction: month*size*year (F,4s =3.91, P = 0.0267). When comparing the interaction
of the same month (July to July), different sizes (small to large), and same year (2011 to
2011) there was a statistical difference for: August*small* 2011 at 2.83 + 0.83 pg/g

compared to August*large*2011 at 1.47 + 0.54 pg/g, September*small*2011 at 4.28 +
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1.80 pg/g compared to September*large*2011 at 1.33+ 0.43 pg/g, and July*small*2012
at 2.37 + 0.24 pg/g compared to July*large*2012 at 1.75 + 0.45 pg/g. Other interactions
were statistically significant.

Table 4.9 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for chromium

CHROMIUM
Effect Numerator | Denominator F Value Pr>F
DF DF

Place 1 48 10.89 0.0018
Month 2 48 26.97 <.0001
Place*Month 2 48 1.76 0.1822
Size 1 48 84.51 <.0001
Place*Size 1 48 0.09 0.7654
Month*Size 2 48 8.02 0.0010
Place*Month*Size 2 48 2.12 0.1314
Year 1 48 25.66 <.0001
Place*Year 1 48 37.28 <.0001
Month*Year 2 48 15.58 <.0001
Place*Month*Year 2 48 0.16 0.8505
Size*Year 1 48 8.57 0.0052
Place*Size*Year 1 48 0.62 0.4350
Month*Size*Year 2 48 3.91 0.0267
Place*Month*Size*Year 2 48 2.72 0.0758

Table 4.10 Average chromium concentration (pg/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012

Chromium | 250+ | 217+ | 292+ | 1.75+ | 1.70+ | 283+ | 247+ | 210+ | 257+
0.19 0.86 0.09 0.58 0.51 0.96 0.47 1.43 0.98

4.2.6 Copper

Copper demonstrated a statistical difference for the single variables: place, month,
size, and year (Table 4.11). The variable size (F14s = 29.98, P = <.0001) had the lowest
P-value of all single or multiple factor models with small fish having statistically higher
concentrations, at 2.84 + 0.07 pg/g, then large fish, at 2.06 + 0.36 ug/g. The next variable
place (F;1 45 =18.30, P = <.0001) had the second lowest P-value with statistically greater
concentrations at VB as compared to Gl at 2.74 + 0.11 pg/g and 2.15 + 0.39 ug/g,

respectively. The variable year (F1 4 = 8.76, P = 0.0048) was also significant with 2012
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having greater concentrations at 2.55 + 0.51 pg/g than 2011 at 2.35 + 1.45 pg/g. The last
variable month (F, 43 = 6.10, P = 0.0043), had the highest concentrations of copper during
the months of September, at 2.59 + 0.01 pg/g, and August, at 2.45 + 0.27 pg/g. When
compared to July, with a concentration at 2.30 + 0.15 pg/g, September and August were
statistically greater; although when compared to one another there was no statistical
difference. All mean concentration values for copper are indicated in Table 4.12.

The interactions place*month, place*year, place*month*year, and size*year were
all significant for copper (Table 4.11). The three way interaction place*month*year (F24s
=1309, P = <.0001) was significant for copper. When comparing the interaction of
different places (VB to Gl), same month (July to July), and same year (2011 to 2011)
there was a statistical difference for: VB*July*2011 at 3.50 + 2.95 pug/g compared to
GI*July*2011 at 0.88 + 0.39 pg/g. Other interactions were statistically significant.

The interaction place*month (F, 45 =9.89, P = 0.0003) was significant for copper.
When comparing the same month between locations, only VB*July was statistically
higher than GI*July at 2.98 £ 2.12 pg/g and 1.62 + 0.84 ug/g, respectively; August and
September did not differ statistically between the two locations. When comparing
different months within the same location, for VB there was no statistical difference
between the three months. For G, September and August were not statistically different
from one another, but were statistically greater than GI*July at 1.62 + 0.84 ug/g.

The interaction place*year (F1 4 =7.65, P = 0.0080) was significant for copper
when comparing different locations within the same year. VB*2011 had significantly
higher concentrations of copper, at 2.82 + 1.75 ug/g, as compared to GI*2011, at 1.87 +

0.90 pg/g. Conversely, for 2012 there was no statistical difference in copper
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concentration between the two locations. When comparing the same location between
years, there was no statistical difference between 2011 and 2012 for VB. For Gl, 2012
had statistically higher concentrations than 2011 at 2.43 + 0.38 pg/g and 1.87 + 0.90
Mg/g, respectively.

The last interaction size*year (F1 45 =18.55, P = <.0001) was statistically
significant for copper. When comparing different sizes within the same year, small*2011
had higher concentrations of copper at 2.89 + 1.79 ug/g than large*2011 at 1.80 £ 0.72
Hag/g. While in 2012, there was no statistical difference between small and large fish.
When comparing the same size between years, small*2012 did not statistically differ
from small*2011; while large*2012 at 2.31 + 0.35 pg/g was statistically higher than
large*2011 at 1.80 + 0.72 pg/g.

Table 4.11 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for copper

COPPER
Effect Numerator | Denominator F Value Pr>F
DF DF

Place 1 48 18.30 <.0001
Month 2 48 6.10 0.0043
Place*Month 2 48 9.89 0.0003
Size 1 48 29.98 <.0001
Place*Size 1 48 0.44 0.5126
Month*Size 2 48 2.83 0.691
Place*Month*Size 2 48 2.74 0.0747
Year 1 48 8.76 0.0048
Place*Year 1 48 7.65 0.0080
Month*Year 2 48 2.58 0.0862
Place*Month*Year 2 48 13.09 <.0001
Size*Year 1 48 4.40 0.0413
Place*Size*Year 1 48 1.73 0.1942
Month*Size*Year 2 48 1.23 0.3023
Place*Month*Size*Year 2 48 0.10 0.9033

Table 4.12 Average copper concentration (ug/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012

Copper | 274+ | 215+ | 284+ | 206+ | 230+ | 245+ | 259+ | 235+ | 255 ¢
0.11 0.39 0.07 0.36 0.15 0.27 0.01 1.45 0.51

53



4.2.7 Iron

Iron demonstrated a statistical difference for the single variables: place, month,
size, and year (Table 4.13). The variable size (F; 45 = 135.68, P = <.0001) had the lowest
P-value of all single and multiple factor models, with small fish having statistically
higher concentrations at 1011.42 + 61.81pg/g than large fish at 582.16 + 215.68 pg/g.
The variable year (Fy 4 = 42.95, P = <.0001) had a significant difference between 2011
and 2012, with 2012 having higher concentrations of iron at894.90 + 335.63 pg/g than
2011 at 698.68 + 404.91 ug/g. The next variable, month (F, 4 =38.83, P = <.0001), had
the highest concentrations of iron during the months of August, at 923.22 + 246.11 ug/g,
and September, at 876.32 + 12.33 pg/g. When compared to July, at 590.80 + 182.47 ug/g,
August and September were statistically greater; although when compared to one another
there was no statistical difference. The last single variable place (F; 45 =10.08, P =
0.0026) had statistically greater levels at VB, with a concentration at 841.94 + 0.85 ug/g,
as compared to GlI, at 751.64 + 276.64 ug/g. All mean concentration values for iron are
indicated in Table 4.14.

The interactions place*month, month*size, place*year, month*year,
place*month*year, size*year, place*size*year, and place*month*size*year were
significant for iron (Table 4.13). The interaction place*year (F1 45 =44.35, P = <.0001)
had the second lowest P-value for iron and was significant when comparing different
locations within the same year. In 2011, VB had significantly higher concentrations of
iron, at 841.34 + 408.01 ug/g, when compared to Gl, at 556.02 + 357.74 ug/g.
Conversely, in 2012 there was no statistical difference between the two locations. When

comparing the same location between years, there was no statistical difference between
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2011 and 2012 for VB. For GI, 2012 was statistically higher than 2011 at 947.25 +
264.96 pg/g and 556.02 + 357.74 ug/g, respectively.

For the interaction size*year (F; 45 =18.55, P = <.0001) there was a statistical
difference when comparing different sizes within the same year. In 2011, small fish had
higher concentrations of iron at 967.71 £+ 370.66 pg/g than large fish at 429.65 + 216.54
Ma/g. In 2012, small fish also had higher concentrations at 1055.12 + 294.70 pg/g when
compared to large fish at 734.67 £ 301.17 pg/g. When comparing the same size between
years, small*2012 did not statistically differ from small*2011. For large fish, 2012 was
statistically higher, at 734.67+ 301.17 pg/g, than 2011, at 429.65 + 216.65 ug/g.

The three way interaction: place*size*year (F14s =11.75, P = 0.0013) was
significant when comparing the interaction of the same place (VB to VB), different size
(small to large), and same year (2011 to 2012) for: VB*small*2011 at 1126.21 + 381.33
Mg/g compared to VB*large*2011 at 556.46 + 160.46 pg/g, Gl*small*2011 at 809.21 +
300.02 pg/g compared to Gl*large*2011 at 302.83+ 194.18 ug/g, and VB*small*2012 at
1041.23 £ 315.53 pg/g compared to VB*large*2012 at 643.85 + 378.06 ug/g. When
comparing the interaction of different places (VB to Gl), same size (small to small), and
same year (2011 to 2011) there was a statistical difference for: VB*large*2011 at 556.46
+ 160.46 ug/g compared to GI*large*2011 at 302.83 + 194.18 pg/g, Gl*large*2012 at
825.49 + 176.81 pg/g compared to VB*large*2012 at 643.85 + 378.06 ug/g. Other
interactions were statistically significant.

The next interaction that had a significant interaction was month*year (F 43 =
9.79, P =0.0003). When comparing the same month between years, July*2012, at 719.84

+ 281.31 pg/g, was statistically higher than July*2011, at 461.80 + 302.02 pg/g.
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August*2012 also had statistically higher concentrations than August*2011 at 1097.25 +
257.96 pg/g and 749.20 + 342.74 ug/g, respectively; September did not statistically
differ between 2011 and 2012. When comparing different months within the same year,
August*2011 and September*2011 did not statistically differ from one another, but did
statistically differ from July*2011; with July having the lowest concentration among all
three months at 461.80 + 302.02 pg/g. In 2012, September and July did not statistically
differ from one another, but did have significantly lower concentrations of iron than
August*2012 at 1097.25 + 257.96 pg/g.

Another three way interaction that was significant for iron was: place*month*year
(F2.48 =8.45, P = 0.0007). When comparing the interaction of different places (VB to Gl),
same month (July to July), and same year (2011 to 2011) there was a statistical difference
for: VB*July*2011 at 626.59 + 290.10 pg/g compared to GI*July*2011 at 297.00 +
226.59 pg/g, and GI*September*2012 at 1076.78 + 356.53 pg/g compared to
VB*September*2012 at 658.41 + 249.57 ug/g. Other interactions were statistically
significant.

The interaction month*size (F, 43 =7.55, P = 0.0014) was significant for iron when
comparing different sizes within the same month. For July, small fish at 812.57 + 214.58
Ma/g had statistically higher concentrations than large fish at 369.07 + 218.98 ug/g;
August*small, with concentrations at 1087.89 + 296.01 ug/g, was also statistically higher
than August*large, at 758.56 + 321.43 ug/g; and for September, small fish were
significantly higher than large fish at 1133.79 + 384.56 ug/g and 618.84 + 229.24 ug/g,
respectively. When comparing the same size between months, August*small and

September*small did not statistically differ from one another, but did statistically differ
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from July*small; with July having the lowest concentration at 812.57 + 214.58 ug/g.
Similarly in large fish, August and September did not statistically differ from one
another, but were statistically different from July; with July having the lowest
concentrations of iron at 369.07 + 218.98 ug/g.

The interaction place*month (F, 45 = 4.04, P = 0.0230) was significant for iron.
When comparing the same month between locations, only VB*July was statistically
higher than G1*July at 648.18 + 312.95 ug/g and 533.46 + 318.68 ug/g, respectively;
August and September did not differ statistically between the two locations. When
comparing different months within the same year, VB*August, at 1010.71 + 369.59 ug/g,
was significantly higher than VB*July, at 648.18 + 312.95 pg/g; while VB*September
did not statistically differ from either month. For GI, September and August were not
statistically different from one another, but were statistically greater than GI*July at
533.46 + 318.68 g/g.

Table 4.13 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for iron

IRON
Effect Numerator | Denominator F Value Pr>F
DF DF

Place 1 48 10.08 0.0026
Month 2 48 38.83 <.0001
Place*Month 2 48 4.04 0.0239
Size 1 48 135.68 <.0001
Place*Size 1 48 0.24 0.6260
Month*Size 2 48 7.55 0.0014
Place*Month*Size 2 48 2.24 0.1178
Year 1 48 42.95 <.0001
Place*Year 1 48 44.35 <.0001
Month*Year 2 48 9.79 0.0003
Place*Month*Year 2 48 8.45 0.0007
Size*Year 1 48 18.55 <.0001
Place*Size*Year 1 48 11.75 0.0013
Month*Size*Year 2 48 0.28 0.7585
Place*Month*Size*Year 2 48 3.22 0.0487
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Table 4.14 Average iron concentration (g/g) for each variable
VB Gl Small | Large | July Aug Sept 2011 2012

Iron 84194 | 751.64 | 1011.42 | 582.16 | 590.82 | 923.22 | 876.32 | 698.68 | 894.90
+ + + + + + + + +

085 | 27664 | 6181 | 21568 | 182.47 | 24611 | 12.33 | 404.91 | 335.63

The four way interaction place*month*size*year, (F24s = 3.22, P = 0.0487), had
several significant interactions for iron.
4.2.8 Nickel

Nickel demonstrated a statistical difference for the single variables: place, month,
size, and year (Table 4.15). The variable size (F1 45 = 82.12, P = <.0001) had the lowest
P-value of all single and multiple factor models, with small fish having statistically
higher concentrations than large fish at 1.79 = 0.07 pg/g and 1.05 £ 0.32 pg/g,
respectively. The variable place (F1 45 =19.96, P = <.0001), had statistically higher levels
of nickel at VB, with a concentration at 1.58 + 0.09 ug/g, as compared to GI, at 1.25 +
0.48 pg/g. The next variable, month (F, 4 =19.94, P = <.0001), had the highest
concentrations of nickel during the months of August, at 1.59 + 0.46 pg/g, and
September, at 1.60 + 0.06 pg/g. When compared to July, at 1.06 + 0.18 pg/g, August and
September were statistically greater; although when compared to one another there was
no statistical difference. The last single variable year (F1 45 = 17.93, P = 0.0001), had a
significant difference between 2011 and 2012, with 2012 having higher concentrations of
nickel at 1.55 + 0.58 pg/g than 2011 at 1.28 + 0.79 pg/g. All mean concentration values
for nickel are indicated in Table 4.16.

The interactions month*size, place*year, month*year, and size*year were all
significant for nickel (Table 4.15). The interaction place*year (F1 45 =32.36, P = <.0001),
had the second lowest P-value and was significant when comparing different locations

within the same year. In 2011, VB had significantly higher concentrations of nickel at
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1.65 + 0.75 pg/g as compared to Gl at 0.92 + 0.66 pg/g. Conversely, in 2012 there was
no statistical difference in nickel concentrations between the two locations. When
comparing the same location between years, there was no statistical difference between
2011 and 2012 for VB. For GI, 2012 was statistically higher than 2011 at 1.59 + 0.53
Mg/g and 0.92 £ 0.66 pg/g, respectively.

For the interaction size*year (F 45 =6.32, P = 0.0153) there was a statistical
difference when comparing different sizes within the same year. In 2011, small fish had
higher concentrations of nickel, at 1.74 £+ 0.83 ug/g, than large fish, at 0.82 + 0.37 ug/g.
In 2012, small fish also had higher concentrations at 1.83 + 0.57 ug/g when compared to
large fish 1.28 £ 0.44 pg/g. When comparing the same size between years, small*2012
did not statistically differ from small*2011. For large fish, 2012 was statistically higher,
at 1.28 + 0.44 pg/g, than large*2011, at 0.82 £+ 0.37 pg/g.

The interaction month*size (F 43 =5.23, P = 0.0088) was significant for nickel
when comparing different sizes within the same month. For July, small fish at 1.26 + 0.40
Mg/g had statistically higher concentrations of nickel than large fish at 0.86 + 0.42 pg/g;
August*small, with concentrations at 1.89 + 0.44 pg/g, were also statistically higher than
August*large at 1.29 £ 0.56 pg/g; and for September, small fish were significantly higher
than large fish at 2.21 + 0.84 pg/g and 1.00 £ 0.29 pg/g, respectively. When comparing
the same size between months, August*small and September*small did not statistically
differ from one another, but did statistically differ from July*small; with July having the
lowest concentration at 1.26 + 0.40 pg/g. In large fish, August was statistically higher
than July at 1.29 + 0.56 pg/g and 0.86 + 0.42 ug/g, respectively; while September*large

did not statistically differ from either month.
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The next interaction that had a significant interaction was month*year (Fz4s =
4.98, P = 0.0109). When comparing the same month between years, August*2012 was
statistically higher than August*2011 at 1.92 + 0.45 pg/g and 1.27 + 0.52 pg/g,
respectively; while July and September did not statistically differ between 2011 and
2012. When comparing different months within the same year, August and September of
2011 did not statistically differ from one another, but did statistically differ from
July*2011; with July having the lowest concentration at 0.93 + 0.55 pg/g. In 2012,
August was statistically higher than July at 1.92 £+ 0.45 pg/g and 1.18 + 0.32 ug/g,
respectively; while September*2012 did not statistically differ from either month. Other
interactions were statistically significant.

Table 4.15 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for nickel

NICKEL
Effect Numerator | Denominator F Value Pr>F
DF DF

Place 1 48 19.96 <.0001
Month 2 48 19.94 <.0001
Place*Month 2 48 1.69 0.1959
Size 1 48 82.12 <.0001
Place*Size 1 48 0.47 0.4959
Month*Size 2 48 5.23 0.0088
Place*Month*Size 2 48 2.39 0.1022
Year 1 48 17.93 0.0001
Place*Year 1 48 32.36 <.0001
Month*Year 2 48 498 0.0109
Place*Month*Year 2 48 1.27 0.2895
Size*Year 1 48 6.32 0.0153
Place*Size*Year 1 48 1.27 0.2650
Month*Size*Year 2 48 0.96 0.3900
Place*Month*Size*Year 2 48 0.71 0.4953

Table 4.16 Average nickel concentration (pg/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012

Nickel 158+ | 1.25+ | 1.79+ | 1.05+ | 1.06+ | 159+ | 160+ | 1.28+ | 155+
0.09 0.48 0.07 0.32 0.18 0.46 0.06 0.79 0.58
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4.2.9 Lead

Lead demonstrated a statistical difference for the single variables: place and size
(Table 4.17). The variable size (F1 45 = 32.51, P = <.0001) had the lowest P-value of all
single and multiple factor models, with small fish having statistically higher
concentrations, at 1.44 + 0.10 pg/g, than large fish, at 1.05 + 0.20 pg/g. The variable
place (F1 43 =16.80, P = 0.0002), was also significant with VB having higher
concentrations than Gl at 1.34 £ 0.02 and 1.15 + 0.12 pg/g, respectively. All mean
concentration values for lead are indicated in Table 4.18.

The interactions place*month, place*year, month*year, place*month*year,
size*year, and place*size*year were all significant for lead (Table 4.17). The interaction
month*year (F24s5 = 17.98, P = <.0001) was significant and had the second lowest P-
value. When comparing the same month between years, July*2012, at 1.44 + 0.34 pg/g,
was statistically higher than July*2011, at 0.89 £ 0.53 pg/g. September*2011 was also
statistically higher than September*2012 at 1.47 + 0.45 pg/g and 1.07 £ 0.35 pg/g,
respectively; August did not statistically differ between 2011 and 2012. When comparing
different months within the same year, August*2011 and September* 2011 did not
statistically differ from one another, but did statistically differ from July*2011; with July
having the lowest concentration at 0.89 £+ 0.53 pg/g. In 2012, July was statistically higher
than September at 1.44 + 0.34 pg/g and 1.07 + 0.35 pg/g, respectively; while
August*2012 did not statistically differ from either month.

The three way interaction: place*month*year (F, 45 =9.50, P = 0.0003) was
significant for lead. When comparing the interaction of different places (VB to Gl), same

month (July to July), and same year (2011 to 2011) there was a statistical difference for:
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VB*July*2011 at 1.33 = 0.29 pg/g when compared to GI*July*2011 at 0.45 + 0.27 ug/g.
Other interactions were statistically significant.

For the interaction size*year (F1 45 =9.39, P = 0.0036) there was a statistical
difference when comparing different sizes within the same year. Small*2011 had
statistically larger concentrations of lead than large*2011 at 1.52 + 0.52 pg/g and 0.91 +
0.37 pg/g, respectively. In 2012, there was no statistical difference between small and
large fish. When comparing the same size between years, small*2011 did not statistically
differ from small*2012. For large fish, 2012 was statistically higher, at 1.19 + 0.35 ug/g,
than 2011, at 0.91 + 0.37 pg/g.

The interaction place*month (F, 4 = 9.02, P = 0.0005) was significant for lead.
When comparing the same month between locations, only VB*July was statistically
higher than GI1*July at 1.48 £+ 0.32 pg/g and 0.90 £ 0.55 ug/g, respectively; August and
September did not differ statistically between the two locations. When comparing
different months within the same location, GI*September and GI*August did not
statistically differ from one another, but were statistically greater than Gl*July at 0.90 £
0.55 pg/g; while VB did not statistically differ between any of the three months.

The three way interaction: place*size*year (F14s =7.26, P = 0.0097) was
significant when comparing the interaction of the same place (VB to VB), different size
(small to large), and same year (2011 to 2012) for: GI*small*2011 at 1.44 £+ 0.62 pg/g
compared to Gl*large*2011 at 0.70 £ 0.40 pg/g. When comparing the interaction of
different places (VB to GI), same size (small to small), and same year (2011 to 2011)
there was a statistical difference for: VB*large*2011 at 1.12 + 0.18 pg/g compared to

Gl*large*2011 at 0.70 £ 0.40 pg/g. Other interactions were statistically significant.
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The interaction place*year (F1 45 =4.32, P = 0.0430), was significant when
comparing different locations within the same year. In 2011, VB had significantly higher
concentrations of lead, at 1.35 + 0.40 pg/g, as compared to Gl, at 1.07 + 0.63 pg/g.
Conversely, in 2012 there was no statistical difference in lead concentrations between the
two locations. When comparing the same location between years, there was no statistical
difference for VB or Gl between the two years.

Table 4.17 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for lead

LEAD
Effect Numerator | Denominator F Value Pr>F
DF DF
Place 1 48 9.11 0.0041
Month 2 48 2.34 0.1071
Place*Month 2 48 9.02 0.0005
Size 1 48 3251 <.0001
Place*Size 1 48 0.00 0.9936
Month*Size 2 48 0.37 0.6940
Place*Month*Size 2 48 0.74 0.4814
Year 1 48 2.33 0.1338
Place*Year 1 48 4.32 0.0430
Month*Year 2 48 17.98 <.0001
Place*Month*Year 2 48 9.50 0.0003
Size*Year 1 48 9.39 0.0036
Place*Size*Year 1 48 7.26 0.0097
Month*Size*Year 2 48 0.17 0.8405
Place*Month*Size*Year 2 48 0.47 0.6275
Table 4.18 Average lead concentration (ug/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012
Lead 134+ | 115+ | 144+ | 105+ | 1.16+ | 1.30+ | 127+ | 121+ | 1.28+
0.02 0.12 0.10 0.20 0.39 0.03 0.28 0.54 0.37

4.2.10 Zinc

Zinc demonstrated a statistical difference for the single variables: place, month,
and year (Table 4.19). The variable year (Fy 43 = 52,27, P = <.0001) had the lowest P-
value and had a significant difference between 2011 and 2012, with 2012 having
significantly higher concentrations of zinc at 115.75 + 169.55 pg/g than 2011 at 59.01 +

18.01 pg/g. The variable place (F; 45 =16.80, P = 0.0002) was also significant, with VB,
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at 108.18 + 64.16 pg/g, having higher concentrations of zinc than Gl, at 66.59 + 16.09
Mg/g. For the last single variable, month (F;4s =7.85, P = 0.0011), September was
statistically higher than July at 121.52 + 73.32 pg/g and 68.16 + 32.35 g/g, respectively;
while August did not statistically differ from either month. All mean concentration values
for zinc are indicated in Table 4.20.

The interactions place*month, month*year, place*month*year, and
place*size*year were significant for zinc (Table 4.19). The three way interaction:
place*month*year (F,4s =10.31, P = 0.0002) was significant when comparing the
interaction of different places (VB to Gl), same month (July to July), and same year
(2011 to 2011) for: VB*July*2011 at 62.57+ 7.58 pg/g compared to GI*July*2011 at
28.01 + 5.32 pg/g, and VB*August*2012 at 92.48 + 10.91 pg/g compared to
GI*August*2012 at 73.24 + 10.03 pg/g. Other interactions were statistically significant.

The three way interaction: place*size*year (F1 43 =4.50, P = 0.0390) was not
significant when comparing the interaction of the same place (VB to VB), different size
(small to large), and same year (2011 to 2011). When comparing the interaction of
different places (VB to Gl), same size (small to small), and same year (2011 to 2011)
there was a statistical difference for: VB*small*2012 at 211.92 + 333.44 ug/g compared
to Gl*small*2012 at 72.46 + 10.58 pg/g. Other interactions were statistically significant.

The interaction month*year (F, 45 = 4.01, P = 0.0245) was significant for zinc.
When comparing the same month between years, July*2012, at 91.04 + 13.00 pg/g, was
statistically higher than July*2011, at 45.29 + 19.09 ug/g. September*2012 was also
statistically higher than September*2011 at 173.36 + 292.62 ug/g and 69.68 + 10.46

Ma/g, respectively; while August did not statistically differ between 2011 and 2012.
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When comparing different months within the same year, August*2011 and
September*2011 did not statistically differ from one another, but did statistically differ
from July*2011; with July having the lowest concentration at 45.29 + 19.09 pg/g. In
2012, there was no statistical difference among the three months.

The interaction place*month (F, 45 = 3.22, P = 0.0486) was significant for zinc
when comparing the same month between locations. VB*July was statistically higher
than GI1*July at 78.83 + 18.17 ug/g and 57.50 £ 33.12 ug/g, respectively. For September,
VB, at 170.64 £ 293.61 pg/g, was also statistically higher than G, at 72.40 + 11.57 pg/g;
while August did not differ statistically between the two locations. When comparing
different months within the same location, GI*September and GI*August did not
statistically differ from one another, but were statistically greater than GI*July at 57.50 +
33.12 pg/g; while there was no statistical difference for VB between any of the months.

Table 4.19 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for zinc

ZINC
Effect Numerator | Denominator F Value Pr>F
DF DF

Place 1 48 16.80 0.0002
Month 2 48 7.85 0.0011
Place*Month 2 48 3.22 0.0486
Size 1 48 3.91 0.0539
Place*Size 1 48 1.18 0.2837
Month*Size 2 48 2.76 0.0734
Place*Month*Size 2 48 1.97 0.1505
Year 1 48 52.27 <.0001
Place*Year 1 48 1.39 0.2449
Month*Year 2 48 4.01 0.0245
Place*Month*Year 2 48 10.31 0.0002
Size*Year 1 48 0.50 0.4808
Place*Size*Year 1 48 4.50 0.0390
Month*Size*Year 2 48 2.30 0.1116
Place*Month*Size*Year 2 48 1.62 0.2094
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Table 4.20 Average zinc concentration (jg/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012

Zinc 108.18 | 66.59 | 103.19 | 71.58 | 68.16 | 72.46 | 12152 | 59.01 | 115.75
+ + + + + + + + +

6416 | 16.09 | 5516 | 2509 | 32.35 | 14.71 | 73.32 | 18.01 | 169.55

4.2.11 Vanadium

Vanadium demonstrated a statistical difference for the single variables: place,
month, size, and year (Table 4.21). The variable year (F; 45 = 31.21, P = <.0001) had the
lowest P-value of all single and multiple factor models, with 2012 having statistically
higher concentrations of vanadium than 2011 at 3.51 + 1.13 pg/g and 2.64 + 1.23 ug/g,
respectively. The variable size (F1 45 = 18.09, P = <.0001) was also significant with small
fish having higher concentrations at 3.38 £ 0.11pg/g than large fish at 2.77 =+ 1.11 pg/g.
The variable, place (F1 45 =8.48, P = 0.0054), had statistically greater levels of vanadium
at VB, with a concentration at 3.29 + 0.41 ug/g, as compared to Gl, at 2.86 + 0.81 ug/g.
The last variable, month (F, 45 =7.78, P = 0.0012), had the highest concentrations of
vanadium during the months of August, at 3.35 = 0.78 pg/g, and September, at 3.21 +
0.07 pg/g. When compared to July, with a concentration at 2.67 + 1.12 ug/g, August and
September were statistically greater; although when compared to one another there was
no statistical difference. All mean concentration values for vanadium are indicated in
Table 4.22.

The interactions place*month, place*month*size, place*year, month*year,
place*month*year, size*year, and place*size*year were all significant for vanadium
(Table 4.21). For the interaction size*year (F1 45 =18.53, P = <.0001) there was a
statistical difference when comparing different sizes within the same year. In 2011, small
fish had higher concentrations of vanadium, at 3.30 + 1.18 pg/g, than large fish, at 1.99 £

0.90 pg/g. However in 2012, large fish had higher concentrations than small fish at 3.56
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+ 1.34 pg/g and 3.46 + 0.91 pg/g, respectively. When comparing the same size between
years, small*2012 did not statistically differ from small*2011; while large*2012 were
statistically higher, at 3.56 + 1.34 pg/g, than large*2011 at 1.99 + 0.90 pg/g.

The next interaction that had a significant interaction was month*year (F4s =
10.23, P = 0.0002). When comparing the same month between years, July*2012, at 3.46
+ 0.97 ug/g, was statistically higher than July*2011, at 1.88 + 0.98 ug/g. August*2012
also had statistically higher concentrations than August*2011 at 3.91 + 1.30 pg/g and at
2.80 £ 0.93 ug/g, respectively; September did not statistically differ between 2011 and
2012. When comparing different months within the same year, September*2011 and
August*2011 did not statistically differ from one another, but were statistically greater
from July*2011; with July having the lowest concentration at 1.88 + 0.98 pg/g. In 2012,
there was no statistical difference between the three months.

The three way interaction: place*month*year (F, 45 =9.87, P = 0.0003) was
significant for vanadium. When comparing the interaction of different places (VB to Gl),
same month (July to July), and same year (2011 to 2011) there was a statistical difference
for: VB*July*2011 at 2.61 + 0.59 ug/g compared to GI*July*2011 at 1.15 + 0.70 pg/g,
and VB*August*2012 at 4.90 + 1.11 pg/g compared to GI*August*2012 at 2.91 + 0.30
Mg/g. Other interactions were statistically significant.

The interaction place*month (F, s = 8.20, P = 0.0009) was also significant for
vanadium. When comparing the month between locations, VB*July was statistically
higher than GI*July at 2.99 £ 0.83 pg/g and 2.35 + 1.54 ug/g, respectively; For August,
VB, at 3.92 + 1.40 pg/g, was statistically higher than Gl, at 2.78 £ 0.75 pg/g; while

September did not differ statistically between the two locations. When comparing
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different months within the same location, GI*September, at 3.44 £ 1.14 ug/g, was
significantly higher than GI1*July, at 2.35 + 1.54 ug/g; while GI*August did not
statistically differ from either month. For VB, there was no statistical difference between
the three months.

The interaction place*year (F1 45 =6.94, P = 0.0113), was significant when
comparing different locations within the same year. In 2011, VB had significantly higher
concentrations of vanadium, at 3.00 £ 1.08 pg/g, as compared to Gl, at 2.29 + 1.29 ug/g.
Conversely, in 2012 there was no statistical difference in vanadium concentrations
between the two locations. When comparing the same location between years, there was
no statistical difference between 2011 and 2012 for VVB. For GI, 2012 was statistically
higher than 2011 at 3.43 £ 0.89 pg/g and 2.29 + 1.29 ug/g, respectively.

Table 4.21 Numerator DF, Denominator DF, F-Value and P-Value of variables and
interactions of variables for vanadium

VANADIUM
Effect Numerator | Denominator F Value Pr>F

DF DF
Place 1 48 8.48 0.0054
Month 2 48 7.78 0.0012
Place*Month 2 48 8.20 0.0009
Size 1 48 18.09 <.0001
Place*Size 1 48 0.64 0.4280
Month*Size 2 48 2.52 0.0913
Place*Month*Size 2 48 3.28 0.0462
Year 1 48 31.21 <.0001
Place*Year 1 48 6.94 0.0113
Month*Year 2 48 10.23 0.0002
Place*Month*Year 2 48 9.87 0.0003
Size*Year 1 48 18.53 <.0001
Place*Size*Year 1 48 5.61 0.0219
Month*Size*Year 2 48 0.08 0.9205
Place*Month*Size*Year 2 48 2.40 0.1017

Table 4.22 Average vanadium concentration (ug/g) for each variable
VB Gl Small | Large | July | Aug | Sept | 2011 | 2012

Vanadium | 3.29+ | 286+ | 3.38+ | 277+ | 267+ | 3.35+ | 321+ | 264+ | 351+
0.41 0.81 0.11 1.11 1.12 0.78 0.07 1.23 1.13
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The three way interaction: place*size*year (F; 4 =5.61, P = 0.0219) was
significant when comparing the interaction of the same place (VB to VB), different size
(small to large), and same year (2011 to 2012) for: GlI*small*2011 at 3.07 £ 1.14 pg/g
compared to Gl*large*2011 at 1.50 £ 0.94 pg/g. When comparing the interaction of
different places (VB to Gl), same size (small to small), and same year (2011 to 2011)
there was a statistical difference for: VB*large*2011at 2.48 + 0.54 pg/g compared to
Gl*large*2011 at 1.50 £ 0.94 pg/g. Other interactions were statistically significant.
4.3 Discussion
4.3.1 Place

For VB the mean concentration of trace metals followed a sequence of:

Fe>Zn>Ba>As>V >Cu>Cr>Ni>Pb>Co>Cd.
For GI the mean concentration of trace metals followed a sequence of:

Fe>Zn>Ba>As>V >Cr>Cu>Ni>Pbh>Co>Cd.

Metal Concentration by Place
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Figure 4.1 Mean metal concentrations (jg/g) at Vermillion Bay and Grand Isle for both
years
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Both locations followed the same sequence for metal concentrations, with the
exception of chromium and copper exchanging order between the two sampling sites.
Overall, VB had significantly higher concentrations for all metals, except for barium and
cadmium which had no statistical difference (Figure 4.1).

4.3.2 Year
For 2011 the mean concentration of trace metals followed a sequence of:
Fe>Zn>Ba>As>V >Cu>Cr>Ni>Pb>Co>Cd.
For 2012 the mean concentration of trace metals followed a sequence of:
Fe>Zn>Ba>As>V >Cr>Cu>Ni>Pb>Co>Cd.

Both years had a similar sequence for metal concentrations, with copper and
chromium differing. 2012 had statistically higher concentrations for all metals, except
arsenic, cobalt, and lead. Cobalt and lead had no statistical differences between years;

arsenic had significantly higher concentrations in 2011 fish than 2012 (Figure 4.2).
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Figure 4.2 Mean metal concentrations (pg/g) in 2011 and 2012 for both locations
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Arsenic was the only metal with higher concentrations in 2011 rather than 2012.
Arsenic is naturally found in seawater and concentrations of arsenic are controlled by
minerals found in ocean sediments (Smedley and Kinniburgh, 2002; Wainipee et al.,
2010). The mineral goethite, an iron bearing oxide, filters arsenic and promotes
regulation of low arsenic levels (Wainipee et al., 2010). In a study performed by
Wainipee et al. (2010) the effects of adsorption of arsenic on goethite in the presence and
absence of oil coatings was investigated. It was found that in the presence of olil,
adsorption of arsenic by goethite was reduced by at least half when compared to oil-free
conditions. When oil coats the goethite mineral it causes a physical barrier and reduces
the surface area by approximately four times, which inhibits the arsenic from binding.
The oil also alters the chemistry of the goethite, which in turn weakens the attraction
between the arsenic and goethite. In addition, oil contains additional arsenic that
contributes to the increase of concentration in the water (Wainipee et al., 2010). Another
factor that may play an important role is the chemistry of the metal in the water. Metals
can undergo structural changes, altering its binding affinity for its role in adsorption.
Therefore, the DWH oil spill may have resulted in less arsenic being adsorbed by
goethite, possibly leading to increased arsenic concentrations in the water. This may have
resulted in higher arsenic concentrations in 2011 because concentrations were still high
from the DWH oil spill.

4.3.3 Place*Year Interaction

When monitoring metal concentrations for both years, VB had significantly

higher concentrations of trace metals than GI. However, when observing the interaction

place*year and comparing different locations within the same year, the trend differed. In
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2011, VB had statistically greater concentrations of barium, cadmium, cobalt, chromium,
copper, iron, nickel, lead and vanadium than GI (Figure 4.3). In 2012, the only metal that

differed was cadmium with higher concentrations at Gl than VB (Figure 4.4)
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Figure 4.3 Mean metal concentrations (ug/g) at Vermillion Bay and Grand Isle for 2011
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Figure 4.4 Mean metal concentrations (ug/g) at Vermillion Bay and Grand Isle for 2012
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Higher trace metal concentrations in VB fish from 2011 may be the result of a
high flood year where the Mississippi River discharged extreme amounts of freshwater to
Gl and diluted the metal concentrations. In 2011, the Mississippi River Flood broke
several stage records, which resulted in the highest discharge recorded from Cairo,
[llinois to the Morganza Floodway in Louisiana. Numerous meteorological factors led to
the flood including, higher than normal snowfall over the Upper Mississippi Valley,
raised river levels from heavy rain events from February to April, and extremely trace
rain at the end of April/beginning of May. River stages and discharge rates from the
Mississippi River Flood of 2011 were comparable to the major floods of 1927 and 1937.

Heavy snow in December 2010/early January 2011 and once more at the end of
February/beginning of March began the Mississippi River Flood of 2011. By February
12" and 13" above average temperatures caused snow south of Rock Island, Illinois to
melt. At the same time, river ice coverage of 70 to 100 percent north of St. Louis began
to break-up, producing ice jam flooding. From the snowmelt and ice break-up, several
tributaries in lowa, Missouri, and Illinois experienced flooding by the third week of
February. Additionally from snowmelt, on March 1% the Ohio River at Cairo, lllinois
increased above flood stage (40.0 feet) to 44.3 feet and continued to a height of 50.7 feet
by March 10", In the last week of March, 150 to 300 percent of normal snow water
equivalent was on the ground over Minnesota and Wisconsin, causing flooding along the
main stem Mississippi River.

Rain also contributed to flood of 2011 when several cities reached historically
high river crests. Heavy rains over the Lower Ohio Valley near Cairo, Illinois on March

18" caused the 14™ highest historical Mississippi River crest at 53.41 feet; by May 2",
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Cairo reached 61.0 feet with a projected crest of 63.0 feet on May 5". On March 29" the
Mississippi River at St. Paul, Minnesota surpassed major flood stage and produced its 8"
highest crest at 19.01 feet. The U.S. Army Corps of Engineers (2012) determined two
week totals from April 19™ to May 4™ over three extents along the Mississippi River;8 to
16 inches of rain fell over the Mississippi watershed from Arkansas City, Kansas to
Caruthersville, Missouri and 12 to 22 inches occurred over the watershed from
Caruthersville to Chester, Illinois and over the Lower Ohio Valley. Past records for that
time period indicated that the totals were 600 to 1000 percent of normal rainfall (DeHaan
et al., 2012). Gage height or river stage for the Mississippi River at Baton Rouge,
Louisiana rose beyond flood stage (35.0 feet) from March 30" to April 7" and then fell
below flood stage for the rest of April. River stages rose again during May and remained
above flood stage until June 21%, with a maximum height of 45.48 feet on May 18" and

19" (USGS Current Conditions for Louisiana) (Figure 4.5).

USG5 87374008 Hississippi River at Baton Rouge, LA
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Figure 4.5 Monthly gage height (ft) for the Mississippi River at Baton Rouge, LA in 2011
Source: USGS Current Conditions for Louisiana
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Furthermore, in 2011 the months March, April, May, June, July, August, September, and
October had higher river stages than those in 2012 (USGS Surface-Water Monthly
Statistics for Louisiana) (Table 4.23 and 4.24).

Table 4.23 Monthly mean gage height (ft) for the Mississippi River at Baton Rouge, LA

in 2011
Source: modified from USGS Surface-Water Monthly Statistics for Louisiana

2011 | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
Mean
nge 109 | 111 | 296 | 322 | 424 | 373 | 268 | 16.1 | 11.7 | 8.7 | 10.7 | 29.0
height

Incomplete data has been used for statistical calculation

Table 4.24 Monthly mean gage height (ft) for the Mississippi River at Baton Rouge, LA
in 2012
Source: modified from USGS Surface-Water Monthly Statistics for Louisiana
2012 Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct

Mean of
Gage 2550 | 28.05 | 25.01 | 23.75 | 16.27 | 7.98 | 526 | 4.68 | 4.74 | 5.37

height

Incomplete data has been used for statistical calculation

Heavy rainfall, elevated river levels and greater than average snowfall were the
significant factors that led to the 2011 Flood. Discharge rates in 2011 were higher than
those in 2012 (USGS Current Conditions for Louisiana) (Figure 4.6 and 4.7). In 2011, the
months March, April, May, June, July, August, and September had higher discharge rates
than those months in 2012; May and June had the largest variation between years and
highest mean discharge rates (USGS Surface-Water Monthly Statistics for Louisiana)
(Table 4.25 & 4.26). In 2011, the mean discharge rate for May was 1,290,000 cfs (cubic
feet per second) as compared to May of 2012 at 425,000 cfs. Additionally, on May 18
and 19,of 2011, discharge rates reached a peak of 1,436,000 cfs (USGS Current

Conditions for Louisiana) (Figure 4.7).
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Figure 4.6 Monthly discharge (cfs)for the Mississippi River at Baton Rouge, LA in 2011
Source: USGS Current Conditions for Louisiana

The additional water and increase in discharge rates may be linked to the difference in
metal concentrations seen in menhaden tissue between years and locations. Absorption of
trace metals is affected by the metal concentration in water. The higher the metal
concentration in the water, the more metals available to be taken up and accumulated by
the fish (Jezierska and Witeska, 2006). When river stages and discharge rates are lower,
as in droughts and winter months, metal concentrations are higher. Water volume is
decreased and the dilution effect diminishes. During periods when river stages are higher
and discharge rates are greater, as during a flood, metal concentrations are lower; trace
metal concentrations are diluted with the greater volumes of water (Garbarino et al.,
1995; Papafilippaki et al., 2008). During the Mississippi River Flood of 2011, there was a
significant increase in water volume, which may have resulted in the dilution of trace

metal concentrations. Furthermore, the dilution of the trace metals occurred specifically
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at Gl, since Gl is closer to the Mississippi River than VB. There was an increase in water
volume entering GI, which had a dilution effect on the concentration of trace metals. As a
result, GI had lower metal concentrations than VB in 2011but the concentrations were not

significantly different by location in 2012.
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Figure 4.7 Monthly discharge (cfs) for the Mississippi River at Baton Rouge, LA in 2012
Source: USGS Current Conditions for Louisiana

Table 4.25 Monthly mean discharge (cfs) for the Mississippi River at Baton Rouge, LA
in 2011
Source: modified from USGS Surface-Water Monthly Statistics for Louisiana
2011 | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Mean of
Discharge 309 312 768 845 | 1,290 | 1,060 | 661 421 326 259 304 736

** In hundreds of thousands
No Incomplete data has been used for statistical calculation
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Table 4.26 Monthly mean discharge (cfs) for the Mississippi River at Baton Rouge, LA
in 2012

Source: modified from USGS Surface-Water Monthly Statistics for Louisiana

2012 Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep

Mean of

Discharge 633 701 631 602 425 244 177 152 162

** In hundreds of thousands
No Incomplete data has been used for statistical calculation

Suspended sediment also plays a key role in metal absorption as trace metals bind
and are transported with suspended sediment in the water column. In warmer months or
floods, water volume increases and as a result suspended sediment concentrations
increase. When suspended sediment concentrations increase, dissolved metal
concentrations decrease through increased scavenging processes. Conversely, for
droughts and winter months, suspended sediment concentrations decrease, reducing metal
scavenging processes and dissolved metal concentrations (Garbarino et al., 1995). During
the Mississippi River Flood of 2011, suspended sediment concentrations increased due to
extreme river discharge (DeHaan et al., 2012). Trace metals enter the digestive tract of
fish when suspended matter, sediments, and organisms serving as food sources are
contaminated with trace metals (Dallinger et al., 1987). Gulf menhaden are obligate
filter-feeding omnivores and they swim with their mouths open to filter particulates in the
water including phytoplankton and suspended sediment (Franklin, 2007; Vaughan et al.,
2007). Since Gl is closer to the Mississippi River and there was an increase in suspended
sediment, menhaden from GI in 2011 would be expected to display higher levels of
metals than those from VB. However, the results demonstrated the opposite trend with
VB having higher concentrations of metals than GI in 2011. As stated earlier, the higher

the metal concentration in the water, the more metals are taken up and accumulated by

78



the fish. This relationship between body metal level and waterborne concentration is only
related if the metal is taken up by the fish from the water. This relationship is not certain
if the source of metal is from food (Jezierska and Witeska, 2006). Therefore, data from
the current study suggests that the relationship between metal absorption and food is not
as effective as absorption from dissolved metal concentrations. Another possible
explanation is that the dilution effect had a greater impact than the effect of suspended
sediment.

Water temperature also plays an important role in metal absorption by increasing
in the rate of uptake of certain metals as water temperature increases (Jezierska and
Witeska, 2006). Studies have shown that an increased water temperature, as during
summer months, leads to a higher uptake of metals (Kock et al., 1996; Douben, 1989b).
Increased temperatures can cause higher metabolic rates, which in turn result in a higher
rate of metal uptake and binding (Jezierska and Witeska, 2006; Papafilippaki et al.,
2008). In 2011, water temperatures were lower than those in 2012 (USGS Current
Conditions for Louisiana) (Figure 4.8 and 4.9); specifically, temperatures were lower
from January to July in 2011 than those in 2012 (USGS Surface-Water Monthly Statistics
for Louisiana) (Table 4.27 and 4.28). This decrease in water temperature can be attributed
to the Mississippi River Flood of 2011, where extreme drops in river water temperature
occurred because of large rainstorms (DeHaan et al., 2012). Lower water temperatures
may have affected metal absorption in menhaden from GI, where concentrations were

lower than menhaden from VB in 2011.
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Figure 4.8 Monthly water temperature for the Mississippi River at Baton Rouge, LA in
2011
Source: USGS Current Conditions for Louisiana
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Figure 4.9 Monthly water temperature for the Mississippi River at Baton Rouge, LA in
2012
Source: USGS Current Conditions for Louisiana
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Table 4.27 Monthly mean water temperature (°C) for the Mississippi River at Baton
Rouge, LA in 2011
Source: modified from USGS Surface-Water Monthly Statistics for Louisiana
2011 | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Mean of
Temp in 4.6 53 96 | 152196 | 263|289 |310|26.2|21.2|155| 9.6
Water

No Incomplete data has been used for statistical calculation

Table 4.28 Monthly mean water temperature (°C) for the Mississippi River at Baton
Rouge, LA in 2012
Source: modified from USGS Surface-Water Monthly Statistics for Louisiana
2012 | Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec

Mean of
Temp in 8.4 86 | 138 20.1 236277304 |30.2|276 213|149 | 13.0
Water

Incomplete data has been used for statistical calculation

Several other factors such as pH, water hardness, and salinity have also been
shown to be important in metal uptake and accumulation (Dallinger et al., 1987; Jezierska
and Witeska, 2006). While these environmental factors are important there was not
enough variance between location, year, or month for each factor. Therefore, it can be
concluded that for the current study pH, water hardness, and salinity did not play a
significant role in the rate of absorption for metals. While it has been determined that the
Mississippi River flood led to a dilution of metal concentrations, further results of the
current study cannot be attributed to the DWH oil spill. Since pre-spill baselines of trace
metals in gulf menhaden tissues are not known, there is no basis for which comparison
can be made to the 2011 and 2012 data.

4.3.4 Fish Size
For small fish the mean concentration of trace metals followed a sequence of:

Fe>Zn>Ba>As>V >Cr>Cu>Ni>Pb>Co>Cd.
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For large fish the mean concentration of trace metals followed a sequence of:
Fe>Zn>As>Ba>V >Cu>Cr>Ni>Pb>Co>Cd.

Both fish sizes had similar trends for metal concentration sequence with some
variation. Small fish demonstrated significantly greater concentrations for all metals,
except cadmium, zinc, and arsenic. Cadmium and zinc showed no statistical differences
in concentration between sizes of fish; arsenic had significantly larger concentrations in
large fish than small fish (Figure 4.10). Fish size and metal concentration demonstrated
an inverse relationship, as younger fish had higher concentrations of metals and large fish

had lower metal concentrations.

Metal Concentration by Size
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Figure 4.10 Mean metal concentrations (jug/g) for small and large fish for both years and
locations

Metabolic activity is one of the most important factors in trace metal
accumulation in fish, as young fish normally have higher metabolic activity than older
fish (Heath, 1987; Langston, 1990; Roesijadi and Ribinson, 1994; Canli and Atli, 2003).

Consequently, this leads to higher rates of metal accumulation in younger fish than older
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ones (Douben, 1989a; Nussey et al., 2000; Widianarko et al., 2000). A study by Canli and
Atli (2003) supports the negative relationships between metal concentrations and fish size
due to a difference in metabolic activity between the younger and older fish. The net
accumulation of trace metals in an organism is a consequence of the variance between
uptake and excretion, the most important factor in metal accumulation.
4.3.5 Place*Size Interaction

For the interaction place*size only arsenic had a statistical difference, with large

fish demonstrating significantly higher concentrations than small fish for both locations

(Figure 4.11).
Arsenic Concentrations by Place*Size
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Figure 4.11 Mean arsenic concentrations (pg/g) at Vermillion Bay and Grand Isle for
small and large fish
Higher concentrations of arsenic in large fish rather than small fish may be linked
to higher concentrations of arsenic in the water. This may be linked to a concept by Canli
and Atli (2003), where a positive relationship between animal size and metal

concentrations in tissues will result. If metal concentrations in water are higher than the
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capacity of dilution of tissue metal concentrations from growth and/or lowered metabolic
activity in older individuals, accumulation of metals may continue (Canli and Atli, 2003).
As previously discussed, arsenic concentrations in seawater are controlled by the mineral
goethite (Smedley and Kinniburgh, 2002; Wainipee et al., 2010). The goethite filters
arsenic and keeps arsenic levels suitable for marine life (Wainipee et al., 2010). Wainipee
et al. (2010) demonstrated the negative effects of adsorption of arsenic on goethite in the
presence oil. Adsorption of arsenic by goethite was reduced because the oil creates a
physical barrier, which inhibits the arsenic from binding. The chemistry of the goethite is
also altered from the oil and weakens the attraction between the arsenic and goethite.
Additionally, oil contains more arsenic that leads to higher levels in the water (Wainipee
et al., 2010). The chemistry of the metal in the water may also play a role. Metals can
undergo structural changes, altering its binding affinity for its role in adsorption. Results
from the current study suggest that the DWH oil spill may have resulted in less
adsorption of arsenic by goethite, causing increased arsenic concentrations in the water.
As a result, the concentrations of arsenic in the water would be greater than the dilution
of tissue metal concentrations from growth and/or metabolic activity in large fish.
4.3.6 Month

For July the mean concentration of trace metals followed a sequence of:

Fe>Zn>Ba>As>V >Cu>Cr>Pb>Ni>Co>Cd.
For August the mean concentration of trace metals followed a sequence of:
Fe>Zn>Ba>As>V >Cr>Cu>Ni>Pb>Co>Cd.
For September the mean concentration of trace metals followed a sequence of:

Fe>Zn>Ba>As>V >Cu>Cr>Ni>Pb>Co>Cd.
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All three months had similar sequences for metal concentrations, with copper,
chromium, lead and nickel varying. For most metals, August and September did not
statistically differ; however for all metals except lead, July had the lowest concentration

statistically. There was no significant difference in lead concentrations between months

(Figure 4.12).
Metal Concentration by Month
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Figure 4.12 Mean metal concentrations (ug/g) for July, August, and September for both
years and locations

4.3.7 Month*Year Interaction

For the interaction month*year all metals had a significant interaction, except
copper. When comparing the same month between years, all metals that were
significantly different had higher concentrations during July*2012 than July*2011.
Similarly, for the month of August 2012 had significantly higher concentrations than
2011 (Figure 4.13 & 4.14). Arsenic also displayed a different trend than other metals for
August. Arsenic was the only metal that had statistically higher concentrations during

August*2011 than August*2012. For most metals, September did not statistically differ
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between the two years. However, for arsenic, cobalt, and lead September*2011 had

significantly higher concentrations than September*2012. Zinc was the only metal with

significantly higher concentrations during September*2012 than September*2011.

When comparing different months within the same year, the trend varied. In 2011,

most metals displayed no statistical difference between the months August and

September; July was statistically lower than both months. Cadmium differed from this

trend, with September having statistically higher concentrations than July; while August
did not statistically differ from either month. Cobalt also differed, with September having
statistically higher concentrations than July and August, while July and August did not

differ statistically. In 2012, the trend followed that most metals had significantly higher

concentrations during the month of August.
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Figure 4.13 Mean metal concentrations (ug/g) for July, August, and September in 2011
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Figure 4.14 Mean metal concentrations (ug/g) for July, August, and September in 2012
Water temperature is important for metal absorption, with increasing water

temperatures causing increases in the rate of uptake of metals (Jezierska and Witeska,
2006). In 2011, July had the lowest concentrations of all metals that were significantly
different, while in 2012 the lowest metal concentrations were not always in July. When
comparing the same month between years, metals that were significant in July and
August 2011 had lower concentrations than those of 2012. All of these trends can be
attributed to water temperature drops during the Mississippi River Flood of 2011, where
great drops in river water temperature occurred due to large rainstorms (DeHaan et al.,
2012). The lower water temperatures in 2011 and July*2011 may have affected metal

absorption in menhaden resulting in lower metal absorption in 2011 and July*2011.
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5. CONCLUSIONS
5.1 Summary of the Results
The FAO/WHO set maximum permissible limits of trace metals in tissue (FAO,
1983; FAO/WHO, 1984) (Table 5.1). Iron and zinc in this study exceeded the FAO/WHO
maximum permissible limit while arsenic, cadmium, chromium, copper, nickel and lead
were within the FAO/WHO set limits.
Table 5.1 Mean concentrations (pg/g) of trace metals in tissues of B. patronus compared

with maximum permissible limits (ug/g)
Source: FAO (1983); FAO/WHO (1984)

As Cd Cr Cu Fe Ni Pb Zn
FAO/WHO | 86.0 | 0.5-1.0 13.0 20.0-30.0 | 300.0 80.0 0.5-1.5 | 5.0-30
VB 5.17 0.16 2.50 2.74 841.94 1.58 1.34 | 108.18
Gl 4.67 0.17 2.17 2.15 751.64 1.25 1.15 66.59
Small 3.87 0.16 2.92 2.84 1011.42 1.79 1.44 | 103.19
Large 5.97 0.16 1.75 2.06 582.16 1.05 1.05 71.58
2011 5.35 0.15 2.10 2.35 698.68 1.28 1.21 59.01
2012 4.49 0.18 2.57 2.55 894.90 1.55 1.28 | 115.75
VB*2011 5.62 0.17 2.63 2.82 841.34 1.65 1.35 62.81
GI*2011 5.08 0.13 1.57 1.87 556.02 0.92 1.07 55.21
VB*2012 4.72 0.15 2.37 2.67 842.54 1.52 1.32 | 153.54
GI1*2012 4.26 0.21 2.78 2.43 947.25 1.59 1.24 77.96

Metal concentrations for all four variables (place, year, size and month) followed
the sequence: Fe > Zn >Ba > As >V > Cr > Cu > Ni > Pb > Co > Cd. However, there
was a variation in sequence for all four variables between Cu and Cr and a variation
between Ba and As for fish size. Metal concentrations varied between all variables and
all interactions between variables. For location, there was a difference in metal
concentrations between VB and GI. Overall, VB had significantly higher concentrations
than GI for all metals, excluding barium and cadmium which had no statistical difference.
For metal concentrations between years, 2012 had significantly higher concentrations

than 2011 for all metals, except arsenic, cobalt, and lead. There was no statistical
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difference between cobalt and lead, while arsenic was significantly higher in 2011.
Increased arsenic levels may be attributed to decreased adsorption of arsenic by the
mineral goethite due to the DWH oil spill.

Metal concentrations differed by location and year. In 2011, VB had statistically
higher concentrations than Gl for 9 of the 11 metals (barium, cadmium, cobalt,
chromium, copper, iron, nickel, lead and vanadium). However, in 2012 none of the
metals were statistically higher at VB. In 2012, Cd was the only metal that was
statistically higher at Gl. In 2011, the Mississippi River broke several stage records and
some of the highest discharge rates were recorded. Several meteorological factors led to
the flood, including higher than normal snowfall over the Upper Mississippi Valley,
raised river levels from heavy rain events from February to April, and extremely heavy
rain at the end of April/beginning of May. All of these events caused a significant
increase in water volume, which may have resulted in a dilution effect on the trace metal
concentrations (USGS Current Conditions for Louisiana; USGS Surface-Water Monthly
Statistics for Louisiana; Garbarino et al., 1995; Papafilippaki et al., 2008; DeHaan et al.,
2012). Furthermore, because Gl is closer to the output of Mississippi River than VB,
metal concentrations were lower for GI in 2011. For 2012, there was not as much water
volume output from the Mississippi River and GI had higher concentrations for many
metals.

Size was also an important variable with small fish having higher concentrations
for 8 metals (barium, cobalt, chromium, copper, iron, nickel, lead, and vanadium) having
statistically higher concentrations. For large fish arsenic and cadmium had higher

concentrations than small fish, however only arsenhic was statistically higher. An
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inverse relationship between fish size and metal concentration is common and was
demonstrated in the current study; younger fish had higher concentrations of metals,
while larger fish had lower metal concentrations. Metabolic activity is significant in trace
metal accumulation in fish. Younger/smaller fish have higher metabolic activities than
older/larger fish, which leads to a higher metal accumulation in smaller fish (Heath,
1987; Douben, 1989a; Langston, 1990; Roesijadi and Ribinson, 1994; Nussey et al.,
2000; Widianarko et al., 2000; Canli and Atli, 2003). A higher concentration of arsenic in
large fish rather than small fish was linked to higher concentrations of arsenic in the
water. Canli and Atli (2003) determined a positive relationship between animal size and
metal concentrations in tissues would result if metal concentrations in water are higher
than the capacity of dilution of tissue metal concentrations from growth and/or lowered
metabolic activity in older individuals, accumulation of metals may continue (Canli and
Atli, 2003). Arsenic concentrations in seawater are controlled by the mineral goethite,
which adsorbs arsenic and keeps concentrations suitable for marine life (Smedley and
Kinniburgh, 2002; Wainipee et al., 2010). However, in the presence of oil the goethite
surface becomes covered with oil, which reduces the adsorption of arsenic by creating a
physical barrier and altering the chemistry, weakening the attraction between the arsenic
and goethite. Additionally, oil contains more arsenic that leads to higher levels in the
water (Wainipee et al., 2010). Another factor that may play an important role is the
chemistry of the metal in the water. Metals can undergo structural changes, altering its
binding affinity for its role in adsorption. Therefore, results from the current study
suggest that the DWH oil spill may have resulted in less adsorption of arsenic by

goethite, causing increased arsenic concentrations in the water. Consequently, the
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concentrations of arsenic in the water may have been greater than the dilution of tissue
metal concentrations from growth and/or metabolic activity in large fish.

For monthly temporal changes, little variation among the three months was
observed. July had the lowest concentrations among the three months for all of the metals
except lead, which was not statistically significant. When observing the months by years,
July*2011 had statistically lower concentrations than July*2012 for 8 metals (arsenic,
barium, cadmium, chromium, iron, lead, zinc and vanadium). For the month of August,
2011 also had statistically lower concentrations than August*2012 for 6 metals (barium,
cadmium, chromium, iron, nickel, and vanadium). Conversely in the month of
September, 2011 had statistically higher concentrations for 3 metals (arsenic, cobalt, and
lead) than 2012. Similarly to the variables place and year, July and August may have
been affected by water temperature. As water temperature increases, the rate of uptake of
metals also increases (Jezierska and Witeska, 2006). During the Mississippi River Flood
of 2011, several large rainstorms caused river temperatures to drastically drop, especially
in July (DeHaan et al., 2012). Lower temperatures may have led to lower metal
absorption in 2011 for all three months, with the lowest temperatures in July.

5.2 Future Research

Trace metal analysis is an important area of toxicology, however research
pertaining to metal bioaccumulation in marine fish is limited. Even at low levels, the
essential metals required for metabolism and growth (zinc, iron, etc.) can become toxic
(Garbarino et al., 1995). Therefore, it is important to monitor trace metal concentrations
in the aquatic environment. While the FAO/WHO have maximum permissible limits of

trace metals in fish, the limits are difficult to find and not publicly known. The limits also
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varied from each document and did not specify limits between species or fresh and salt
water fish. The shortage of published reference database for fish tissue quality in near-
coastal areas, specifically in the Gulf of Mexico, limits an evaluation of the
environmental significance of these results.

Several studies have revealed that metal concentrations differ significantly in
organ-specific fish tissue.(Dallinger et al., 1987; Canli and Atli, 2003; Jezierska and
Witeska, 2006). The differences in metal concentrations of the tissues may be due to their
affinity to specific organs. Essential metals such as iron, zinc, copper, or cobalt show
accumulation affinity in the organ where their main metabolic roles occur (Jezierska and
Witeska, 2006). For example, a study by Dallinger et al. (1987) found that copper shows
a distinct affinity to the liver, while zinc accumulates in the gonads. Toxic metals such as
cadmium is found mainly in the kidney and liver; however it may also reach great levels
in the gills, digestive tract and spleen (Jezierska and Witeska, 2006). Lead concentrates in
numerous organs including the liver, kidneys, spleen, digestive tract, gills and bone
(Dallinger et al., 1987). Fish muscles generally contain the lowest concentrations of
metals (Jezierska and Witeska, 2006). Also, preliminary research in gulf menhaden has
indicated structural lesions and functional disturbances; similar studies have shown that
these disturbances are due to accumulation of metals in various organs (Jezierska and
Witeska, 2006). Therefore, further research on gulf menhaden should focus on trace
metals in specific organs.

Additionally, increased arsenic concentrations in the water may have resulted
from the DWH oil spill. Arsenic is toxic at high concentrations and even chronic

exposure to low concentrations is damaging. Accumulation of arsenic in fish and other
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aquatic life can result in developmental and behavioral changes. Additionally, higher
trophic animals are at risk by eating contaminated food, resulting in a food chain effect.
Furthermore, results from the current study included two years of data. Longer
time periods are required to determine if the DWH spill has affected gulf menhaden
chronically. The Mississippi River Flood of 2011 may have diluted the concentrations of
trace metals. However, provisional data of 2013 monthly discharge from the Mississippi
River at Baton Rouge, LA displays rates similar to those in 2012. Therefore, if the Flood
did play a role in metal accumulation, concentrations in 2013 should be similar to 2012
(USGS Current Conditions for Louisiana) (Figure 5.1). Additionally, environmental
conditions and water concentrations should be taken at each location to determine the

role that conditions play.
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Figure 5.1 Monthly discharge (cfs) for the Mississippi River at Baton Rouge, LA in 2013
Source: USGS Current Conditions for Louisiana

93



REFERENCES

Afman L. A. and Miiller M. (2012) Human Nutrigenomics of Gene Regulation by
Dietary Fatty Acids. Progress in Lipid Research. 51:63-70.

Ahrenholz D. W. (1981) Recruitment and Exploitation of Gulf Menhaden, Brevoortia
patronus. Fishery Bulletin. 79, 325-335.

Allen B. R. (1991) Fish Oil in Combination with Other Therapies in the Treatment of
Psoriasis. In: Simopoulos A. P., Kifer R. R., Martin R. E., Barlow S. M. eds. Health
Effects of ®3 Polyunsaturated Fatty Acids in Seafoods. World Review of Nutrition and
Dietetics. 66:436-445.

Allen P. (1995) Accumulation Profiles of Lead and Cadmium in the Edible Tissues of
Oreochromis aureus during Acute Exposure. Journal of Fish Biology. 47:559-568.

Allen-Gill S. M. and Martynov V. G. (1995) Heavy Metal burdens in Nine Species of
Freshwater and Anadromous Fish from the Pechora River, Northern Russia. Science of
the Total Environment. 160/161:653-659.

Anderson R. V., Vinikour W. S., and Brower J. E. (1978) the Distribution of Cadmium,
Copper, Lead and Zinc in the Biota of 2 Freshwater Sites with Different Trace Metal
Inputs. Holarctic Ecology. 1:377-384.

Aung L. H,, Flick G. J.,, Buss G. R., Aycock H. S., Keefer R. F., Singh R., Brandon D.
M., Griffin J. L., Hovermale C. H., and Stutte C. A. (1984) Growth Responses of Crop
Plants to Fish Soluble Nutrients Fertilization. Virginia Agricultural Experiment Station
Bulletin. 84-89, 1-80.

Bagdonas E. and Vosyliene M. Z. (2006) A Study of Toxicity and Genotoxicity of
Copper, Zinc and their Mixture to Rainbow Trout (Oncorhynchus mykiss). Biologija
(Vilnius) 1:8-13.

Baker J. T. P. (1969) Histological and Electron Microscopical Observations in Copper
Poisoning in the Winter Flounder (Pseudopleuronectes americanus). Journal of the
Fisheries Research Board of Canada. 26:2785-2793.

Baldisserotto B., Chowdhury M. J,. and Wood C. M. (2005) Effects of Dietary Calcium
and Cadmium on Cadmium Accumulation, Calcium and Cadmium Uptake from the
Water, and their Interactions in Juvenile Rainbow Trout. Aguatic Toxicology. 72:99-117.

Barron M. G. and Albeke S. (2000) Calcium Control of Zinc Uptake in Rainbow Trout.
Aquatic Toxicology. 50:257-264.

94



Bazan N. G. (1989) The Supply of Omega-3 Polyunsaturated Fatty Acids to
Photoreceptors and Synapses. In: Galli C., Simopoulos A. P. eds. Dietary ®3 and w6
Fatty Acids: Biological Effects and Nutritional Essentiality. New York: Plenum Press.
227-240.

Behra R. (1993) In vitro Effect of Cadmium, Zinc, and Lead on Calmodulin-Dependent
Action in Oncorhynchus myskiss, Mytilus sp., and Chlamydomonas reinhardti. Archives
of Environmental Contamination and Toxicology. 24:21-27.

Biney C., Amuzu A. T., Calamari D., Kaba N., Mbome I. L., Naeve H., Ochumba P. B.
0., Osibanjo O., Radegonde V., and Saad M. A. H. (1994) Review of Pollution in the
African Aquatic Environment. FAO, Rome.

Bouquegneau J. M., Martoja M., and Truchet M. (1984) Heavy Metal Storage in Marine
Animals under Various Environmental Conditions. In: Toxins, Drugs, and Pollutants in
Marine Animals. Bolis (eds), Springer, Berlin, Heidelberg. New York. 147-160.

Breena J. and Diau G. (2007) The Influence of Dietary Docosahexaenoic Acid and
Arachidonic Acid on Central Nervous System Polyunsaturated Fatty Acids Composition.
Prostaglandins, Leukotrienes and Essential Fatty Acids. 77:247-250.

Brown B. E. (1977) Uptake of Copper and Lead by a Metal Tolerant Isopod Asellus
meridianus. Freshwater Biology. 7(3):235-244.

Brown B. E. (1978) Lead Detoxification by a Copper Tolerant Isopod. Nature. 276:388.

Caldwell C. and Phillips K. A. (1998) Hematological Effects in Rainbow Trout Subjected
to a Chronic Sublethal Concentration of Lead. In: Kennedy C., MacKinlay D. (eds) Fish
Response to Toxic Environments: Symposium Proceedings International Congress on the
Biology of Fish. Towson University, Baltimore. American Fisheries Society. Bethesda,
MD. 61-62.

Canli M. and Atli G. (2003) The Relationships Between Heavy Metal (Cd, Cr, Cu, Fe,
Pb, Zn) Levels and the Size of Six Mediterranean Fish Species. Environmental Pollution.
121:129-136.

Cavas T., Gavanko N. N., and Arkhipchuk V. V. (2005) Unduction of Micronuclei and
Binuclei in Blood, Gill, and Liver Cells of Fishes Subchronically Exposed to Cadmium
Chloride and Copper Sulphate. Food and Chemical Toxicology. 43:569-574.

Cave W. T., Jr (1991) o3 Fatty Acid Diet Effects on Tumorigenesis in Experimental
Animals. In: Simopoulos A. P., Kifer R. R., Martin R. E., Barlow S. M. eds. Health
Effects of ®3 Polyunsaturated Fatty Acids in Seafoods. World Review of Nutrition and
Dietetics. 66:462-476.

95



Chartier M. M. (1974) Osmoregulation and Calcium-Binding Protein of Intestinal
Mucosa and Gill of Rainbow Trout, Salmo gairdneri. Comptes rendus de I'Académie des
Sciences. 279:927-930.

Chaurasia S. S., Gupta P., Kar A., and Maiti P. K. (1996) Lead Induced Thyroid
Dysfunction and Lipid Peroxidation in the Fish Clarias batrachus with Special Reference
to Hepatic Type I-5’-monodeiodinase Activity. Bulletin of Environmental Contamination
and Toxicology. 56:649-654.

Chow E. S. H. and Cheng S. H. (2003) Cadmium Affects Muscle Type Development and
Axon Growth in Zebrafish Embryonic Somitogenesis. Toxicological Sciences. 73:149-
159.

Christmas J. Y., McBee J.T., Waller R. S., & Sutter Il F. C. (1982) Habitat Suitability
Index Models: Gulf Menhaden. U.S. Deptarment of the Interior Fish Wildlife Services.
FWS/OBS-82/10.23. 1-23.

Cleveland L., Little E. E., Hamilton S. J., Buckler D. R., and Hunn J. B. (1986)
Interactive Toxicity of Aluminium and Acidity to Early Life Stages of Brook Trout.
Transactions of the American Fisheries Society. 115:610-620.

Couture P. and Kumar P. R. (2003) Impairment of Metabolic Capacities in Copper and
Cadmium Contaminated Wild Yellow Perch (Perca flavescens). Aquatic Toxicology.
674:107-120.

Czarnezki J. M. (1985) Accumulation of Lead in Fish from Missouri Streams Impacted
by Lead Mining. Bulletin of Environmental Contamination and Toxicology. 34:736-745.

Dallinger R. and Kautzky H. (1985) the Importance of Contaminated Food for the Uptake
of Heavy Metals by Rainbow Trout (Salmo gairdneri): A Field Study. Oecologia
(Berlin). 67:82-89.

Dallinger R. and Prosi F. (1986) Fractionation and Identification of Heavy Metals in
Hepatopancreas of Terrestrial Isopods: Evidence of Lysosomal Accumulation and
Absence of Cadmium-Thionein. In: Velthuis HHW (ed), Third European Congress of
Entomology, Amsterdam, Nederlandse Entomologische Vereniging. Congress
Proceedings. Part 2. p328.

Dallinger R., Prosi F., Segner H., and Back H. (1987) Contaminated Food and Uptake of
Heavy Metals by Fish: A Review and a Proposal for Further Research. Oecologia. 73:91-
98.

DeHaan H., Stamper J., Walters B. et al. (December 2012) Mississippi River and
Tributaries System 2011 Post-Flood Report. USACE, Mississippi Valley Division.

96



Delisle C. E., Hummel B., and Wheeland K. G. (1975) Uptake of Heavy Metals from
Sediment by Fish. In: TC Hutchinson (ed): International Conference on Heavy Metals in
the Environment. Toronto, Ontario. p821.

De Wet L. M., Schoonbee H. J., De Wet L. P. D., and Wiid A. J. B. (1994)
Bioaccumulation of Metals by the Southern Mouthbrooder, Pseudocrenilabrus philander
(Weber, 1897) from a Mine-Polluted Impoundment. Water SA. 20:119-126.

Douben P. E. (1989a) Lead and Cadmium in Stone Loach (Noemacheilus barbatulus L.)
from Three Rivers in Derbyshire. Ecotoxicology and Environmental Safety. 18:35-58.
Douben P. E. T. (1989b) Uptake and Elimination of Waterborne Cadmium by the Fish
Noemacheilus barbatulus L. (stone loach). Archives of Environmental Contamination
and Toxicology. 18:576-586.

Dubrow D., Hale M., and Bimbo A. (1976) Seasonal Variations in Chemical
Composition and Protein Quality of Menhaden. MFR Paper 1199. Marine Fisheries
Review 38(9):1-16.

Eddy F. and Fraser J. E. (1982) Sialic Acid and Mucus Production in Rainbow Trout
(Salmo gairdneri Richardson) in Response to Zinc and Seawater. Comparative
Biochemistry and Physiology. 73C:357-359.

Enk M. and Mathis B. J. (1977) Distribution of Cadmium and Lead in a Stream
Ecosystem. Hydrobiologia. 52(2-3):153-158.

ENVIRON International Corporation (1999) GRAS Exemption Notification for
Expanded Uses of Menhaden Oil. 1-27.

Erickson R. L., Myers A. T., and Horr C. A. (1954) Association of Uranium and Other
Metals with Crude Qil, Asphalt, and Petroliferous Rock. Bulletin of the American
Association of Petroleum Geologists. 38(10):2200-2218.

FAO (1983) Compilation of Legal Limits for Hazardous Substances in Fish and Fishery
Products. FAO Fisheries Circular, 464:5-100.

FAO/WHO (1984) List of Maximum Levels Recommended for Contaminants by the
Joint FAO/WHO Codex Alimentarius Commission. Second Series CAC/FAL, Rome 3:1-
8.

Fernandes G. and Venkatraman J. T. (1991) Modulation of Breast Cancer Growth in
Nude Mice by ®3 lipids. In: Simopoulos A. P., Kifer R. R., Martin R. E., Barlow S. M.
eds. Health Effects of @3 Polyunsaturated Fatty Acids in Seafoods. World Review of
Nutrition and Dietetics. 66:488-503.

97



Fenwick J. C. and So Y. P. (1974) A Perfusion Study of the Effect of Stanniectomy on
the Net Influx of Calcium-4 Across an Isolated Eel Gill. Journal of Experimental
Zoology. 188:125-131.

Franklin H. B. (2007) The Most Important Fish in the Sea: Menhaden and America.
Island Press, Washington. 26-67.

Géchter R. and Geiger W. (1979) MELIMEX, an Experimental Heavy Metal Pollution
Study: Behavior of Heavy Metals in an Aquatic Food Chain. Journal of Hydrology.
41(2):277-290.

Garbarino J. R., Hayes H. C., Roth D. A., Antweiler R. C., Brinton T. I., and Taylor H. E.
(1995) Heavy Metals in the Mississippi River. U.S. Geological Survey Circular 1133.
Reston, Virginia. http://pubs.usgs.gov/circ/circ1133/heavy-metals.html.

Gargiulo G., de Girolamo P., Ferrara L., Soppelsa O., Andreozzi G., Antonucci R.,
Battaglini P. (1996) Action of Cadmium on the Gills of Carassius auratus L. In the
Presence of Catabolic NH3. Archives of Environmental Contamination and Toxicology.
30:235-240.

Glick N. R. and Fischer M. H. (2013) the Role of Essential Fatty Acids in Human Health.
Journal of Evidence-Based Complementary and Alternative Medicine. 00(0):1-22.

Goldberg R. J. and Katz J. (2007) A Meta-Analysis of the Analgesic Effects of Omega-3
Polyunsaturated Fatty Acid Supplementation for Inflammatory Joint Pain. Pain. 129:210-
223.

Green J. H., Goldmintz D., Hale M. B., and Flynn D. J. (1973) Exploration of
Experimentally Produced Fish Peptones for Growth of Microorganisms. Development
Industrial Microbiology. 14:310-316.

Greene E. R., Huang S., Serhan C. N., and Panigrahy D. (2011) Regulation of
Inflammation in Cancer by Eicosanoids. Prostaglandins and Other Lipid Mediators. 96(1-
4):27-36.

Grosell M., McDonald M., Wood C. M., and Walsh P. J. (2004) Effects of Prolonged
Copper Exposure in the Marine Gulf Toadfish (Opsanus beta). I. Hydromineral Balance
and Plasma Nitrogenous Waste Products. Aquatic Toxicology. 68:249-262.

Haines T. A. and Brumbaugh W. G. (1994) Metal Concentration in the Gill,
Gastrointestinal Tract, and Carcass of White Suckers (Catostomus commersoni) in
Relation to Lake Acidity. Water, Air & Soil Pollution. 73:265-274.

Hale M. B. and Bauersfeld P. E., Jr (1978) Preparation of a Menhaden Hydrolysate for
Possible Use in a Milk Replacer. Marine Fisheries Review. 40(8):14-17.

98


http://pubs.usgs.gov/circ/circ1133/heavy-metals.html

Hale M. B., Bauersfeld P. E., Galloway S. B., and Joseph J. D. (1991) New Products and
Markets for Menhaden, Brevoortia spp. Marine Fisheries Review. 53(4):42-48.

Hallare A. V., Schirling M., Luckenbach T., Kéhler H. R., and Triebskorn R. (2005)
Combined Effects of Temperature and Cadmium on Developmental Parameters and
Biomarker Responses in Zebrafish (Danio rerio) embryos. Journal of Thermal Biology.
30:7-17.

Hardaway C., Sneddon J., and Beck J. N. (2004) Determination of Metals in Crude Oil
by Atomic Spectroscopy. Analytical Letters. 37(14):2881-2899.

Hardisty M. W., Huggins R. J., Kartar S., and Sainsbury M. (1974) Ecological
Implications of Heavy Metal in Fish from the Severn Estuary. Marine Pollution Bulletin.
5:12-15.

Haycox S. (June 2012) “Fetched Up”: Unlearned Lessons from the Exxon Valdez. The
Journal of American History. 219-228.

Heath A. G. (1987) Water Pollution and Fish Physiology. CRC press, Florida, USA.

Hettler W. F., Jr. (1984). Description of Eggs, Larvae and Early Juveniles of Gulf
Menhaden, Brevoortia patronus, and Comparisons with Atlantic Menhaden, B. tyrannus,
and Yellowfin Menhaden, B. smithi. Fishery Bulletin. 82(1):85-95.

Heyraud M. and Cherry R. D. (1979) Polonium-210 and Lead-210 in Marine Food
Chains. Marine Biology. 52:227-236.

Hilmy A. M., Shabana M. B., and Daabees A. Y. (1985) Bioaccumulation of Cadmium:
Toxicity in Mugil cephalus. Comparitive Biochemistry and Physiology. 81C:139-143.

Hodson P. V. (1988) The Effect of Metal Metabolism on Uptake, Disposition and
Toxicity in Fish. Aquatic Toxicology. 11:3-18.

Hontela A., Daniel C., and Ricard A. C. (1996) Effects of Acute and Subacute Exposures
to Cadmium on the Interrenal and Thyroid in Rainbow Trout, Oncorhynchus mykiss.
Aguatic Toxicology. 35:171-182.

Hou A., Laws E. A., Gambrell R. P., Baw H., Tan M., Delaune R. D., Li Y., and Roberts
H. (2006) Pathogen Indicator Microbes and Heavy Metals in Lake Pontchartrain
following Hurricane Katrina. Environmental Science & Technology. 40(19):5904-5910.

Jackim E., Hamlin J. M.m and Sonic S. (1970) Effect of Metal Poisoning of Five Liver

Enzymes in the Killyfish (Fundulus heteroclistus). Journal of the Fisheries Reaseach
Board of Canada. 27:383-390.

99



Jezierska B., Lugowska K., and Malgorzata W. (2009) The Effects of Heavy Metals on
Embryonic Development of Fish (a review). Fish Physiology and Biochemistry. 35:625-
640.

Jezierska B. and Witeska M. (2006) The Metal Uptake and Accumulation in Fish Living
in Polluated Waters. Soil and Water Pollution Monitoring, Protection and Remediation.
107-114.

Jones I, Kille P., and Sweeney G. (2005) Cadmium Delays Growth Hormone Expression
during Rainbow Trout Development. Journal of Fish Biology. 59:1015-1022.

Jump D. B., Depner C. M., and Tripathy S. (2012) Omega-3 Fatty Acid Supplementation
and Cardiovascular Disease: Thematic Review Series: New Lipid and Lipoprotein
Targets for the Treatment of Cardiometabolic Diseases. The Journal of Lipid Research.
53:2525-2545.

Kabata-Pendia A. and Pendias H. (1992) Trace Elements in Soils and Plants. CRS Press,
Boca Raton.

Kapur K. and Yadav N. A. (1982) The Effects of certain Heavy Metal Salts on the
Development of Eggs in Common Carp, Cyprinus carpio var. communis. Acta
Hydrochim Hydrobiol. 10:517-522.

Karlsson-Norrgren L., Runn P., Haux C., and Forlin L. (1985) Cadmium-Induced
Changes in Gill Morphology of Zebrafish, Brachydanio rerio (Hamilton-Buchanan), and
Rainbow Trout, Salmo gairdneri Richardson. Journal of Fish Biology. 27:81-985.

Karmali R. A. (1989) Dietary -3 and w-6 Fatty Acids in Cancer. In: Galli C.,
Simopoulos A. P. eds. Dietary o-3 and -6 Fatty Acids: Biologicia Effects and
Nutritional Essentiality. New York: Plenum Press. 351-359.

Kidwell J. M., Philliphs L. J., and Birchard G. F. (1995) Comparative Analyses of
Contaminant Levels in Bottom Feeding and Predatory Fish using the National
Contaminant Biomonitoring Program Data. Bulletin of Environmental Contamination
and Toxicology. 54:919-923.

Kock G., Triendl M., and Hofer R. (1996) Seasonal Patterns of Metal Accumulation in
Arctic char (Salcelinus alpinus) from an Oligotrophic Alpine Lake Related to
Temperature. Canadian Journal of Fisheries and Aquatic Sciences. 53:780-786.

Kornfeld I. E. (2011) Of Dead Pelican, Turtles, and Marshes: Natural Resources

Damages in the Wake of the BP Deepwater Horizon Spill. 38 B.C. Envtl. Aff. L. Rev.
317.

100



Korwin-Kossakowski M. (1996) Inhibition of Eggs Swelling—One of Possible Causes of
Carp (Cyprinus carpio L.) Larvae Deformation. Conference on Fish Reproduction, Ceske
Budejovice. 1-70.

Kremer J. M., Jubiz W., and Michalek A. (1987) Fish-Oil Acid Supplementation in
Active Rheumatoid Arthritis. Annals of Internal Medicine. 106:497-503.

Kremer J. M., Lawrence D. A., and Jubiz W. (1989) Different Doses of Fish-Oil Fatty
Acid Ingestion in Active Rheumatoid Arthritis: A Prospective Study of Clinical and
Immunological Parameters. In: Galli C., Simopoulos A. P. eds. Dietary ®3 and w6 Fatty
Acids: Biological Effects and Nutritional Essentiality. New York: Plenum Press. 343-
350.

Kris-Etherton P. M., Harris W. S., and Appel L. J. (2003) Fish Consumption, Fish QOil,
Omega-3 Fatty Acids, and Cardiovascular Disease. Arteriosclerosis, Thrombosis, and
Vascular Biology. 23:20-e31.

Lang C. and Lang-Dobler B. (1979) The Chemical Environment of Tubificid and
Lumbriculid Worms According to the Pollution Level of the Sediment. Hydrobiologia.
65(3):273-282.

Langston W. J. (1990) Toxic Effects of Metals and the Incidence of Marine Ecosystems.
In: Furness, R.W., Rainbow, P.S. (Eds.), Heavy Metals in the Marine Environment. CRC
Press, New York.

Lassuy D.R. (1983) Species Profiles: Life Histories and Environmental Requirements
(Gulf of Mexico) — Gulf menhaden. Wildlife Service, Division of Biological Services,
FWS/OBS-82/11.2. U.S. Army Corps of Engineers, TR EL-82-4. 1-13.

Le Guével R., Petit F. G., Le Goff P., Métivier R., Valotaire Y., and Pakdel F. (2000)
Inhibition of Rainbow Trout (Oncorhynchus mykiss) EstrogenReceptor Activity by
Cadmium. Biology of Reproduction. 63:259-266.

Lee T. H., Hoover R. L., Willilams J. D., Sperling R. I., Ravalese J. 3", Spur B. W.,
Robinson D. R., Corey E. J., Lewis R. A., and Austen K. F. (1985) Effect of Dietary
Enrichment with Eicosapentaenoic and Docosahexaenoic Acids on In Vitro Neutrophil
and Monocyte Leukotrene Generation and Neutrophil Function. The New England
Journal of Medicine. 312:1217-1224.

Lewis R. M. and Roithmayr C. M. (1981) Spawning and Sexual Maturity of Gulf
Menhaden, Brevoortia patronus. Fishery Bulletin. 78, 947-951.

Lock R. A. C. and Van Overbeeke A. P. (1981) Effects of Mercuric Chloride and

MethylMercuric Chloride on Mucus Secretion in Rainbow Trout (Salmo gairdneri
Richardson). Comparative Biochemistry and Physiology. 69C:67-73.

101



Loring D. H. and Prosi F. (1986) Cadmium and Lead Cycling between Water, Sediment,
and Biota in an Artifically Contaminated Mud Flat on Borkum (FRG). Water Science and
Technology. Vol 18. Plymouth. 131-139.

Lugowska K. (2005) The Effects of Copper and Cadmium on Embryonic Development,
and Quality of Newly Hatched Common Carp (Cyprinus carpio L.) Larvae. Ph.D Thesis,
University of Podlasie.

Lugowska K. and Jezierska B. (2000) Effect of Copper and Lead on Common Carp
Embryos and Larvae at Two Temperatures. Folia University of Agriculture Stetin 205
Piscaria. 26:29-38.

Marshall B. (December 19, 2010) Safety of Gulf Seafood Debated 8 Months After BP Oil
Spill. The Times-Picayune.

Martinez M. (1989) Dietary Polyunsaturated Fatty Acids in Relation to Neural
Development in Humans. In: Galli C., Simopoulos A. P. eds. Dietary ®3 and 6 Fatty
Acids: Biological Effects and Nutritional Essentiality. New York: Plenum Press. 123-
133.

Mathis B. J., Cummings T. F., Gower M., Taylor M., and King C. (1979) Dynamics of
Manganese, Cadmium, and Lead in Experimental Power Plant Ponds. Hydrobiologia.
67(3):197-206.

McGill K. (January 2011) Survey Measures Post-Spill Seafood Attitudes. Bloomberg
BusinessWeek

Mclintosh A. W., Shephard B. K., Mayes R. A., Atchinson G. J., and Nelson D. W.
(1978) Some Aspects of Sediments Distribution and Macrophyte Cycling of Heavy
Metals in a Contaminated Lake. Journal of Environmental Quality. 7(3): 301-305.

McNutt M. K., Camilli R., Crone T. J., Guthrie G. D., Hsieh P. A., Ryerson T. B., Savas
O., and Shaffer F. (December 2012) Review of Flow Rate Estimates of the Deepwater
Horizon Qil Spill. PNAS 109(50):20260-67.

Menhaden Oil. 21 CFR 184.1472: (2009). Print.

Miller P. A., Munkittrick K. R., and Dixon D. G. (1992) Relationship between
Concentrations of Copper and Zinc in Water, Sediment, Benthic Invertebrates, and
Tissues of White Sucker (Catostomus commersoni) at Metal-Contaminated Sites.
Canadian Journal of Fisheries and Aquatic Sciences. 49:978-984.

Mozaffarian D. and Wu J. H. (2012) (n-3) Fatty Acids and Cardiovascular Health: Are

Effects of EPA and DHA Shared or Complementary? Journal of Nutrition. 142:614S-
625S.

102



Murai T., Andrews J. W., and Smith R. G., Jr (1981) Effects of Dietary Copper on
Channel Catfish. Aquaculture. 22:353-357.

Murphy B. R., Atchison G. J., McIntosh A. W., and Kolar D. J. (1978) Cadmium and
Zinc Content of Fish from an Industrially Contaminated Lake. Journal of Fish Biology.
13:327.

Nakagawa H., Sato T., and Kubo H. (1995) Evaluation of Chronic Toxicity of Water
Lead for Carp cyprinus carpio Using its Blood 5-aminoleculinic Acid Dehydratase.
Fisheries Science. 61:956-959.

National Marine Fisheries Service (NMFS). Unpublished Data. Commercial Bait
Landing Statistics.NMFS, Silver Spring, Maryland and New Iberia, Louisiana.

National Marine Fisheries Services (NMFS) (1990) Fisheries of the United States, 1989.
U.S. Department Commerce., NOAA, National Marine Fisheries Service, Curr. Fish.
Stat. 8900, 1-111.

National Marine Fisheries Services (NMFS) (2005) Fisheries of the United States, 2004.
U.S. Department Commerce., NOAA, National Marine Fisheries Service, Curr. Fish.
Stat. No. 2004.

National Marine Fisheries Services (NMFS) (March 2012) Forecast for the 2012 Gulf
and Atlantic Menhaden Purse-Seine Fisheries and Review of the 2011 Fishing Season.
U.S. Department Commerce. NOAA, NMFS.

National Marine Fisheries Services (NMFS) (April 2010) Fisheries Economics of the
United States 2008. Economics and Sociocultural Status and Status Trends Series. 1-119.

National Marine Fisheries Services (NMFS) (July 2010) Fisheries of the United States
2009. U.S. Department Commerce., NOAA, National Marine Fisheries Service, Curr.
Fish. Stat. 1-6.

Ney J. J. and Van Hassel J. H. (1983) Sources of Variability in Accumulation of Heavy
Metals by Fishes in a Roadside Stream. Archives of Environmental Contamination and
Toxicology. 12:701-706.

Nicholson W. R. (1978) Gulf Menhaden, Brevoortia patronus, Purse Seine Fishery:
Catch, Fishing Activity, and Age and Size Composition, 1964-73. NOAA Tech. Rep.
NMFS SSRF-722.

NOAA Fisheries Office of Science and Technology (February 2010) Queried
Commercial Landing and Revenue.

103



Nussey G., Van Vuren J. H. J., du Preez H. H. (2000) Bioaccumulation of Chromium,
Manganese, Nickel, and Lead in the Tissues of the Moggel, Labeo umbratus
(Cyprinidae), from Witbank dam, Mpumalanga. Water SA. 26:269-284.

Occupational Safety and Health Administration (OSHA) (2011) Deepwater Horizon Oil
Spill: OSHA’s Role in the Response. U.S. Department of Labor. 1-39.

Osman A., Mekkawy I., Verreth J., and Kirschbaum F. (2007) Effects of Lead Nitrate on
the Activity of Metabolic Enzymes during Early Developmental Stages of the African
Catfish, Clarias gariepinus (Burhcell, 1822). Fish Physiology and Biochemistry. 33:1-13.

Pagenkopf G. K. (1983) Gill Surface Interaction Model for Trace-Metal Toxicity to
Fishes: Role of Complexation, pH, and Water Hardness. Environmental Science &
Technology. 17:342-347.

Part P. and Lock R. A. C. (1983) Diffusion of Calcium, Cadmium, and Mercury in a
Mucous Solution from Rainbow Trout. Comparative Biochemistry and Physiology.
76C:259-263.

Papafilippaki A. K., Kotti M. E., and Stavroulakis G. G. (2008) Seasonal Variations in
Dissolved Heavy Metals in the Keritis River, Chania, Greece. Global NEST Journal.
10(3):320-325.

Part P. and Svanberg O. (1981) Uptake of Cadmium in Perfused Rainbow Trout (Salmo
gairdneri) Gills. Canadian Journal of Fisheries and Aquatic Sciences. 38:917-923.

Pelgrom S. M. G. J., Lamers L. P. M., Lock R. A. C., Balm P. H., and Bonga S. E. (1995)
Interactions between Copper and Cadmium Modify Metal Organ Distribution in Mature
Tilapia, Oreochromis mossambicus. Environmental Pollution. 90:415-423.

Peterson R. H. and Martin-Robichaud D. J. (1982) Water Uptake by Atlantic Salmon Ova
as Affected by Low pH. Transactions of the American Fisheries Society. 111:772-774.

Playle R. C., Gensemer R. W. and Dixon D. G. (1992) Copper Accumulation on Gills of
Fathead Minnows: Influence of Water Hardness, Complexation and pH of the Gill
Microenvironment. Environmental Toxicology and Chemistry. 11:381-391.

Pristas P. J., Levi E. J., & Dryfoos R. L. (1976) Analysis of Returns of Tagged Gulf
Menhaden. Fishery Bulletin. 74:112-117.

Prosi F. (1983) Storage of Heavy Metals in Organs of Limnic and Terrestric Invertebrates

and their Effects on the Cellular Level. In: Heavy Metals in the Environment, ed. By G.
Miiller. Vol 1. CEP Consultants, Edinburgh. 459-462.

104



Prosi F. and Back H. (1985) Indicator Cells for Heavy Metal Uptake and Distribution in
Organs from Selected Invertebrate Animals. In: Heavy Metals in the Environment, ed.
Lekkas T. D. Vol Il. CEP Consultants, Edinburgh. 242-244.

Rainbow P. S. (1985) The Biology of Heavy Metals in the Sea. International Journal of
Environmental Studies. 25:399-401.

Rasekh J.G., Hale M. B., Goldmintz D., and Sidwell V. D. (1976) Using Fish in
Intermediate-Moisture, Low-Bacteria Pet Foods. Food Product Development. 10(8):66-
69.

Reddy R. S., Jinna R. R., Uzodinma J. E., and Desaiah D. (1988) In Vitro Effect of
Mercury and Cadmium on Brain Ca**-ATPase of the Catfish Ictalurus punctatus.
Bulletin of Environmental Contamination and Toxicology. 41:324-328.

Reintjes, J. W. (1969) Synopsis of Biological Data on Atlantic Menhaden, Brevoortia
tyrannus. Fishery and Wildlife Service. Circ. 320: 1-30.

Robinson D. R. and Kremer J. M. (1991) Summary of Panel G: Rheumatoid Arthritis and
Inflammatory Mediators. In: Simopoulos A. P., Kifer R. R., Martin R. E., Barlow S. M.
eds. Health Effects of w3 Polyunsaturated Fatty Acids in Seafoods. World Review of
Nutrition and Dietetics. 66:44-47.

Roch M., Nordin R. N., Autin A., McKean C. J. P., Deniseger J., Kathman R. D.,
McCarter J. A., and Clark M. J. R. (1985) The Effects of Heavy Metal Contamination on
the Aquatic Biota of Buttle Lake and the Campbell River Drainage (Canada). Archives of
Environmental Contamination and Toxicology. 14:347-362.

Roesijadi G. and Robinson W. E. (1994) Metal Regulation in Aquatic Animals:
Mechanism of Uptake, Accumulation and Release. In: Malins, D.C., Ostrander, G.K.
(Eds.), Aquatic Toxicology (Molecular, Biochemical and Cellular Perspectives. Lewis
Publishers, London.

Rygg B. (1985) Effect of Sediment Copper on Benthic Fauna. Marine Ecology Progress
Series. 25:83-89.

Sarnowska K., Sarnowski P., and Stominska I. (1997) The Effects of Lead and Copper on
Embryonic Development of Grass Carp (Ctenopharyngodon idella). XV1I Zjazd
Hydrobiologéw Polskich, Poznan. 1-173. (In Polish).

SAS Institute Inc. 2004. SAS OnlineDoc® 9.1.3. Cary, NC.

Sauer G. R. and Watabe N. (1988) The Effects of Heavy Metals and Metabolic Inhibitors

on Calcium Uptake by Gills and Scales of Fundulus heteroclitus In Vitro. Comparative
Biochemistry and Physiology. 91(C):473-478.

105



Saxton A.M. (1998) A Macro for Converting Mean Separation Output to L etter
Groupings inProc Mixed. In Proc. 23rd SAS Users Group Intl., SAS Institute, Cary, NC.
ppl1243-1246.

Simkiss K. and Mason A. Z. (1983) Metal lons: Metabolic and Toxic Effects. In: The
Mollusca, Hochachka P. W. (ed). Vol I1. Academic Press, New York. 102-164.

Simopoulous A. P. (1991) Omega-3 Fatty Acids in Health and Disease and in Growth
and Development. The American Journal of Clinical Nutrition. 54:438-463.

Skidmore J. F. (1970) Respiration and Osmoregulation in Rainbow Trout with Gills
Damaged by Zinc Sulphate. Journal of Experimental Biology. 52:484-494.

Sloman K. A. (2003) Copper, Cortisol and the Common Carp. The Journal of
Experimental Biology. 206:3309.

Stominska 1. (1998) Sensitivity of Early Developmental Stages of Common Carp
(Cyprinus carpio L.) to Lead and Copper Toxicity. Ph.D Thesis, Institute of
InlandFisheries, Olsztyn. 1-104. (In Polish).

Smedley P. L. and Kinniburgh D. G. (2002) A Review of the Source, Behavior, and
Distribution of Arsenic in natural Waters. Applied Geochemistry. 17(5):517-568.

Somero G. N., Chow T. J., Yancey P. H., and Snyder C. B. (1977) Lead Accumulation
Rates in Tissues of the Estuariane Teleost Fish, Gillichthys mirabilis: Salinity and
Temperature Effects. Archives of Environmental Contamination and Toxicology. 6:337-
348.

Sperling R. 1., Robin J. L., Kylander K. A., Lee T. H., Lewis R. A., Austin K. F. (1987)
The Effects of N-3 Polyunsaturated Fatty Acids on the Generation of Platelet-Activating
Factor-Acether by Human Monocytes. Journal of Immunology. 139:4186-4191.

Stagg R. M. and Shuttleworth T. J. (1982) The Accumulation of Copper in Platichthys
flesus L. and its Effects on Plasma Electrolyte Concentrations. Journal of Fish Biology.
20:491-500.

Substances Affirmed as Generally Recognized as Safe (GRAS): Menhaden Oil. 21 CFR
Part 184. (1997). Print.

Tan Z. S., Harris W. S., Beiser A. S., Au R., Himali J.J., Debette S., Pikula A., Decarli
C., Wolf P.A., Vasan R.S., Robins S.J., Seshadri S. (2012) Red Blood Cell Omega-3
Fatty Acid Levels and Markers of Accelerated Brain Aging. Neurology. 78:658-664.

The American Petroleum Institute Petroleum HPV Testing Group (Petroleum HPV)
(2003) Test Plan Crude Oil Category. US EPA.

106


http://www.stat.lsu.edu/faculty/geaghan/DandA.sas
http://www.stat.lsu.edu/faculty/geaghan/DandA.sas
http://www.stat.lsu.edu/faculty/geaghan/DandA.sas

Upton H. F. (February 2011) The Deepwater Horizon Oil Spill and the Gulf of Mexico
Fishing Industry. Congressional Research Service. 1-14.

U.S. Coast Guard (March 2011) BP Deepwater Horizon Qil Spill Incident Specific
Preparedness Review (ISPR), Final Report. Department of Homeland Security,
Washington DC.

U.S. Congress, House Committee on Energy and Commerce, Subcommittee on Energy
and Environment (August 19, 2010) The BP Oil Spill: Accounting for the Spilled Oil and
Ensuring the Safety of Seafood from the Gulf. 111" Cong., 2™ sess.

U.S. Department of Commerce (USDOC) (1999) NOAA, NMFS. Fisheries of the U.S.
Current Fisheries Statistics.

U.S. Geological Survey. USGS Surface-Water Monthly Statistics for
Louisiana. http://nwis.waterdata.usgs.gov/la/nwis/monthly/?search site no=07374000&
amp:;agency cd=USGS&amp;referred module=sw&amp;format=sites selection links

U.S. Geological Survey. USGS Current Conditions for Louisiana.
http://nwis.waterdata.usgs.gov/la/nwis/uv/?site_no=07374000&agency cd=USGS

Van der Putte I, Brinkhurst M. A., and Koeman J. H. (1981) Effect of pH on the Acute
Toxicity of Hexavalent Chromium to Rainbow Trout (Salmo gairdneri). Aquatic
Toxicology. 1:129-142.

Van Hassel J. H., Ney J. J., and Garling D. L. (1980) Heavy Metals in a Stream
Ecosystem at Sites Near Highways. Transactions of the American Fish Society. 109:636-
643.

VanderKooy S. J. and Smith J. S. (March 2002) The Menhaden Fishery of the Gulf of
Mexico, United States: A regional management plan. Gulf States Marine Comission.
NOAA.

Varanasi U. and Markey D. (1978) Uptake and Release of Lead and Cadmium in Skin
and Mucus of Coho Salmon (Oncorhynchus kisutch). Comparitive Biochemistry and
Physiology. 60C:187-191.

Vaughan D. S., Shertzer K. W., & Smith J. W. (2007) Gulf Menhaden (Brevoortia
patronus) in the U.S. Gulf of Mexico: Fishery Characteristics and Biological Reference
Points for Management. Fisheries Research 83: 263-275.

Verbost P. M., Van Rooij J., Flik G., Lock R. A. C., and Wendelaar Bonga S. E. W.
(1989)The Movement of Cadmium Through Fresh Water Trout Branchial Epithelium and
its Interference with Calcium Transport. The Journal of Experimental Biology. 145:185-
197.

107


http://nwis.waterdata.usgs.gov/la/nwis/monthly/?search_site_no=07374000&agency_cd=USGS&referred_module=sw&format=sites_selection_links
http://nwis.waterdata.usgs.gov/la/nwis/monthly/?search_site_no=07374000&agency_cd=USGS&referred_module=sw&format=sites_selection_links
http://nwis.waterdata.usgs.gov/la/nwis/uv/?site_no=07374000&agency_cd=USGS

Voigt H-R. (2004) Concentrations of Mercury (Hg) and Cadmium (Cd), and the
Condition of Some Coastal Baltic Fishes. Environmentalica Fennica. 21:1-26.

Wainipee W., Weiss D. J., Sephton M. A., Coles B. J., Unsworth C., and Court R. (2010)
The Effect of Crude Oil on Arsenate Adsorption on Goethite. Water Research. 44:5673-
5683.

Widianarkdo B., Van Gestel C. A. M., Verweij R. A., and Van Straalem N. M. (2000)
Associations Between Trace Metals in Sediment, Water, and Guppy, Poecilia reticulate
(Peters), from Urban Streams of Semarang, Indonesia. Ecotoxicology and Environmental
Safety. 46:101-107.

Witeska M., Jezierska B. and Chaber J. (1995) The Influence of Cadmium on Common
Carp Embryos and Larvae. Aquaculture. 129:129-132.

Wong C. K. C. and Wong M. H. (2000) Morphological and Biochemical Changes in the
Gills of Tilapia (Oreochromis mossambicus) to Ambient Cadmium Exposure. Aquatic
Toxicology. 8:517-527.

Yang H. N. and Chen H. C. (1996) Uptake and Elimination of Cadmium by Japanese eel,
Anguilla japonica, at Various Temperatures. Bulletin of Environmental Contamination
and Toxicology. 56:670-676.

Ylitalo G. M., Krahn M. M., Dickhoff W. W., Stein J. E., Walker C. C., Lassitter C. L.,
Garrett E. S., Desfosse L. L., Mitchell K. M., Noble B. T., Wilson S., Beck N. B., Benner
R. A., Koufopoulos P. N., and Dickey R. W. (December 2012)Federal seafood safety
response to the Deepwater Horizon oil spill. PNAS 109(50):20274-9.

Yurko-Mauro K., McCarthy D., Rom D., Nelson E. B., Ryan A. S., Blackwell A., Salem
N. Jr, Stedman M. (2010) Beneficial Effects of Docosahexaenoic Acid on Cognition in
Age-Related Cognitive Decline. Alzheimer’s and Dementia. 6:456-464.

Zarazua G., Avila-Pérez P., Tejeda S., Barcelo-Quintal I., and Martinez T. (2006)
Analysis of Total and Dissolved Heavy Metals in Surface Water of a Mexican Polluted
River by Total Reflection X-ray Fluorescence Spectrometry. Spectrochimica Acta Part B:
Atomic Spectroscopy. 61:1180-1184.

108



APPENDIX A: TOTAL GULF OF MEXICO MENHADEN
LANDINGS (ALL FISHERIES) AND REDUCTION FISHERY
EFFORT, 1963-1998

Fishing Effort
Year Total Gulf Landings (1000 vessel-ton-weeks)
1963 438,939 2773
1964 410,093 2729
1965 463,952 3336
1966 339,654 381.3
1967 : 404.7
1968 3828
1965 411.0
1970 548,605 400.0
1971 728,868 4729
1972 502,184 447 .5
1973 486,655 42162
1974 587,801 4855
1975 542940 538.0
1976 j61 448 5758
1977 447 458 5327
1978 220,344 574.3
1979 TT9.383 3339
1980 TO2,067 627.0
1981 552,562 623.0
1982 834,328 633.8
1983 023,571 633.8
1954 GR2 ET4 459
1985 883,520 560.6
1986 828,509 66,5
1987 BOT, 109 B04.2
1988 638,722 594.1
1989 319,587 5553
1990 F19.5%0 363.1
1991 550,718 4723
1992 432,718 408.0
1993 351,822 455.2
1994 THT A48 472.0
1995 472,039 417.0
1996 491,612 451.7
1997 621,943 430.2
1998 4597 461 409.3
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APPENDIX B: LANDINGS AND EX-VESSEL VALUE OF THE
GULF MENHADEN REDUCTION FISHERY, 1980-1993

Year Landings (1000 mt) Value (x1000)
1980 701.3 69,100
1981 552.6 47,700
1982 853.9 72,300
1983 923.5 82,500
1984 982.8 88,000
1985 881.1 67,300
1986 822.1 67,000
1987 894.2 69,900
1988 623.7 71,300
1989 569.6 52,000
1990 528.3 55,600
1991 544.3 57,700
1992 421.4 50,200
1993 539.2 57,800
1994 761.6 -
1995 463.9 _
1996 479.4 .
1997 611.2 -
1998 486.2 _

110




APPENDIX C: U.S. PRODUCTION, EXPORTS, AND IMPORTS OF
FISH OIL IN LBS (x1000) FOR 1987-1998

Year Domestic Production Exports Imports
1987 298,496 249,246 30,509
1988 224,733 150,002 27667
1989 225,478 198,009 25449
1990 281,949 236,589 36,702
1991] 267,345 254,525 21,828
1992 180,899 177.446 23,772
1993 293,452 184,488 26,052
1994 291,189 242788 40,642
1995 241,941 260,394 23913
1996 248,399 187,294 35,622
1997 283,379 215255 25,622
1998 223,149 196,664 24213
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APPENDIX D: THE PROCESSING OF 100 METRIC TONS OF RAW

MENHADEN THROUGH A MODERN PLANT
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APPENDIX E: MEAN CONCENTRATION VALUES FOR
INTERACTIONS (pg/g)

Place*Month
As Ba Cd Co Cr Cu
VB*July 5.07+ 6.04 + 0.16 + 055+ 1.95+ 298 +
1.93 2.88 0.03 0.21 0.47 2.12
VB*August 5.00 £ 9.22 + 0.16 £ 071« 293+ 241+
1.72 2.88 0.04 0.22 0.74 0.61
VB*September 544 + 8.07 0.16 £ 1.27 + 2.62 + 2.84 +
1.91 3.35 0.02 1.63 1.78 0.50
GI*July 3.64 573+ 0.12 043+ 1.45+ 1.62 +
1.49 3.37 0.06 0.24 0.76 0.84
GI*August 5.06 £ 8.96 + 0.22 £ 0.64 £ 273+ 250+
2.10 3.44 0.10 0.20 1.47 0.43
GI*September 530+ 8.28 + 0.15+ 0.70 £ 233+ 2.34 +
1.80 3.42 0.03 0.17 1.25 0.59
Fe Ni Pb Zn Vv
VB*July 648.18 + 1.27 + 143+ 78.83 + 2.99 +
312.95 0.39 0.32 18.17 0.83
VB*August 1010.71 1.65+ 1.35+ 75.06 + 392+
+ 369.59 0.43 0.41 22.29 1.40
VB*September 866.91 + 183+ 1.24 + 170.64 + 297 +
437.02 0.99 0.49 293.61 1.27
GI*July 533.46 + 0.85+ 0.90 + 57.50 £ 235+
318.68 0.44 0.55 33.12 1.54
GI*August 835.74 + 1.54 + 1.26 + 69.86 + 278 +
311.12 0.71 0.45 11.94 0.75
GI*September 885.72 + 1.38 + 1.30 + 72.40 344 +
392.30 0.71 0.41 11.57 1.14
Place*Size
As Ba Cd Co Cr Cu
VB*Small 385+ 10.12 + 0.15+ 0.80 + 311+ 3.26+
0.84 2.39 0.04 0.20 1.29 1.64
GIl*Small 3.89+ 9.64 + 0.17 + 0.68 + 273+ 242 +
1.19 2.83 0.07 0.20 1.34 0.67
VB*Large 6.49 + 543+ 0.16 £ 0.89 + 1.88 + 223+
1.53 2.06 0.02 1.39 0.65 0.45
Gl*Large 545+ 5.67 + 0.17 + 0.49 + 1.61 + 1.88 +
2.19 3.21 0.09 0.23 0.97 0.71
Fe Ni Pb Zn Vv
VB*Small 1083.72 201+ 155+ 139.30 £ 3.58 +
+ 342.33 0.67 0.39 240.79 1.09
GIl*Small 939.12 + 157 + 1.34 + 67.07 + 3.17 +
316.26 0.69 0.49 18.03 0.99
VB*Large 600.16 + 1.16 + 1.13 + 77.05 + 3.00+
285.30 0.37 0.31 20.44 1.34
Gl*Large 564.16 + 0.94 + 097+ 66.10 + 2.54 +
323.68 0.53 0.44 25.55 1.41
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Month*Size

As Ba Cd Co Cr Cu
July*Small 322+ 8.06 £ 0.14 + 0.64 £ 1.92 + 293+
0.96 1.94 0.04 0.16 0.56 2.23
August*Small 402 £ 10.86 0.19+ 0.78 £ 3.38+ 2.65+
0.78 2.33 0.07 0.18 1.02 0.55
September* 437+ 10.72 = 0.16 £ 081+ 347+ 294 +
Small 0.96 2.51 0.03 0.22 1.56 0.51
July*Large 5.49 + 3.71+% 0.15+ 0.34 + 1.48 + 1.67 +
1.81 2.27 0.05 0.16 0.70 0.76
August*Large 6.04 + 7.32 + 0.19 + 0.58 + 2.28 2.26 £
2.13 2.81 0.10 0.19 1.01 0.41
September* 6.38 + 562 0.15+ 1.16 + 1.48 + 2.24 +
Large 1.93 1.55 0.02 1.66 0.43 0.46
Fe Ni Pb Zn \4
July*Small 81257+ | 1.26+ 134+ | 66.25% 2.73 %
214.58 0.40 0.43 23.65 0.74
August*Small 1087.89 1.89+ 148 + 72.86 £ 353+
+296.01 0.44 0.48 13.11 0.95
September* 1133.79 221+ 151+ 170.46 + 387
Small +384.56 0.84 0.44 293.55 1.10
July*Large 369.07+ | 0.86+ 099+ | 70.08+ 2.61+
218.98 0.42 0.54 32.56 1.63
August*Large 758.56 * 1.29+ 113+ 72.07 £ 3.18+
321.43 0.56 0.28 21.96 1.50
September* 618.84 + 1.00 + 1.03 + 72.58 + 2.54 +
Large 229.24 0.29 0.29 14.39 0.93
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Place*Month*Size

As Ba Cd Co Cr Cu
VB*July*Small 3.34 + 8.66 0.14 + 0.75 + 214 + 4.08 +
0.69 1.22 0.03 0.07 0.48 2.63
VB*August* 3.96 + 10.76 = 0.16 + 0.80 + 3.37 % 2.56
Small 1.02 3.32 0.05 0.26 0.55 0.73
VB*September* 424 + 10.94 0.16 + 0.85+ 3.83 % 313+
Small 0.62 1.77 0.03 0.24 1.82 0.48
VB*July*Large 6.79 + 341+ 0.18+ 0.36 + 1.76 + 1.88
0.77 0.47 0.03 0.05 0.42 0.28
VB*August* 6.03 7.67 % 015+ 0.63+ 248+ 226+
Large 1.69 1.20 0.02 0.15 0.67 0.48
VB*September* 6.64 + 519+ 0.15+ 1.68 £ 1.40 £ 2.55*
Large 2.04 1.31 0.02 2.32 0.27 0.33
GI*July*Small 310+ 745+ 013+ 0.53+ 1.70 + 1.78 +
1.29 2.65 0.06 0.20 0.63 0.64
GI*August* 4.08 + 10.96 022+ 0.76 + 3.39+ 2.74
Small 0.53 0.96 0.08 0.07 1.41 0.34
GI*September* 449 + 10.50 = 0.15+ 0.76 + 310+ 2.74
Small 1.28 3.26 0.03 0.21 1.31 0.51
GI*July*Large 419+ 401+ 0.12 + 0.32 + 1.20 £ 1.46
1.58 3.30 0.05 0.24 0.84 1.04
GI*August* 6.05 + 6.96 + 023+ 0.52 + 2.08 = 2.26 =
Large 2.67 3.95 0.13 0.22 1.31 0.38
GI*September* 6.11 + 6.05 + 0.15 + 0.64 + 1.56 + 193+
Large 1.97 1.77 0.02 0.12 0.56 0.35
Fe Ni Pb Zn \Y
VB*July*Small 928.37 154 + 1.66 = 79.50 + 3.06 +
147.97 0.29 0.19 19.19 0.69
VB*August* 1142.37 187+ 147 % 73.69 + 3.81+
Small +414.60 0.29 0.49 18.65 1.26
VB*September* 1180.42 261+ 152+ 264.71 £ 3.87+
Small +400.44 0.80 0.47 409.99 1.21
VB*July*Large | 368.00 + 1.00 £ 1.20 = 78.16 + 292 +
71.79 0.28 0.26 18.90 1.01
VB*August* 879.06 £ 143+ 123+ 76.43 = 4.04 +
Large 294.99 0.45 0.30 271.22 1.63
VB*September* | 553.41+ 1.04 = 0.96 + 76.56 + 2.06 =
Large 154.71 0.21 0.35 17.91 0.35
GI*July*Small | 696.77+ | 0.97+ 1.02+ 52.99 + 240+
243.07 0.34 0.39 23.37 0.78
GIl*August* 1033.41 192+ 1.49 72.02 = 3.25+
Small +117.27 0.58 0.52 5.34 0.46
GI1*September* 1087.17 181+ 1.50 = 76.20 + 3.87+
Small +399.72 0.73 0.46 12.77 1.09
Gl*July*Large | 370.14+ | 0.72% 0.78 + 62.00 + 2.30 +
316.76 0.51 0.69 42.64 2.14
GIl*August* 638.06 £ 116 £ 1.03 £ 67.71 232+
Large 324.69 0.66 0.24 16.55 0.72
GIl*September* | 684.27 + 0.96 + 110+ 68.60 + 3.02 +
Large 285.31 0.37 0.22 9.83 1.11
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Fe Ni Pb Zn \

VB*2011 841.34 165+ 135+ 62.81 + 3.00 =
408.01 0.75 0.40 11.74 1.08

GI1*2011 556.02 £ 0.92 + 1.07 % 55.21 + 229+
357.74 0.66 0.63 22.34 1.29

VB*2012 842.54 152+ 132+ 153.54 + 3.59 +
394.86 0.64 0.43 236.55 1.35

GI1*2012 947.25 159+ 124 + 77.96 + 343+
264.96 0.53 0.30 14.33 0.89

July*2011 461.80 + 0.93+ 0.89+ 45.29 + 1.88 +
302.02 0.55 0.53 19.09 0.98

August*2011 749.20 £ 1.27 % 1.28 62.06 + 2.80 =
342.74 0.52 0.51 14.76 0.93

September*2011 | 885.04 + 1.64 147 % 69.68 + 3.25+
459.44 1.06 0.45 10.46 1.38

July*2012 719.84 118+ 144 + 91.04 + 3.46
281.31 0.32 0.34 13.00 0.97

August*2012 1097.25 192 + 133+ 82.86 + 391+
+257.96 0.45 0.34 14.17 1.30

September*2012 | 867.59 £ 157+ 1.07 % 173.36 + 3.16 +
365.82 0.68 0.35 292.62 1.06

VB*July*2011 626.59 1.39 % 133+ 62.57 + 2.61*
290.10 0.35 0.29 7.58 0.59

VB*August*2011 | 822.01 + 151+ 118+ 57.64 + 294 +
326.73 0.44 0.42 15.70 0.87

VB*September* 1075.41 2.04 1.56 68.23 + 345+
2011 +503.54 1.14 0.44 9.88 1.56

GI*July*2011 297.00+ | 048+ 045+ 28.01+ 115+
226.59 0.23 0.27 5.32 0.70

GIl*August*2011 | 676.39+ 1.03 % 138+ 66.48 + 2.65*
372.79 0.50 0.60 13.63 1.06

GI*September* | 694.66 + 125+ 1.38 % 7113 + 3.06 +
2011 351.93 0.89 0.48 11.75 1.29

VB*July*2012 | 669.78+ | 115+ 153+ 95.10 + 337+
360.81 0.43 0.35 5.84 0.90

VB*August*2012 | 1199.42 179+ 152+ 9248 + 4,90 +
+329.08 0.41 0.35 10.91 1.11

VB*September* | 658.41 + 161+ 0.92 + 273.05 % 249
2012 249.57 0.87 0.31 405.44 0.75

GI*July*2012 76991+ | 122+ 135+ 86.98 + 355+
194.69 0.18 0.33 17.27 1.11

GIl*August*2012 | 995.08 £ 205+ 114 + 73.24 + 291+
114.24 0.49 0.23 10.03 0.30

GI*September* 1076.78 152+ 122+ 73.67 £ 382+
2012 +356.53 0.51 0.34 12.35 0.92
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Place*Year

As Ba Cd Co Cr Cu
VB*2011 5.62 + 7.56 = 017+ 1.04 + 263+ 282+
2.15 3.68 0.04 1.36 1.49 1.75
GI1*2011 5.08 = 6.30 £ 013+ 047+ 157+ 1.87+
2.48 4.22 0.04 0.25 1.17 0.90
VB*2012 4,72 + 7.99 = 0.15+ 0.64 + 2.37 % 2.67 %
1.30 2.83 0.02 0.22 0.80 0.60
GI1*2012 4.26 + 9.01+ 021+ 0.70 + 2.78 = 243 %
1.00 2.24 0.09 0.14 1.11 0.38
Fe Ni Pb Zn \Y
VB*2011 841.34 + 1.65+ 135+ 62.81 3.00 £
408.01 0.75 0.40 11.74 1.08
GI1*2011 556.02 + 092+ 1.07 + 55.21 + 229+
357.74 0.66 0.63 22.34 1.29
VB*2012 842.54 + 152+ 132+ 153.54 + 3.59+
394.86 0.64 0.43 236.55 1.35
GI*2012 947.25 + 159+ 124+ 77.96 + 343+
264.96 0.53 0.30 14.33 0.89
Month*Year
As Ba Cd Co Cr Cu
July*2011 364+ 459 + 012+ 0.38 % 1.34+ 2.19+
2.03 3.08 0.05 0.24 0.66 2.43
August*2011 6.10 + 811+ 0.16 + 0.56 + 215+ 227+
2.02 3.86 0.04 0.22 0.97 0.59
September*2011 | 6.32+ 8.10 + 0.16 + 133+ 2.80 £ 2.58 +
1.97 4.05 0.02 1.60 1.99 0.60
July*2012 5.08 + 7.18+ 017+ 0.60 + 2.06 + 241+
1.35 2.57 0.03 0.17 0.47 0.54
August*2012 3.96 = 10.07 = 0.22 + 0.79 351+ 2.64
0.90 1.78 0.10 0.13 0.88 0.36
September*2012 4.42 + 8.25+ 0.15 % 0.63 % 214 + 259+
1.01 2.56 0.03 0.19 0.77 0.61
Fe Ni Pb Zn \Y
July*2011 461.80 = 0.93 % 0.89 = 4529 + 1.88 +
302.02 0.55 0.53 19.09 0.98
August*2011 749.20 £ 1.27 £ 128+ 62.06 + 2.80 =
342.74 0.52 0.51 14.76 0.93
September*2011 | 885.04+ | 1.64+ 147+ | 6968+ | 3.25%
459.44 1.06 0.45 10.46 1.38
July*2012 71984+ | 118+ 1.44 = 91.04 + 346
281.31 0.32 0.34 13.00 0.97
August*2012 1097.25 192+ 133+ 82.86 + 391+
+ 257.96 0.45 0.34 14.17 1.30
September*2012 | 867.59+ | 157+ 1.07+ | 17336+ | 3.16%
365.82 0.68 0.35 292.62 1.06
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Place*Month*Year

As Ba Cd Co Cr Cu
VB*July*2011 478 + 595+ 0.16 + 0.53 % 1.86 + 3.50 £
2.32 3.25 0.04 0.22 0.39 2.95
VB*August*2011 | 591+ 8.63+ 0.16 + 0.60 + 2.70 % 2.04 £
1.90 3.54 0.05 0.22 0.94 0.54
VB*September* 6.17 = 8.09 + 0.18 + 2.00 = 332+ 292 +
2011 2.34 4.26 0.01 2.14 2.29 0.32
GI1*July*2011 249 + 3.22 0.07 + 0.23 + 0.82 + 0.88 +
0.74 2.42 0.01 0.14 0.38 0.39
Gl*August*2011 | 6.28+ 7.58 + 0.15+ 0.52+ 1.60 + 249+
2.30 4.42 0.02 0.22 0.69 0.60
GI*September* 6.48 = 8.11+ 015+ 0.67 + 2.29 2.25*
2011 1.73 4.23 0.01 0.17 1.67 0.64
VB*July*2012 5.36 + 6.12 + 0.16 + 0.57 + 2.04 2.46
1.63 2.77 0.02 0.22 0.57 0.74
VB*August*2012 4.08 + 981+ 0.15+ 0.83 + 3.16 + 2.78 =
0.93 2.19 0.03 0.17 0.47 0.44
VB*September* 472 + 8.05 + 0.14 + 0.54 + 191+ 2.76 =
2012 1.13 2.57 0.01 0.14 0.70 0.66
GI*July*2012 4.80 = 8.24 017+ 0.62 2.08 £ 2.36 £
1.08 2.03 0.03 0.11 0.40 0.29
Gl*August*2012 | 3.85% 10.34 + 0.29+ 0.76 = 387+ 251+
0.94 1.41 0.10 0.06 1.08 0.22
GI*September* 413 + 8.45 + 015+ 0.73 2.38 243
2012 0.88 2.78 0.03 0.19 0.81 0.58
Fe Ni Pb Zn \%
VB*July*2011 | 62659+ | 139+ 1.33% 62.57 + 261+
290.10 0.35 0.29 7.58 0.59
VB*August*2011 | 822.01 + 151+ 118+ 57.64 + 294
326.73 0.44 0.42 15.70 0.87
VB*September* 1075.41 2.04 = 156+ 68.23 + 345+
2011 +503.54 1.14 0.44 9.88 1.56
GI*July*2011 297.00+ | 048z 045+ 28.01+ 115+
226.59 0.23 0.27 5.32 0.70
GI*August*2011 | 676.39 = 1.03 % 1.38 % 66.48 + 2.65*
372.79 0.50 0.60 13.63 1.06
GI*September* 694.66 * 1.25+ 1.38 + 71.13 + 3.06 £
2011 351.93 0.89 0.48 11.75 1.29
VB*July*2012 669.78 £ 115+ 153+ 95.10 + 3.37+
360.81 0.43 0.35 5.84 0.90
VB*August*2012 | 1199.42 1.79 % 152+ 9248 + 4,90 +
+ 329.08 0.41 0.35 10.91 1.11
VVB*September* | 658.41 + 161+ 0.92 + 273.05 % 249
2012 249.57 0.87 0.31 405.44 0.75
Gl*July*2012 | 76991+ | 122+ 1.35% 86.98 + 355+
194.69 0.18 0.33 17.27 1.11
GI*August*2012 | 995.08+ | 2.05% 114 + 7324 + 291+
114.24 0.49 0.23 10.03 0.30
GI*September* 1076.78 152+ 122 + 73.67 £ 382+
2012 +356.53 0.51 0.34 12.35 0.92
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Size*Year

As Ba Cd Co Cr Cu
Small*2011 391+ 9.79 + 0.15+ 0.71 2.86 + 2.89 +
1.34 3.23 0.05 0.25 1.62 1.79
Large*2011 6.79 £ 407 £ 0.15+ 0.81+ 1.34 + 1.80 +
2.19 2.10 0.04 1.42 0.60 0.72
Small*2012 3.82+ 997 + 0.18 £ 0.77 £ 2.99 + 279+
0.58 1.85 0.06 0.15 0.96 0.54
Large*2012 515+ 7.03+ 0.18+ 057+ 216+ 231+
1.24 2.36 0.08 0.16 0.83 0.35
Fe Ni Pb Zn Vv
Small*2011 967.71 1.74 £ 152 + 64.18 + 3.30+
370.66 0.83 0.52 18.03 1.18
Large*2011 429.65 + 0.82 + 091+ 53.84 + 1.99 +
216.54 0.37 0.37 16.91 0.90
Small*2012 1055.12 1.83 137+ 142.19 + 3.46 +
+294.70 0.57 0.36 239.84 0.91
Large*2012 734.67 1.28 + 1.19+ 89.32 + 3.56 +
301.17 0.44 0.35 13.49 1.34
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Place*Size*Year

As Ba Cd Co Cr Cu
VB*Small*2011 3.90+ 10.25 0.16 + 0.83+ 3.48 + 347+
1.07 2.96 0.05 0.24 1.73 2.31
VB*Large*2011 7.34 + 486 + 017+ 1.26 + 1.78 = 217+
1.43 1.92 0.02 1.94 0.36 0.50
GI*Small*2011 393+ 9.33+ 0.13 £ 0.59 + 2.24 + 231+
1.63 3.60 0.04 0.21 1.31 0.85
Gl*Large*2011 6.23 + 3.27+ 0.13 £ 0.36 £ 0.89 + 1.43 +
2.73 2.06 0.04 0.25 0.43 0.74
VB*Small*2012 3.80+ 10.00 0.14 + 0.77 £ 275+ 3.05+
0.60 1.84 0.02 0.16 0.53 0.52
VB*Large*2012 5.64 = 5.99 + 0.16 + 0.52 1.98 + 228+
1.15 2.15 0.03 0.20 0.86 0.42
GI*Small*2012 3.85+ 9.94 + 0.21+ 0.78 + 322+ 253+
0.59 1.98 0.06 0.14 1.24 0.44
Gl*Large*2012 4.66 * 8.07 0.20 + 0.63 + 2.34 + 233+
1.19 2.18 0.11 0.09 0.80 0.28
Fe Ni Pb Zn Vv
VB*Small*2011 1126.21 216+ 1.59 + 66.68 + 352+
+ 381.33 0.75 0.43 12.76 1.25
VB*Large*2011 556.46 + 1.14 + 1.12 + 58.94 + 248 +
160.46 0.16 0.18 9.83 0.54
GI*Small*2011 809.21 + 1.32 + 1.44 + 61.68 + 3.07+
300.02 0.71 0.62 22.66 1.14
Gl*Large*2011 302.83 + 051+ 0.70 £ 48.74 + 1.50 +
194.18 0.21 0.40 21.27 0.94
VB*Small*2012 1041.23 1.86 + 151+ 211.92 + 3.64 +
+ 315.53 0.58 0.37 333.44 0.97
VB*Large*2012 | 64385+ | 118+ 114 + 95.16 + 353+
378.06 0.51 0.42 7.32 1.71
GIl*Small*2012 1069.02 181+ 1.24 + 72.46 3.27+
+290.78 0.60 0.32 10.58 0.87
Gl*Large*2012 825.49 + 1.38 + 1.24 + 83.47 + 3.58 +
176.81 0.36 0.30 16.00 0.93
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Month*Size*Year

As Ba Cd Co Cr Cu
July*Small*2011 2.35% 7.09 = 0.10 0.54 + 147+ 3.16 +
0.51 2.14 0.04 0.22 0.45 3.18
August*Small* 433 + 10.82 0.17 + 0.71 2.83 % 2.57 *
2011 0.79 3.32 0.05 0.20 0.83 0.69
September* 506+ | 1146+ | 017+ | 088% | 428+ | 294%
Small*2011 0.68 2.56 0.02 0.24 1.80 0.28
July*Large*2011 4,92 + 2.08 = 0.13 + 0.23 + 121+ 1.22
2.20 1.11 0.06 0.13 0.84 0.80
August*Large* 7.87 % 539+ 0.15+ 041+ 147+ 1.96
2011 0.91 2.00 0.01 0.10 0.54 0.27
September* 758+ | 473+ | 016+ | 179% | 133% | 223%
Large*2011 2.07 1.54 0.01 2.26 0.43 0.64
July*Small*2012 | 4.09+ | 9.02+ | 017+ | 074% | 237+ | 271%
0.33 1.59 0.02 0.04 0.24 0.53
August*Small* 372+ 10.89 + 021+ 0.84 394+ 273+
2012 0.70 0.99 0.09 0.16 0.93 0.41
September* 3.67 9.99 + 0.15+ 0.74 + 2.65* 293+
Small*2012 0.64 2.46 0.03 0.19 0.72 0.71
July*Large*2012 | 6.06 £ 534+ 017+ 045+ 175+ 211+
1.25 1.94 0.03 0.11 0.45 0.38
August*Large* 421+ 9.25+ 0.23+ 0.74 + 3.09+ 255+
2012 1.07 2.09 0.13 0.07 0.64 0.30
September* 518+ | 650+ | 014% | 053 | 164 | 225z
Large*2012 0.70 1.03 0.02 0.12 0.40 0.23
Fe Ni Pb Zn \%
July*Small*2011 | 681.48+ | 114+ 113+ 47.38 + 219+
238.60 0.56 0.50 16.48 0.66
August*Small* 1000.83 1.69 + 1.60 £ 68.49 + 3.34+
2011 +279.12 0.29 0.55 15.69 0.84
September*Smal | 122082 | 239+ | 182+ | 7668+ | 436+
[*2011 +394.68 1.00 0.27 6.22 0.89
July*Large*2011 | 24211+ | 0.73% 065+ | 4319% 1.57 +
167.10 0.51 0.48 22.80 1.21
August*Large* | 497.57+ 0.85+ 0.96 + 55.64 + 2.25*
2011 169.03 0.30 0.15 11.57 0.70
September*Larg | 549.26+ | 0.89% 112+ 62.68 + 215+
e*2011 195.01 0.32 0.27 9.20 0.69
July*Small*2012 | 943.66+ | 137+ | 155+ | 8511+ | 327%
122.42 0.20 0.27 14.52 0.44
August*Small* 1174.95 210+ 1.36 £ 77.22 3.71+
2012 +310.92 0.48 0.42 9.28 1.10
September* 1046.77 2.02 1.20 £ 264.24 + 3.38+
Small*2012 +389.10 0.69 0.36 410.40 1.13
July*Large*2012 | 496.03+ | 099+ | 132+ | 9697+ | 3.64%
197.21 0.30 0.38 8.76 1.34
August*Large* 1019.55 173+ 1.30 88.50 + 410+
2012 +187.73 0.37 0.29 16.71 1.55
September* 688.42+ | 111+ 0.94 + 82.49 + 293+
Large*2012 256.84 0.24 0.30 11.64 1.03
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Place*Month*Size*Year

As Ba Cd Co Cr Cu
VB*July*Small* 2.77 % 8.83 0.13 + 0.72 + 179+ 5.09 =
2011 0.28 1.21 0.04 0.10 0.44 3.75
VB*August* 4.36 = 10.05 + 0.18+ 0.70 = 344+ 221+
Small*2011 1..20 5.03 0.07 0.30 0.75 0.80
VB*September* 4.56 + 11.87 0.18 + 1.06 £ 520 310+
Small*2011 0.39 1.15 0.01 0.10 1.55 0.21
VB*July*Large* | 6.78% 3.08+ 0.19+ 034+ 1.94 + 192+
2011 1.14 0.28 0.02 0.04 0.40 0.41
VB*August* 747 % 721+ 015+ 0.50 = 1.96 + 187+
Large*2011 0.56 0.16 0.01 0.02 0.07 0.10
VB*September* 7.77 % 430 0.17 % 294 + 1.44 + 2.74
Large*2011 241 1.04 0.00 2.96 0.32 0.33
GI*July*Small* 193+ 5.36 + 0.08 + 0.35+ 115+ 123+
2011 0.18 0.97 0.01 0.08 0.13 0.12
GI*August* 4.30 + 11.60 + 0.15+ 0.72 + 221+ 294 +
Small*2011 0.31 0.60 0.03 0.08 0.18 0.38
GI*September* 557 + 11.05+ 0.15+ 0.69 + 3.36 + 2.77
Small*2011 0.50 3.81 0.01 0.19 1.77 0.27
GI*July*Large* 3.06 + 1.09 £ 0.07 + 011+ 0.48 + 0.53 +
2011 0.61 0.16 0.01 0.01 0.09 0.09
GI*August* 8.26 + 357+ 0.15+ 0.32 + 0.98 + 205+
Large*2011 1.14 0.18 0.01 0.03 0.05 0.38
GI*September* 7.38 = 517 + 0.15+ 0.64 + 121+ 172
Large*2011 2.19 2.07 0.02 0.17 0.56 0.36
VB*July*Small* | 391+ 8.50 + 0.16 + 0.77 249+ 307+
2012 0.38 1.47 0.00 0.03 0.09 0.44
VB*August* 357+ 11.47 + 0.14 + 0.89 331+ 291 +
Small*2012 0.84 0.86 0.03 0.23 0.42 0.56
VB*September* 392+ 10.02 + 013+ 0.65+ 2.46 + 316+
Small*2012 0.70 1.99 0.01 0.10 0.50 0.73
VB*July*Large* | 6.81+ 375+ 0.17 + 037+ 1.58 + 1.85+
2012 0.41 0.37 0.03 0.07 0.44 0.17
VB*August* 4.60 + 8.14 + 0.16 + 0.76 + 3.00 + 2.64 =
Large*2012 0.82 1.71 0.03 0.10 0.54 0.34
VB*September* 552+ 6.08 £ 0.14 + 042+ 135+ 2.36 £
Large*2012 0.88 0.94 0.02 0.05 0.27 0.25
GI*July*Small* 4.27 + 9.55 + 0.18 + 0.71 + 225+ 2.34 *
2012 0.16 1.84 0.02 0.03 0.29 0.32
GIl*August* 3.86 + 10.32 + 0.28 + 0.79 + 457 + 2.55*
Small*2012 0.68 0.84 0.03 0.06 0.89 0.15
GI*September* 3.41+ 9.96 + 0.16 + 0.83 + 2.84 271+
Small*2012 0.58 3.35 0.05 0.25 0.96 0.75
GI*July*Large* 532+ 6.92 + 0.16 + 0.54 + 192+ 2.38
2012 1.44 1.31 0.04 0.07 0.47 0.34
GIl*August* 3.83+ 10.36 + 0.30 + 0.72 + 3.18 + 2.46
Large*2012 1.32 2.06 0.16 0.03 0.83 0.30
GI*September* 4.84 + 6.93 0.15+ 0.63 + 192+ 215+
Large*2012 0.31 1.09 0.02 0.06 0.31 0.19
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Fe Ni Pb Zn \Y
VB*July*Small* | 86587+ | 160+ 157+ 62.36 + 2.60 £
2011 179.83 0.35 0.13 1.47 0.73
VB*August* 997.18 + 191+ 1.30 £ 63.51 311+
Small*2011 416.05 0.15 0.62 22.21 1.21
VB*September* | 1515.57 297 * 1.90 7418 + 485+
Small*2011 +148.86 0.76 0.25 5.29 0.36
VB*July*Large* | 387.31+ | 118+ 1.08 + 62.77 + 262+
2011 79.31 0.20 0.13 11.88 0.59
VB*August* 646.83 + 112+ 1.06 £ 51.77 + 2.78 =
Large*2011 41.51 0.05 0.13 4.41 0.58
VB*September* | 635.25 111+ 122 62.27 + 2.04
Large*2011 174.63 0.24 0.26 10.48 +0.20
GI*July*Small* | 497.09+ | 0.67+ 0.69 = 3240+ 177
2011 89.39 0.13 0.14 2.07 0.24
GI*August* 1004.48 1.47 + 190 73.47 3.58 +
Small*2011 +147.09 0.23 0.30 6.90 0.39
GI*September* | 926.0632 | 1.82+ 1.74 79.17 + 3.86+
Small*2011 6.53 0.97 0.32 7.07 1.05
Gl*July*Large* | 96.92+ 0.28+ 022+ 23.62 0.52+
2011 16.39 0.02 0.07 2.92 0.04
GI*August* 348.30 + 0.58 + 0.87 59.50 + 173+
Large*2011 53.50 0.05 0.12 16.44 0.24
GI*September* | 46326+ | 0.67+ 1.02 + 63.09 + 2.26 £
Large*2011 205.88 0.23 0.28 10.06 1.06
VB*July*Small* | 990.87+ | 147+ 1.74 + 96.65 + 352+
2012 103.36 0.26 0.23 6.09 0.15
VB*August* 1287.55 1.84 1.64 £ 83.88 + 451+
Small*2012 +439.77 0.42 0.36 8.08 1.04
VB*September* | 845.26 + 2.25* 1.14 + 455.24 2.89 =
Small*2012 204.27 0.80 0.24 557.93 0.80
VB*July*Large* | 34869+ | 082+ 131+ 93.55 + 321+
2012 74.00 0.26 0.33 6.41 1.39
VB*August* 1111.29 173+ 1.40 £ 101.08 + 529+
Large*2012 +232.46 0.49 0.35 3.19 1.25
VB*September* | 471.57 + 0.97 + 071+ 90.86 2.08 =
Large*2012 96.17 0.21 0.21 8.90 0.51
GI*July*Small* | 896.45+ | 127+ 1.36 + 7357 + 3.03+
2012 141.76 0.07 0.16 9.52 0.54
GI*August* 1062.34 2.37 % 1.08 £ 70.57 = 291 +
Small*2012 +101.16 0.43 0.26 4.17 0.24
GI*September* 1248.28 179+ 1.27 % 73.23 3.87+
Small*2012 +463.63 0.62 0.51 18.21 1.36
Gl*July*Large* | 64337+ | 116+ 134+ | 10039+ | 407+
2012 163.18 0.26 0.50 10.76 1.41
GI*August* 927.82 = 173 119+ 7591+ 291 +
Large*2012 93.92 0.34 0.23 14.58 0.41
GI*September* | 90527+ | 124+ 117+ 7412 + 377+
Large*2012 120.80 0.20 0.16 7.01 0.48
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