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Abstract
Historically, Jamaica Bay was a site of extensive oyster beds and shellfish culture leases that
supported a significant oyster fishery in the New York area. The industrial and urban expansion of
the early 1900’s led to over-harvesting and a deterioration in water and bay sediment quality that
coincided with shellfish decline and the ultimate disappearance of oysters from the bay. Over the
past 50 years, efforts to arrest and reverse the pollution problems of Jamaica Bay have been
undertaken but the area still contains metals and other pollutants at levels higher than NYS Water
Quality Standards. Previous we showed that Crassostrea virginica seed transplanted to the bay
had excellent growth and survival despite the bay’s pollution problems. In this study we measured
the one-year bioaccumulation and tissue distribution of four metals in C. virginica seed that were
transplanted to the bay at two different depths: one foot from the surface and one foot above the
sediment. Tissues of C. virginica were dissected, dried and digested in nitric acid. Arsenic,
cadmium, copper and zinc levels were measured using electrothermal vaporization with deuterium
lamp background correction in an atomic absorption spectrophotometer fitted with a THGA
graphite furnace. Metals were distributed in the various tissues in μg/g dry weight amounts, which
correlate well with published values for whole oysters grown in other polluted areas. Metal
distributions were not homogeneous throughout the animals and in most of the tissues tested,
oysters grown near the surface accumulated more metal than those positioned near bay sediment.

Introduction
Jamaica Bay, a 26 square mile estuarial embayment situated between southern Brooklyn and
Queens, NY and a major inlet opening to the Atlantic Ocean, lies just east of the entrance to
NY Harbor and the mouth of the Hudson River. It is home to the Jamaica Bay Wildlife
Refuge, which encompasses 9,155 acres of diverse habitats including salt marsh, upland
field and woods, fresh, and brackish water ponds, and an open expanse of bay and islands.
The bay is also a critical component of a larger watershed that drains naturally or via storm
sewers, on the seaward-sloping outwash plain south of the harbor hill terminal moraine1.

At one time, wild stocks of the Eastern Oyster, Crassostrea virginica, also known as the
American Oyster, were found all along the Atlantic and Gulf coasts of North America and
for centuries, supported subsistence fishing by Native Americans and early European
colonists2. Historically, C. virginica, flourished in Jamaica Bay and the NY/NJ Harbor area
as either self-sustaining or farmed populations3. Jamaica Bay’s oyster industry observed a
steady decline in production after its peak in the early 1900’s4. Lack of adequate supply of
seed oysters, over-harvesting by commercial fishermen, increased pressure from natural
predators, parasitic invasion, changing hydrographic patterns, siltation, and a decline in
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water quality are all cited as possible causes for the decline. The rapid urbanization and local
industrialization of the area at the turn of the century was followed by years of unregulated
industrial, urban and residential dumping which contaminated bay sediment, causing
adverse effects on benthic organisms and bioaccumulation further up the food chain.
Discharges of inadequately treated sewage were poisoning oysters, clams and ultimately
people, and by 1921 the U.S. Department of Agriculture had closed shellfish lands in
Jamaica Bay altogether. The shellfish problem was not unique to Jamaica Bay for around the
same time declines in estuarine shellfish populations had occurred throughout the entire east
coast of the United States and other important oyster fisheries, like that of Chesapeake Bay
and Virginia’s James River, had also started to collapsed5,6,7. Today, very few if any wild
oysters are found in Jamaica Bay, and the dramatic loss of this historic oyster bed has
permanently altered the structure and function of the bay’s benthic ecosystem.

Over the last 50 years, major efforts have been undertaken by federal, state and local
authorities to arrest and reverse the pollution problem and while natural stocks of C.
virginica have not returned to the bay, there has been a resurgence of many other marine
organisms. Despite improvements, Jamaica Bay still exhibits poor water quality8 and studies
indicate the presence of various metal pollutants, including arsenic, cadmium, chromium,
copper, iron, lead, mercury, nickel and zinc, in bay sediment9,10,11,12,13,14,15. Heavy metals
have been found to inhibit growth in a variety of mollusc species including oysters16,17,18.
In 2002, our lab did a study to determine the growth and survival of C. virginica seed
transplanted to Jamaica Bay in protected containers at two ecologically different locations,
at two different depths: one foot below the surface and one foot off the bottom. Despite bay
conditions, the oysters at both locations and both depths had excellent growth and survival
rates19. The results of this project generated many new questions such as: to what extent are
oysters acquiring bay pollutants in their tissues, how are they able to adapt to this stress,
what are the physiological effects on their various organ systems, and what are the
consequences of the polluted environment on the long term survival and reproductive
success in Jamaica Bay.

Bivalves are particularly good accumulators of heavy metals20,21,22,23 and being sessile,
tend to reflect local contaminant concentrations more accurately than crustaceans and free-
swimming finfish. The EPA considers C. virginica, as one of six target bivalve species
recommended for contaminant monitoring in Mid-Atlantic coastal waters including Jamaica
Bay24. Target metal analytes on the EPA Fish Contaminant Workgroup list include arsenic,
cadmium, mercury, selenium and tributyltin25. The Mussel Watch Project of the National
Oceanic and Atmospheric Administration (NOAA) monitors copper, lead, nickel, and zinc,
in addition to the analytes on the EPA’s target list26. Numerous other reports have been
made on the bioaccumulation of these and other heavy metals in oyster species of in the US
and around the globe27,28,29,30,31,32.

In this study we measured the one year bioaccumulation and tissue distribution of four metal
pollutants (arsenic, cadmium, copper and zinc) in C. virginica seed, that had been
transplanted to the bay in 2002 at two different depths: in floats, one foot below the surface,
and in hanging nets, one foot off the sediment. Since Jamaica Bay sediment is a major
reservoir of metal pollutants, it was hypothesized that metal accumulations might be greater
in the tissues of bottom positioned oysters, since they were grown nearer to a more
concentrated source of metal pollutants.

Materials and Methods
In June 2002, four modified Taylor Floats33 of approximately 3′ × 4′ were constructed using
PVC tubing and 1/4″ mesh nylon screening. Each float was designed to hold up to three 1/8″
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mesh nylon boxes in which oyster seed were to be placed. Each float had 1/4″ nylon mesh
lids to keep out predators. Oyster seed of approximately 20 mm anterio-posterial (height)
shell lengths and 5 mm shell hinge width were obtained from Frank M. Flower & Sons, Inc.
Oyster Nursery in Oyster Bay, NY. 150 oyster seeds were distributed among the 3 nylon
boxes in each float. Two floats were positioned 1 foot below the water surface in Jamaica
Bay at Fort Tilden at Gateway National Park Marine Station (GNPMS), and at
Kingsborough Community College Marina (KBCCM) in Brooklyn’s Sheepshead Bay, a
large cove of Jamaica Bay (NY/NJ Baykeeper license #LG P00 583). The two other floats
that were designed to sink and position the oyster seed 1 foot off the bay bottom, were
placed at the same two sites. Both surface and bottom floats were inspected and cleaned of
any fouling, biweekly in the summer and monthly in the winter. After 2 months, the bottom
floats were deemed clumsy/difficult to work with and were replaced with commercially
constructed hanging nets, suspended one foot off the bottom, for the rest of the experiment.

Seed survival and growth, as well as various parameters of bay water quality including
temperature, pH, dissolved O2, chlorophyll a, salinity, and turbidity were monitored
throughout the one year experimental period. In July 2003, samplings of one-year old
oysters were removed from each site and depth to determine the bioaccumulations of
arsenic, cadmium, copper and zinc in various tissues.

Prior to tissue isolation, all glassware was acid-washed in dilute (5%, wt/wt) nitric acid in
deionized water to remove any bound metals. Washing was followed by a thorough rinse
with deionized water to remove any remaining acid. All acids used were Fisher trace-metal
grade. Representative oysters were cleaned, shucked, and their tissues dissected to determine
metal bioaccumulations. The mantle, gill, palps, posterior adductor muscle and stomach
were removed with stainless steel instruments. The tissues were blotted and placed in pre-
weighed Pyrex flasks to determine wet weights. A 1–2 g sampling of each animal’s shell
was also removed, weighed, and processed similarly for metal analysis. All tissues were
dried in an oven at 120°C and reweighed to determine dry weights. Dried tissue samples
were digested in concentrated nitric acid on hotplates. Digested samples were adjusted to a
final volume of 10 ml in dilute (0.2 %, wt/wt) nitric acid. Aliquots of each sample were
analyzed for arsenic, cadmium, copper and zinc determinations by electrothermal
vaporization with deuterium lamp background correction in a Perkin Elmer AAnalyst 800
Atomic Absorption Spectrophotometer with a THGA Graphite Furnace. Metal levels were
recorded as μg/g dry weight. Statistical analysis was determined by a Wilcoxon Matched-
Pairs Signed Ranks Test using GraphPad InStat version 3.00.

Results
C. virginica at both locations and depths were deemed to have excellent growth and
survival. After one year, oyster seed at both sites and depths had over 75% survival, and
growth, as measured by shell height, had increased over 300% with average growth rates for
bottom maintained oysters exceeding those maintained near the surface by approximately
20%19.

Figures 1–4 show the one-year bioaccumulations of arsenic, cadmium, copper and zinc in
the mantle, gill, palps, adductor muscle, stomach and shell of top positioned oysters
compared to bottom positioned oysters. For each metal, top oysters from both sites (GNPMS
and KBCCM) were combined, and bottom oysters from both sites were combined, to
generate top/bottom comparisons in each chart of the figure. No significant difference in
tissue metal accumulation could be discerned between top position oysters at GNPMS and
top positioned oysters at KBCCM, or between bottom position oysters at GNPMS and
bottom positioned oysters at KBCCM (data not shown). The various tissues of the one-year

Rodney et al. Page 3

In Vivo. Author manuscript; available in PMC 2011 August 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



old Jamaica Bay oysters readily accumulated arsenic, cadmium, copper and zinc. The metal
content of the tissues were not homogeneously distributed and were different for the oysters
maintained at the top as compared to the bottom. Soft tissues accumulated metals in the μg/g
dwt range, which is comparable to other published reports for C. virginica growing in other
areas34,35. Of the four metals tested, zinc showed the most bioaccumulation in all oyster
tissues including shell.

In soft tissues, zinc accumulations were greater than copper, which were greater than
cadmium. Arsenic showed the lowest soft tissue accumulations. For arsenic, cadmium and
copper, the gills, mantle and palps accumulated the most metals; while for copper, the
stomach accumulated considerable more than the other tissues. With all four metals, the soft
tissues of oysters positioned one foot below the surface accumulated more metal than their
bottom positioned counterpart, with the exception of stomach which not only showed very
high copper accumulations but demonstrated a greater copper accumulation in bottom
dwelling oysters.

Shell tissue also accumulated metals but to a lesser extent. With the exception of zinc, shell
metal accumulations were 10–100× less than metal accumulations seen in any one type of
oyster tissue. Zinc and copper accumulation were in the μg/g dwt range while cadmium and
arsenic accumulations were in the ng/g dwt range. Average shell zinc levels (μg/g) were
higher in top positioned oysters (top: 123 ± 20, bottom: 47 ± 16); average shell cadmium
levels (ng/g) were higher in top positioned oysters (top: 28 ± 9, bottom: 12 ± 4); and average
shell arsenic levels (ng/g) were higher in top positioned oysters (top: 213 ± 37, bottom: 92 ±
18). Only copper showed slightly higher average accumulations (μg/g) in bottom positioned
oysters (top: 1.033 ± 0.145, bottom: 1.450 ± 0.352.

Discussion
Marine bivalves are filter feeders that take up and accumulate metals and other pollutants
from the water column or via ingestion of contaminants adsorbed to phytoplankton, detritus
and sediment particles. Because they are sessile, they reflect local contaminant
concentrations more accurately than crustaceans and free-swimming finfish. Marine
bivalves such as oysters and mussels have been extensively used as model organisms in
environmental studies of water quality36,37. Trace metals are taken up and accumulated by
oysters and many other marine invertebrates to tissue and body concentrations usually much
higher on a wet weight basis than concentrations in the surrounding seawater38.

In this study we measured the one year bioaccumulation and tissue distribution of four metal
pollutants (arsenic, cadmium, copper and zinc) in C. virginica seed, that had been
transplanted to the bay in 2002 at two different depths: one foot below the surface and one
foot above the sediment. Past years of unregulated industrial, rural and residential dumping,
and previously inadequate wastewater treatment has caused Jamaica Bay sediment to be a
major reservoir of metal pollutants. While the content and degree of metal contamination in
the sediment can vary greatly depending upon site tested, the presence of many metal
pollutants throughout Jamaica Bay sediment is widespread. In a 2002 report to the New
York State Department of Environmental Conservation and the NY/NJ Port Authority13,
sediment sampled at 3 different sites in Jamaica Bay indicated that the content of many
metals including arsenic, cadmium, copper and zinc were present at levels above the
“Effects Range Low Level” (ERL) guideline and at some sites were above the “Probable
Effects Level” (PEL) guideline. Arsenic levels ranged from 8.6–11 mg/kg dwt. (ERL and
PEL, 8.2 and 41.6, respectively). Cadmium levels ranged from 2.2–5.7 mg/kg dwt. (ERL
and PEL, 1.2 and 4.2, respectively). Copper levels ranged from 85–160 mg/kg dwt. (ERL
and PEL, 34 and 108.2, respectively). Zinc levels ranged from 45–307 mg/kg dwt. (ERL and
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PEL, 150 and 271, respectively). A 1991 report on the annual input of heavy metals to
Jamaica Bay revealed that sewage effluent carries the largest quantities of zinc, copper and
cadmium to the bay39.

Our results indicate that over a one-year period of growth in Jamaica Bay, considerable
amounts of arsenic, cadmium, copper and zinc can accumulate in the tissues of oyster seed.
Arsenic and cadmium are believed to serve no essential role in animal or plant
metabolism40,41. Copper and zinc function as micronutrients, but when in excess even these
essential elements can cause ecotoxicological effects. Therefore, organisms that are exposed
to and accumulate metal pollutants require a means of physiological detoxification, typically
by binding to high affinity sites in inorganic granules, or to various proteins like apoferritin
or cysteine-rich metallothionein42,43.

Arsenic is the twentieth most abundant element in the earth’s crust and sources of aquatic
arsenic are both natural as well as anthropogenic. It is released naturally to the atmosphere
from volcanic eruptions and forest fires44 and to water via natural weathering processes45.
Anthopogenic sources include pollution due to fossil fuel combustion, mining/smelting,
effluents from sewage treatment facilities, leaching from hazardous waste disposal sites, and
production and use of arsenic compounds as pesticides and as a wood preservative46. The
toxicity of arsenicals is highly dependent upon the nature of the compound with trivalent
arsenic compounds considered more toxic than pentavalent arsenic compounds, and
inorganic forms more toxic than organic forms47,48. Arsenic and arsenic-containing organic
compounds have not been shown to accumulate to any great extent in aquatic organisms49,
with perhaps the exception of C. virginica, which in a bioaccumulation test was able to
generate a very high bioconcentration factor (BCF) of 350 after 112 days of exposure to
phytoplankton containing arsenic50. In addition C. virginica may be particularly resistant to
the toxic effects of arsenic for data comparing the acute toxicity of inorganic arsenic (III)
indicated a very high acute value for C. virginica compared to C. gigas, a related species
(7500 ug/l; 326 ug/l, respectively)51.

Cadmium, a trace metal widely distributed in soil, air, water, and living things40, is naturally
present in zinc, lead, and copper deposits. It is also released into the environment from
several anthropogenic sources including smelting and mining, electroplating, application of
phosphate fertilizers, waste disposal operations, and the manufacturing and disposal of
paints, alloys, batteries, and plastics52,53,54,55,56. Cadmium is a cumulative human toxicant
that can cause a variety of adverse health problems including renal dysfunction and
degenerative bone disease57,58. Cadmium has been found to bioaccumulate in fish and
shellfish tissues in estuarine/marine waters59,60 nationwide and New York has issued
advisories for this metal in all of its marine coastal waters.

Copper is plentiful in the environment and is an essential micronutrient for the normal
growth and metabolism of all living organisms61,62,63. The United States is the major world
producer and consumer of copper and its compounds. Copper releases to the global
biosphere—which may approach 1.8 million metric tons per year64 - come mostly from
anthropogenic activities65. Copper is among the most toxic of the heavy metals in freshwater
and marine biota61,66. Excess copper can cause cellular damage by generating oxygen free
radicals and inactivating biological thiols into disulfides62. Inputs of copper into aquatic
ecosystems have increased sharply during the past century due to a number of reasons
including atmospheric fallout from industrial activities, waste and industrial discharges, and
leaching of antifouling marine paints and wood preservatives67,68. Copper is elevated in
sediments of many marinas, probably as a result of copper containing antifouling paints used
on boats housed in these marinas69. Bioavailability and toxicity of copper to aquatic
organisms depends on the total concentration of copper and its speciation70. In marine
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ecosystems, the high copper levels measured in heavily contaminated coastal areas
sometimes approach the incipient lethal concentrations for some organisms71. Among
marine organisms, the highest accumulations are generally found in molluscan tissues and
soft parts, especially those of cephalopods and oysters65. Bioconcentration factors for
copper are highest for American oysters after exposure for 140 days (20,700–28,200), and
lowest for bay scallops (Argopecten irradians) after exposure for 112 days (3,310) and for
softshell clams after exposure for 35 days (3,300)72.

Zinc is ubiquitous in the tissues of plants and animals73 and functions as a cofactor for many
enzymes in both aquatic and terrestrial organisms74. Like many other trace metals, zinc can
be toxic if present at high concentrations in aquatic ecosystems75,76,77. Most of the zinc
introduced into aquatic environments eventually is partitioned into the sediments.
Anthropogenic sources include domestic and industrial sewage, combustion of fossil fuels
and solid wastes, corrosion of zinc alloys and galvanized surfaces, road surface runoff,
smelting and mining operations, and erosion of agricultural soils78,79,80,81,82. In seawater
zinc exists in a dissolved state, as a solid precipitate, or adsorbed to particle surfaces. Zinc in
molluscs is usually associated with high molecular weight proteins, with diet (as opposed to
ambient water zinc concentrations), from collection locales with elevated sediment zinc
burdens, and with particulate matter from dredging and storm perturbations83,84. Molluscan
life processes do not seem to be affected by excess zinc accumulations and zinc is frequently
accumulated far in excess of the organism’s immediate needs83.

In this study C. virginica seed, transplant to Jamaica Bay, readily accumulated arsenic,
cadmium, copper and zinc and the distribution of these metals were not homogeneous
throughout oyster tissues. The unequal distribution of all 4 metals among the tested oyster
tissue is not likely a random event. Copper values were particularly high in stomach tissue
and are more likely a reflection of the copper-laden microalgea and detritus the animal
ingested rather than actual tissue accumulations. For the other tissues, the cellular
concentration of metallothionein and other metal binding organic or inorganic compounds
probably varies depending upon physiological parameters and each tissue’s role in metal
detoxification. In the case of copper and zinc, which are micronutrients, the unequal
distribution and known extensive accumulations possible in the American oyster may
correlate with some physiological function for these two metals. Both of these nutrients are
exclusively sequestered in oyster amebocytes, a cell type credited with many indispensable
responsibilities for oyster survival, including antimicrobial activities for defense and
nutrition85. The fact that copper and zinc accumulations, which were most abundant in the
gills, mantal and palps, were not homogeneous throughout oyster tissue may be more
associated with amebocyte function and distribution than a detoxified storage of these
metals.

A number of studies have reported on metal accumulations in the shell of C. virginica from
various sites86,87,88,89. Our results are in accordance with previous findings with shell tissue
accumulating metals but to a lesser extent. Copper and zinc concentrations were in the ug/g
dwt range, while cadmium and arsenic concentrations were in the ng/g range. Even though
metal accumulations in shell were much lower than that found in oyster soft tissue, if one
considers that the shell of the animal typically makes up over 75% of the animal’s weight,
then the overall amount of metal present in the shell of the whole animal could be
significant87. Therefore measurements of metal accumulations in oyster shell are important
for they can represent a terrestrial reservoir of aquatic pollutants that can be adsorbed or
released into the environment depending upon the nature of the metal and ambient
concentrations. In addition, metals and other aquatic pollutants may influence the normal
mineralization and metal composition of oyster shells, possibly decreasing shell strength and
stability. Frazier90 believed that shell thinning was linked to effects of copper and cadmium
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on shell calcification enzymes. If competent shell structure depends on metal composition,
then deviations in metal composition may adversely affect shell quality, compromising the
long-term health and survival of the animal.

Comparing metal accumulations in C. virginica seed grown at different depths in the bay,
our results indicate that for most of the tissues studied, top-maintained oysters accumulated
more metal pollutants than oysters maintained near the sediment. Differences in general
water quality parameters such as pH, temperature, dissolved O2, salinity, and turbidity could
not account for our findings because these parameters, which were monitored throughout the
experimental period, indicated no statistical variation at either site or at either depth19. Our
results also indicate that wide variations in metal accumulations were possible even among
individuals positioned at the same site and same depth. This is commonly reported by
monitoring agencies for bioindicator organisms and can be due to many causes including
age, seasonal factors and individual variability within the population34. While our oysters
were all of the same age and reproductive status (subadult), differences in metal
accumulations could still exist due to feeding patterns, extent of glycogen stores,
adaptability to acute stresses, or overall health of the organism91,92,93. Even sex can be a
factor for variations in metal accumulations for in the bivalve Donax trunculus L., females
were shown to accumulate higher concentrations of zinc than males94. Differences in
feeding patterns or overall health may also be an explanation for the disparity in metal
accumulations between surface and bottom dwelling oysters. Bivalves accumulate pollutants
not only from the water column and metal-laden detritus, but also via ingestion of metal
contaminated phytoplankton. While our measurements of chlorophyll-a in surface/bottom
water showed no consistent variation19, the extent of feeding and the species and metal
content of the microalgae available to the oysters near the surface might have been different
from that available to oysters growing near the sediment. It also is possible that the increase
in metal accumulations seen in top maintained oysters may have been due to a difference in
top/bottom overall health or early infection rates with known oyster pathogens such as
Haplosporidium nelsoni (MSX disease) or Perkinsus marinus (Dermo disease). While
neither organism is harmful to humans, nor a health threat to humans who ingest infected
shellfish, these parasites can chronically weaken and eventually kill C. virginica over a
period of years95,96. Other studies have shown a positive correlation between tissue burden
of certain metals, especially copper and zinc, and immuno-defense related characteristic of
oysters85,97,98. Also to consider is the fact that top but not bottom dwelling oysters may have
been exposed to additional bay contaminants, including floatables and organic pollutants,
that either enhanced metal accumulations or compromised oyster health and therefore soft
tissue growth. Differences in soft tissue weights can significantly affect trace metal
concentrations by simply diluting or concentrating the animal’s total metal body
burden99,100,101,102,103,104,105. It was a surprise that oysters positioned near the sediment not
only had lower overall metal accumulations, but also had better growth rates when
compared to top grown oysters19. It is currently unknown whether this pattern of greater
growth and lesser metal accumulations in Jamaica Bay is site specific or if metal
accumulation would have been greater and growth worse in bottom dwelling oysters if a
more polluted site were available for our study. The fact that the bottom placed oysters
accumulated less tissue arsenic, cadmium, copper and zinc than their top placed counterpart
is interesting and may itself be an explanation for the faster bottom growth rate. However,
only 5 tissues and these 4 metal pollutants were studied in this report. More work needs to
be done here and at additional sites in Jamaica Bay to determine if other metal pollutants
and other oyster tissues show similar patterns of metal accumulations.
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Figure 1.
Graph of arsenic levels in oyster tissues. p<0.01 for comparison of tissue arsenic levels for
top verses bottom, Wilcoxon Matched-Pairs Signed Ranks test.
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Figure 2.
Graph of cadmium levels in oyster tissues. p<0.01 for comparison of tissue cadmium levels
for top verses bottom, Wilcoxon Matched-Pairs Signed Ranks test.
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Figure 3.
Graph of copper levels in oyster tissues. p<0.01 for comparison of tissue copper levels for
top verses bottom, Wilcoxon Matched-Pairs Signed Ranks test.
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Figure 4.
Graph of zinc levels in oyster tissues. p<0.01 for comparison of tissue zinc levels for top
verses bottom, Wilcoxon Matched-Pairs Signed Ranks test.
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