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It has been recognized for some time that the concentration of metals is
significantly higher in the marine biosphere than in the hydrosphere. Much of
the earlier work has afforded little information on the analyses of individual
organisms and in addition, much of the data was derived from questionable
experimental techniques, More recent work has indicated an increasing interest
in the biosphere, particularly in relation to trace-element uptake by marine
organisms.

Since mollusks are able to concentrate selectively chemical materials up to
many hundreds of times that level found in their environment [0.0001 ppm to
0.01 ppm (14]],° a considerable portion of the writers’ research has been con-
cerned with the mechanics of uptake of such substances. The maintenance of a
healthy shellfish resource capable of replication as wellas the constant avail-
ability of an excellent food product is important from a public health point of
view. The types of chemical materials selectively picked up and concentrated
are also of interest. The intent of the writers is to determine whether these
materials are picked up through the shellfish food chain or directly from the
overlying waters., Some workhas shown that the members of the food chain are
also capable of concentrating certain of these materials.,

Note.—Discussion open until November 1, 1968. Toextend the closing date one month,
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Studies on the uptake, concentration, and depletion of chemical materials
elicit considerable interest as to the mechanism of transport, as well as the
chemical form, and anatomical area in which they are stored. Considerable
importance is attached to the storage mechanism, turnover rates, and the
chemical nature of the stored compound, as well as to possible toxic activity
of such material to shellfish and humans, including the public health signifi-
cance, In addition, the possibility of shellfish defense mechanisms against such
chemical materials, including detoxification and the probability that the con-
centration mechanism is reversible, require investigation. The biochemical
significance of such stored materials and their physiological effect on shellfish,
warrant study. The role that the shell may play in the various concentration
and depletion mechanisms remains to be determined.

A number of studies ontrace metals, in relationto the marine environment,
have been devoted to one or two metals, particularly zinc and copper. Refer-
ence is made tothe work of Chipman (7), McFarren (28), and Drinnan (10). The
investigations of Goldberg (13) onthe biogeochemistry of trace metals, and the
recent work of Brooks and Rumsby (5) ontrace metal uptake by bivalves in the
natural marine environment, are well known, Interest has also been focused on
the studies of Armstrong and Atkins (2), Bowen and Sutton (4), Schubert (33),
Williams (24), Lehninger (25), and Korringa (24), regarding their efforts to
interpret, in the case of marine plants and animals, their experimental results
in the light of modern chemical theory. However, the mechanisms whereby
trace elements are concentrated in the marine biosphere are not well under-
stood, although the following pathways have been suggested [Brooks and Rumshby

(5)]:

1. Particulate ingestion of suspended material from seawater.

2. Ingestion of elements via their preconcentration in food material,

3. Complexing of metals by coordinate linkages with appropriate organic
molecules.

4, The incorporation of metal ions into physiologically important systems.

5. Uptake by exchange, for example, onto mucous sheets of the oyster.

Because shellfishareunique intheir ability to selectively concentrate mate-
rials within their environment, and because there is relatively little infor-
mation on trace metal distribution in marineanimals, a group of studies were
initiated to investigate the mechanics of concentration of these materials.

The initial efforts in the laboratory were studies involving the uptake rates
and concentration levels for selected trace metals under various conditions of
salinity, temperature, and dissolved oxygen, which might be expected under
natural environmental conditions. Commensurate studies were made within a
simulated natural environment using various concentrations of selected trace
metals. Depletion rates for certain of these materials were determined in an
environment free of pollution from metals.

Data indicating the uptake and concentrationrates of approximately 10 trace
metals in the Northern Quahaug, a hard-shell clam(Mercenaria mercenaria),
the soft-shell (Mya arenaria), and the American Eastern and the Pacific
Oysters (Crassostrea virginica and C, gigas), intheir natural environment are
presented. The results of studies with the above mollusks, in addition to the
common blue edible mussel, (Mytilus edulis), the surf clam (Spisula solid-
issima), and the channeled whelk (Busycon canaliculatum)ina simulated natu-
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ral environment using various concentrations of copper, lead, zine, cadmium,
and chromium are given. Brief reference is made concerning investigations of
the anatomical uptake of lead in the Eastern Oyster, as well as depletion
studies.

METHODS AND PROCEDURES

To quantitate water levels and marine aquatic life for toxic metals to the
extent required for effective pollution monitoring, requires sophisticated
instrumentation, to make possible speed, simplicity, great sensitivity, and
accuracy. Instruments fulfilling this specification are the spectrograph, polaro-
graph, activation analysis instrumentation, and atomic absorption spectropho-
tometry. The latter is relatively newandis rapidly becoming the instrument of
choice for trace metal analysis, because it meets all of the specifications
noted, and presents less interference problems,

The material to be analyzed is homogenized, lyophilized, wet digested,
diluted, and read on an atomic absorption spectrophotemeter. The instrument
is calibrated using solufions of pure metal standards. To improve the sensi-
tivity and accuracy in samples of exceedingly low metal concentration, it is

TABLE 1.—ATOMIC ABSORPTION SPECTROPHOTOMETRY

. ; : Sensitivity, in parts
Element Detectu;réf ﬁﬁfg;n parts per million per 1%
absorption

Calcium 0.01 0.1
Cadmium 0.01 0.04
Cobalt 0.15 0.45
Chromium 0.01 0.15
Copper 0.005 0.20
Tron 0.05 0.30
Magnesium 0.003 0.015
Manganese 0.01 0.15
Nickel 0.05 0.30
Lead 0.15 0.50
Zine 0.005 0.04

usually necessary to chelate theparticular trace metal and extract it from the
aqueous medium with organic solvents. These are compared with like metal
chelate standards of obsolute purity.

Because the metal is tied up in thetissue, it must be freed. Therefore, the
first problem is to liberate the metal in as gentle but effective a manner as
possible, so that it might be measured. Thefirst step was a study of the diges-
tion of shellfish tissue to remove the organic material, or solubilize it, leaving
all the trace metal in solution. This was accomplished by a procedure using
acid digestion. The sensitivity of the instrumentation used in this method
{Atomic Absorption) is shown in Table 1,

The first experiments involved a study of the uptake and concentration of
zine, iron, copper, nickel, cobalt, manganese, lead, cadmium, and chromium
within the natural environment. Four species were studied: two clams
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(Mercenaria mercenaria and Mya arenaria) and the oysters (Crassostrea
virginica and C. gigas).

Approximately 100 stations were chosen along the Atlantic Coast from
Maine through North Carolina., Two stations along the Pacific Coast (Wash-
ington) were also included. Stations were selected without regard to possible
chemical pollution; the only considerationbeing that they represented excellent
resources of at least one of the species chosen for study. The shellfish were
collected and frozen for shipment to the laboratory. The samples were thawed
under refrigeration, cleaned, shucked, and prepared for analysis of trace
metals by the procedure indicated above, The data are shownin Tables2 and 3.

TABLE 2.—AVERAGE TRACE METAL LEVELS IN SHELLFISH TAKEN FROM
ATLANTIC COAST WATERS, IN PARTS PER MILLION OF WET WEIGHT

Element Eastern Oyster Soft Shell Clam Northern Quahaug
Zinc 1428 17 20.6
Copper 91.50 5.80 2.6
Manganese 4.30 6.70 5.8

Iron 67.00 405 30

Lead 0.47 0.70 0.52
Cobalt 0.10 0.10 0.20
Nickel 0.19 0.27 0.24
Chromium 0.40 0.52 0.31
Cadmium 3.10 0.27 0.19

TABLE 3.—RANGE OF TRACE METAL VALUES IN SHELLFISH HARVESTED
FROM ATLANTIC AND PACIFIC WATERS, IN PARTS PER MILLION OF WET
WEIGHT

Element Qysters Soft Shell Clam | Northern Quahaug
East Coast, U.S. | West Coast, U.S.

Zinc 180 - 4120 86 - 344 9.0 - 28 11.50 - 40,20
Copper 7.0 - 517 7.80 - 37.50 1.20 - 90 1.0 -~ 16.50
Manganese| 0.14 - 15.0 0.90 - 16 0.10 - 29,90 0.7 ~-29.70
Iron 31 - 238 15.30 - 91.40 |49.70 - 1710 9.0 - 83.0
Lead 0.10 ~ 2.30 0.10 -  4.50 0.10 - 10.20 0.10 - 7.50
Chromium | 0.04 - 3.40 0.10 - 0.30 0.10 - 5.0 0.19 - 5.80
Nickel 0.08 - 1.80 0.10 - 0.20 0,10 - 2.30 0.10 - 2.40
Cohalt 0.06 - 0.20 0.10 - 0.20 0.10 - 0.20 0.10 - 0.20
Cadmium 0.10 - 7.80 0.20 - 2.10 0.10 - 0.90 0.10 - 0.73

Studies of trace metals in the Pacific Oyster (Crassostrea gigas) were
carried out in cooperation with the Pacific Northwest Marine Health Sciences
Laboratory located at Purdy, Wash. Source of the oysters was Burley Lagoon.
The source oysters were sampled and analyzed for baseline trace metal values,
and divided into two experimental groups.Onegroup was placed in trays at the
Purdy laboratory. The second group was maintained in similar trays at the
Manchester site. Both groups were kept in a constant-flow seawater system,.
The two groups were sampled monthly followed by immediate freezing and
shipment to the laboratory.Herethey weretreated and analyzed for trace met-
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als as previously described. The study was divided into time phases, each
‘phase represented a period of approximately four to six months. The samples
were frozen and shipped to the laboratory for processing and analysis. These
data are given in Table 4.

It was necessary todesignasystem in which uptake rates and concentration
levels could be studied under varying simulated natural environments (see Fig
1). This flow-through arrangement permitted control of seawater, precision
chemical flows, and adequate mixing of materials. Safety control of chemical
flow, an adequate level of dissolved oxygen, and satisfactory temperature con-
trol were also assured.

 TRoueH? W Level sox
-~ TROU
O\C-iH

FIG. 1.—TWO-TIERED EXPERIMENTAL SYSTEM
On the upper tier the chemical is metered into the pipe leading from the constant level
box into the mixing trough which has a series of baffles. Seawater level is automat—
ically controlled in the box (front sector) by an overflow pipe and by a float which shuts
off chemical flow if seawater flow (level) diminishes. Shellfish are held in 20 gallons of
water in each tank on the lower tier.

Studies of uptake and concentration within a simulated natural environment
were carried out as follows: Shellfish resources for the various species under
investigation were collected and sampled for trace metal levels to assure that
the experimental animals were within normal limits, and that they were not
grossly contaminated by the metals chosen for study. They were sampled and
analyzed as a whole for source values and then allowed to acclimate in the
concentration system for a period of a week to ten days before they were placed
on experiment. Following the acclimatization period, they were again sampled
and analyzed in order to secureabaselineacclimated level. The seawater and
chemical mixture were started and allowed toflowinto the tray. The environ-
mental levels weredetermined daily, while checks were made on the flow rates
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TABLE 4.—SEASONAL VARIATIONS OF TRACE METAL LEVELSIN THE PA-
Average Values for the Periods Indicated,
Element Phase I Phase II Phase III

S March~-June, 1965 | July-December, 1965 | December-June, 1966
Manchester | Purdy Manchester | Purdy Manchester | Purdy

Zine 211 210 243 275 221 199
Copper 24.0 20.20 22.40 20.30 20.60 14.20
Manganese 4.50 3.70 11.60 8.60 4,70 3.10
Iron 42,00 41.80 40.30 28,50 29,00 20.30
Lead <0.2 <0.20 <0.,20 <0.20 <0.20 <0.20
Chromium <0.2 -<0.20 <0.20 <0.20 <0.20 <0.20
Nickel <0,2 <0.20 <0.20 <0,20 <0.20 <0.20
Cobalt <0.2 <0.20 <0.20 <0.20 <0.20 <0.20

Cadmium - — e — - —

TABLE 5.—TRACE METAL ACCUMULATION STUDIES IN A SIMULATED NATURAL
ENVIRONMENTAL SYSTEM

Total Arooum
Eren | miligeams | Accumi= |Acoumu-| p 00 Sea Water
i kilogram bation, i | ladton, milli- | Specles |Lcmperature,
Metal ;‘:;’te;b;‘; Rer milli-  [Time, in T—— P in degrees
million |Initial| Final g;iigggir days kilogram Celsius
per day
(1) (2) (3) (4) (5) (6) (7) (8) %)
Copper 0.1 23 79 56 10 5.60 Soft Shell 20
Copper 0.2 15 85 70 25 3.00 Soft Shell 20
(Toxic-
poor
condi-
tion)
Copper 0.05 35 200 165 8 20 Soft Shell| No Control
(25-26)
Copper 0.5 6.5 8 1.5 25 0.06 Quahaug No Control
(10)
Zinc 0.2 10 27 17 50 0.35 Soft Shell 20
Cadmium| 0.05 0 8 8 70 0.10 Soft Shell 20
(3.8 in
4 weeks)
Cadmium| 0.1 0 9 9 56 0,18 Soft Shell 20
(6.5 in
4 weeks)
Lead 0.1 0 112 112 70 1.60 Soft Shell 20
Lead 0.2 0 235 236 40 5.80 Soft Shell 20
Lead 0.2 0 260 260 84 3.10 Soft Shell 20
(220 in
70 days)
Lead 0.2 0 35 35 56 0.63 Quahaug 20
Lead 0.025 0 17 17 49 0.35 Eastern 20
Oyster
Lead 0.056 0 35 35 49 0.71 Eastern 20
Oyster
Lead 0.1 0 5 75 49 1.50 Eastern 20
Qyster
Lead 0.2 0 200 200 49 4.00 Eastern 20
Oyster
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CIFIC OYSTER (CRASSOSTREA GIGAS) ALONG THE WASHINGTON COAST

in parts per million, Wet Weight

Phase IV Phase V Phase VI
July-October, 1966 October, 1966-March, 1967 May-July, 1967
Manchester | Purdy Manchester Purdy Manchester | Purdy

262 225 224 199 250 206
25.80 19.20 17.40 12.50 18.30 14.30
8.90 8.30 4.30 4.40 3.41 2.24
35.10 24.90 38.40 30.30 67.10 48.50
<0,20 <0.20 <0.20 <0.20 <0.20 <0.20
<0.20 <0.20 <0.20 <0.20 <0.20 <0.20
<0.20 <0.20 <0.20 <0.20 <0.20 <0.20
<0.20 <0.20 <0.20 <0.20 <0.20 <0.20
1.30 1.40 1.12 1.30 0.90 0.80

TABLE 6,—THE ANATOMICAL DISTRIBUTION OF LEAD IN THE EASTERN OYSTER
(CRASSOSTREA VIRGINICA) FROM A CONTROLLED ACCUMULATION SYSTEM

: N Accumulation Values, | Accumulation Rate,
Em;ron{n_ental Anitomlcal in milligrams in milligrams per | Time, in days
pa:::r: pg; 168 per kilogram kilogram per day

million Initial Final

(1) (2) (3) (4) (5) (6)
0.025 muscle 0 9 0.20 49
0.05 muscle 0 23 0.50 49
0.1 muscle 0 50 1.13 49
0.2 muscle 0 115 2.30 49
0.025 mantle edge 0 15 0.30 49
0.05 mantle edge 0 32 0.70 49
0.1 mantle edge 0 73 1,50 49
0.2 mantle edge 0 192 3.80 49
0.025 mantle 0 14 0.30 49
0.05 mantle 0 31 0.78 49
0.1 mantle 0 75 1.60 49
0.2 mantle 1] 212 4.30 49
0.025 remainder 0 18 0.36 49
0.05 remainder 0 34 0.71 49
0.1 remainder 0 75 1.60 49
0.2 remainder 0 237 4.8 49
0.025 gill 0 23 0.49 49
0.05 gill 0 65 1.35 49
0.1 gill 0 160 3.10 49
0.2 gill 0 274 5.60 49
0.025 gonad 0 26 0.56 49
0,05 gonad 0 55 1,20 49
0.1 gonad 0 163 3.28 49
0.2 gonad 0 325 6.60 49
0,025 liver 0 28 0.59 49
0.05 liver 0 66 1,40 49
0.1 liver 0 145 2.95 49
0.2 liver 0 368 7.40 49
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three to four times a day. The shellfish were sampled at intervals of four days,
one week, and each week thereafter until termination of the experiment., The
samples were processed and analyzed as described. Five metals have been
studied; zinc, lead, copper, cadmium, and chromium onthe species indicated.
The pH, salinity, DO, and temperature remained relatively constant throughout.
The temperature was held at 20+1° C, with salinity variable, usually 31%, while

TABLE 7.—TRACE METAL DEPLETION STUDIES IN A CONTINUOUS FLOW SYSTEM

Depletion Range, Depletion
in milligrams Devletion Tempera- | Rate, in
5 per kilogram D BLe ture, in milli- Source of
Spoctes Metal per day Tl;ge’s n degrees |grams per| Specimens
Tnitial Final ¥ Celgius | kilogram
per day
1 @ (3) “) (5) (6) ) (8)
Soft Shell |Copper 124 36 7 20 12.50 from 0.1 ppm
accumulation
study
Soft Shell |Copper 96 34 11 20 5,10 River View
(water off)
Soft Shell |Copper 68 9 10 20 5.90 Allens Harbor
Soft Shell |Copper 62 34 4 20 7.00 Long Meadow
(water off)
Soft Shell | Copper 58 20 15 20 2.60 Jerusalem
(water off}
Soft Shell |Copper 52 24 15 20 1.90 Allens Harbor
(water off)
Soft Shell |Copper 48 22 4 20 6.50 from 0.2 ppm
accumulation
study
Soft Shell |Copper 33 20 7 20 1.90 Charlestown
Hard Shell | Copper 17.5 13.0 84 no control 0.05 Boston Harbor
(4-12)

Hard Shell | Manga- 24 16 84 no control 0.095 |Boston Harbor
nese (4-12)

Hard Shell | Zinc 38 26 84 no control 0.12 Boston Harbor
(4-12)

Hard Shell |Iron 27 27 84 no control 0.0 Boston Harbor
(4-12)

Oyster Lead 203 188 21 20 0.71 from 0.2 ppm
accumulation
study

Oyster Lead 79 63 21 20 0.76 from 0.1 ppm
accumulation
study

Oyster Lead 32 22 21 20 0.48 from 0.05 ppm
accumulation
study

Oyster Lead 24 5 21 20 0.91 from 0.025 ppm
accumulation
study

the DO varied between 8-10 ml per 1. The concentration levels of the metals
studied, as well as the time, were varied according to the experimental design.
The results are given in Table 5.

The third aspect of these investigations involved the study of lead uptake
and concentration in the American Eastern Oyster (Crassostrea virginica).
Making use of the system described in the preceding paragraph, studies were
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carried out using lead environmental concentrations of 0.2 ppm, 0.1 ppm,
0.05 ppm, and 0.025 ppm over a period of 10 weeks. Samples consisting of six
oysters each for anatomical and whole animal metal values were removed from
the system at zero, four, and seven days, and weekly thereafter until termi-
nation of the experiment. The samples were again processed and analyzed. The
resulting data are shown in Table 6.

The fourth aspect of the overall study concerned the depletion of certain
metals from shellfish used elsewhere in the investigations. The same environ-
mental system was used to allow temperature-controlled seawater relatively
free of the particular metal being studied to flow through the trays. The exper-
iments were carried out over varying time intervals, up to several weeks. The
shellfish were processed and analyzed in the same manner as heretofore. The
data are summarized in Table 7.

APPRAISAL AND SUMMARIES

The first part of the appraisal deals with background information and
theoretical considerations of pollution and toxicity. The remaining sections deal
with the four phases of the studies todate including a summary for each.

Pollution and Toxicity.—The number of substances to which the term
“poison” may be ascribed is large, as well as varying in the degree of their
effect. In the case of man and other air-breathing animals, the threshold dose
of a toxic material usually means the maximum amount that can be taken with-
out causing death. However, the casefor aquatic animals living in a water envi-
ronment is considerably different. The aquatic fauna, instead of receiving an
absolute quantity at one time, is continually exposed to a given concentration
of the toxic material—a case comparable to that of a man regularly drinking
water containing a toxic metal or breathing air containing a noxious gas or
vapor. It is notsurprising,therefore, that the student of pollution problems is
primarily concerned with the concentration of the poison he is investigating,
and the manner in which the effectis related to this, rather than on the absolute
amount required to harm and kill, Animals have the capacity to eliminate or
detoxify poisons tosome extent, or eventodestroy them. The rapidity at which
they are able to do this, permitting survival, depends on the concentration of
the toxic material to which they are exposed [Jones (21)].

One of the characteristics of living cells is their capacity to take up ele-
ments from a solution against a concentration gradient. This is perhaps most
obvious for marine organisms, especially for autotrophic algae, which obtain
all their nutrients directly from seawater. Theability of marine organisms to
concentrate elements above thatlevelfound in their environment has been rec-
ognized for some time. The following points should be noted in relation to the
concentrating ability of plankton and brown algae [Bowen (3)]:

1. All elements are concentrated toadegree withthe exception of chlorine,
which is rejected, and sodium, which is weakly rejected, The concentration
factors are of the order of 1.0 for Br, F, Mg, Na, and S, and higher for all
other elements.

2. Among cations (including metallic elements such as Fe which may exist
as colloids in the sea), the order of affinity for living matter is generally:
Tetravalent and trivalent elements > divalent transition elements > divalent
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Group II A metals > univalent Group I metals. The tetravalent and trivalent
gubgroup have rather different affinities for plankton and brown algae, i. e.,
Plankton: Fe>Ai>Ti>Cr, S>Ca; and Brown Algae: Fe>La>Cr>Ca>Ti>Al>8i, Sim-
ilar differences are found between these organisms in their affinities for the
divalent transition metals, i. e., Plankton: Zn>Pb>Cu>Mn>C o>Ni>Cd; and Brown
Algae: Pb>Mn>7Zn>Cu, Cd>Co>Ni, The affinity of both organisms for lead, with
no known biological function is of interest.Itis clear that the heavier elements
in these groups tend to be more readily taken up than the lighter ones, which
may be connected with their greater polarizability.

3. The order of affinity of living matter for anions is: (a) Nitrate>trivalent
anions>divalent; and (b) anions>univalent anions. It is possiblethat most poly-
valent metallic elements are more or less cheated by organic matter.

The main features of the uptake of ions by cells can be accounted for by
assuming that another process operates apart from simple diffusion. This pro-
cess is called active uptake and is closely linked with metabolic activities
within the cell. The metabolic processes provide the energy necessary for the
uptake against a concentration gradient. Active uptake has larger temperature
coefficient than does uptake by diffusion. In long-term experiments the effect
of temperature is probably complicated by increased rates of growth, cell divi-
sion, and other factors. Active uptake requires oxygenand occurs only in cells
which are respiring freely. Substances that inhibit respiration also inhibit
uptake of ions. The rate of uptake of ions may be limited by either the rate of
exchange at the cell membrane, or bulk phase diffusion inside the cell. The
former is usually limiting for ions present at low external concentrations and
the latter for ions at high external concentrations. It has been suggested that
bulk phase diffusion limits the rates of uptake of most cations. There appears
to be at least two active transport systems in addition to the diffusion pro-
cesses. A number of theories have been advanced to explain active transport.
One of the most popular is the carrier hypothesis [Sutcliffe (34)] . The mech-
anism by which the chelate is transported across the cell membrane and the
return of the carrier molecule is not clear. One possibility as a carrier
involves the enzyme AT Pase which requires bothNa* and K* for activation, and
which is associated with cell membranes. Accordingly the ions are transported
across membranes as chelates with metabolically produced organic molecules.

Uptake by Invevtebrate Animals.,—The most primitive animals, theunicell~-
ular protozoa, take up ions from solution by diffusion in the same ways as do
algae. Many marine species and all freshwater species have vacuoles, and
these are able to openat intervals and extrude fluid from the cell. The vacuole
regulates the osmotic pressure of the cell and so controls its volume.

Multicellular invertebrate animals can be divided intotwogroups as far as
uptake is concerned: those with permeable skins and those without. The major-
ity of marineinvertebrates (colenterates, annelids, mollusks, and echinoderms)
have soft bodies with permeable skins through which ions can diffuse freely.
In this situation the body fluid or blood is quite similar to seawater in compo-
sition. The gills of mollusks are coated with a layer of complex carbohydrate
sulphates which may function as ion-exchangers. Thegills of marine crustacea,
which have hard impermeable carapaces, are fully permeable to water and
salts.

Toxic Action.—An element is toxic if it impairs the growth, reproduction,
or metabolism of an organism when supplied above a certain concentration.
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All elements are toxic at high concentrations, and some are notorious poisons
even at low concentrations. The essential micronutrient copper, which is a
necessary constituent of all organisms, is highly toxic at quite small concen-
trations. The other essential micronutrients are also toxic when supplied in
excess, though not all in as striking a fashion. There is an optimum range of
concentration, which is sometimes quite narrow, for the supply of each element
to the organism.

When excessive amounts of an element are fed to an organism, they fre-
quently cause death, The usual measure of theamount required to cause death
is called the LD,,. This isthe amountthat, if fed to each individual in a popu-
lation, kills half of the population. The LDy, is an imprecise measure unless
it is qualified by specifying: (1) The chemical state of the element; (2) the
means of feeding; (3) the age or developmental stage of the organism; and
(4) the time elapsed between feeding and death.

The most important mechanism of toxic action is thought to be the poisoning
of enzyme systems., The more electronegative metals, notable copper, mer-
cury, and silver, have a great affinity for amino, imino, and sulfhydryl groups
which are doubtless reactive sites-on many enzymes, and are readily chelated
by organic molecules. Therefore attempts are found to correlate metal tox-
icities with such factors as their electronegativities, the insolubility of their
sulfides, or the order of stability of their chelated derivatives: (1) Order of
electronegativities of some divalent metals, Hg>Cu>Sn>Pb>Ni>Co>Cd>Fe>Zn>
Mn>Mg>Ca>Sr>Ba; (2) order of stability products of the sulfides, Hg>Cu>Pb>
Cd>Co>Ni>Zn>Fe>Mn>Sn>Mg>Ca; and (3) order of stability of chelates, Hg>
Cu>Ni>Ph>Co>Zn>Cd>Fe>Mn>Mg>Ca.

It appears likely that all the divalent transition metals, as well as the other
electronegative metals, which form insuluble sulfides, such as Ag, Mo, Sb, Ti
and W are poisons by virtue of their reactivity with proteins, and especially
with enzymes, In view of the large number of enzymes in living cells, the vari-
ations in toxicity indicated above are hardly surprising. Studies have shown
that metals giving rise to similar toxic effects may be acting on quite unrelated
enzymes, and many more atoms of metal are absorbed by an inactivated en-
zyme than are required to block the reactive sites [Passow, et al (30)]. Other
modes of toxic action are:

1. Substances behaving as antimetabolites. This might be arsenate and chlo-
rate occupying sites for phosphates andnitrates respectively. (fluoride, borate,
bromate, permangate, antimonate, selenate, tellurate, tungstate, and berylium
may possibly act in this manner.)

2. Substances forming stable precipitates or chelates with essential metab-
olites (Al, Be, Ti, Sec, Y, Zr, reacting with phosphate, Ba with sulfate, or Fe
with ATP).

3. Substances catalyzing the decomposition of essential metabolites. (Laand
other lanthanide cations decompose ATP.)

4, Substances combining with the cell membrane and affecting its perme-
ability (Au, Cd, Cu, Hg, Pb, U). These elements may affect transport of sodium,
potassium, chlorine, or organic molecules across membranes, or even rupture
them.

5. Substances which replace structurally or electrochemically important
elements in the cell and then failtofunction (Li replacing Na, Cs replacing K,
or Br replacing Cl1).
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Metal-organic compounds may be either more toxic than the metal ion (ethyl
mercuric chloride) or much less so (cupric ion and copper salicylaldoxime).

The elements can be divided into four groups with regard to their pollution
potential [Bowen (3)]:

1. Very high potential pollution: Ag, Au, Cd, Cr, Cu, Hg, Pb, Sb, Sn, Te, Zn.

2. High potential pollution: Ba, Bi, Ca, Fe, Mn, Mo, Ti, U.

3. Moderate potential pollution: Al, As, B, Be, Br, Cl, Co, F, Ge, K, Li, Na,
Ni, Rb, V, W.

4, Low potential pollution: Ga, I, La, Mg, Nb, Si, Sr, Ta, Zr.

Toxicity-Pollution-General .—The classical paper by Ellis (11) on river pol-
lution cites 114 substances which may be found among stream pollutants. This
very long list of substances possibly dangerous toaquatic life, increased with
industrial developments. Doudoroff and Katz (9) reviewed 281 papers, only 35
of which were published before 1920. The study of the biological aspects of
river pollution attracted attention asindicated by Hynes (19) in his recent book.
Powers (31) published on the goldfish as atest animal in the study of toxicity,
and Carpenter (6), working at Aberystwyth, began a study of the pollution of the
rivers at Cardiganshire. His study was concerned withthe results of lead and
zinc mining operations carriedonintheareain previous years but now declin-
ing. Carpenter showed that the death offishin the polluted waters was not due
to gritty material in suspension buttolead salts. Fish confined in cages in the
river remained healthy when the water flowing through the cages was free of
dissolved lead, but died when the lead concentrationrose to 0.3 ppm to 0.4 ppm
at flood times. Carpenter later concluded that thetoxic action of heavy metals
on fish was due to a process of asphyxiation, According to the hypothesis of
Carpenter, heavy metals (lead, zinc, copper, mercury, silver, nickel, and cad-
mium) in dilute solution precipitate the mucous secretions produced by the
gills. The interlamellar spaces become filled with precipitate and the normal
movement of the gill filaments becomes impossible. The intimate contact
between water andgill tissues, necessary for respiration, is thus prevented and
eventually gaseous exchange is impeded to such an extent that the fish dies.
Carpenter’s theory was endorsed by Ellis (11) and by Westfall (36) but ques-
tioned by Lloyd (26) who, in a study of the toxicity of zinc salts to rainbow
trout, observed no precipitation of mucous on thegills or in the gill chamber.
Lloyd considers the toxicity of zinc to be exerted through the swelling and
breakdown of the gill epithelium. It seems, therefore, that the heavy metals
in some manner impair or destroy the gill’s ability to carry on gaseous
exchange.

The course of the toxic process can also be followed by placing a fish in a
dilute solution of a heavy metal salt and recording periodically the rate of the
opercular movements. A means of measuring the oxygen removal is also nec-
essary. Jones (20), using the stickleback, subjected the organism to 0.002N
Cub50, and 0.005N Pb (No,), solutions. Normally the stickleback breathes 120
times per min, at 17°C. The opercular movements are not regular; 5 to 10
rapid movements may alternate with a period of rest lasting several seconds.
As the heavy metal salt solution is run into the system, the rate of the oper-
cular movement as well as the rate of oxygen utilization begins to rise. The
increased oxygen utilization is probably duetothis increased activity resulting
from the struggle against the unfavorable changes in its environment. As the
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toxic process advances, the respiratory movements become more and more
rapid, more regular, and of inereased amplitude, Despite efforts by the animal
to maintain its oxygen supply, the oxygen consumption now declines to about
20% of normal, the opercular movement begins a precipitous drop, and the fish
dies.

Heavy metal salts in solution constitute a serious form of pollution because
they are stable compounds, not readily removed by oxidation, precipitation,
or any other natural process. In soft waters they are fatal to fish at very low
concentrations. Copper salts are fatal to sticklebacks downto 0.02 ppm. Mer-
cury and silver salts are evenmoretoxic. Lead and zinc salts are rather less
so. A characteristic feature of heavy metal pollutionis its persistence in time,
aswellas in space, for thistype of pollution may continue for years after pollu-
tion operations have ceased. Affleck (1) in work donein Australia, showed that
zinc compounds are toxic to ovaandalevins of rainbow trout and that levels of
0.01 ppm to 0.02 ppm may befatal. These findings confirm the earlier work of
Jones (20) indicating that the toxicity of lead and zinc salts is greatly reduced
in the presence of soluble calcium compounds.

Uptake and Concentvation Within the Natural Envivonment.—The results of
the study of uptake and concentration within a “natural” environment are rep-
resented by the studies of trace metals inshellfish taken from along the Atlan-
tic and Pacific Coasts as previously described and summarized in Tables 2
and 3.

Zinc.—Zinc levels in shellfish along the Atlantic Coastvaried over a range
of approximately 10 ppm to 40 ppminthe casge of hard and soft-shell clams to
a value of 180 ppm to 4100 ppm for the Eastern Oyster. The Pacific Oyster,
however, showed levels approximately one-tenth of the latter level (90 ppm to
350 ppm).

As compared to that found in hard and soft-shell clams, the high zinc level
in the oyster suggests a possible species difference in the physiological role
of zinc. Zinc plays an important role in biochemical systems, serving as an
enzyme activator, and as a constituent of important metallo-protein enzymes
such as carbonic anhydrase [Keilin et al.(23), and Vallee (34)]. Schelske (32)
has shown that oysters tend to concentrate Zn®. Because zinc shows consider-
able depletion in the hydrosphere, it is reasonable to conclude that if concen-
tration of zinc by the biosphereis uniform throughout, as indicated by shellfish
uptake-concentration of this ion, then this may constitutea major pathway for
its removal from seawater [Brooks and Rumsby (5]].

Copper.—The datafrom Tables 2 and 3 indicate that copper levels in oysters
appear to be approximately 10 to 15times that found in both the hard and soft-
shell clam. As particulate absorption maybe suspected in the case of the oys-
ter, the levels might be expected to be somewhat higher. Korringa (24) has
shown that positive polyvalent ions such as Al*++ Cut* Fett+ zZn*t Hgtt,
and Mn*t are concentrated by the mucous sheets of the oyster. It has been
shown [Mahler (27)] that copper does have animportant biochemical role as an
enzyme activator, a constituent of aflavo-protein,as wellas inthe hemocyanins
found in the hemolymphs of certain mollusks.

Further observation of the data shows that the Eastern oyster (C. virginica)
contains five times the amount of copper found in the West Coast oyster (C.
gigas). The copper level for both appears to follow the zine values in a very
definite ratio—approximately 10 to 20 times more zinc than copper in each
case. In all uptake and concentration studies inthis area the copper is found to
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rise and fall with corresponding changes in the zinc levels.

Iron, Nickel, Manganese, and Chromium.—These elements are all members
of theiron family [Goldschmidt (15)]having atomic numbers of 23-28 and being
measurable in the sediment.

Iron may be found as porphrin-bound iron in the striated muscle bundle
[Brooks and Rumsby (5)]. Kawai (22) has identified a cytochrome system in
oysters (C. gigas) responsible for 80% of their respiration. Iron has been shown
to be distributed in mollusk shells in relation to porphrin localization there
[Fischer (12) and Comfort (8)].

Manganese has been shown to be an activator in many enzyme systems
[Mounter (29)].

Studies indicate that nickel activates certain enzyme systems such as argi-
nase [Greenberg (16)] as well as certain carboxylases [Weisbach (35)].

The role of chromium in biological systems has been less well established,
but this metalhas beenshownto restore activity to metalfree carboxypeptidase
[Vallee (34)]. It is probable in this case that the level of chromium is due to
sedimentary contamination; however the role of chromium, nickel, and
manganese in molluskan biochemical systems should not be excluded.

From the data described herein it is concluded that the levels of iron and
manganese appear to be highest in the case of the soft-shell clam, followed in
order by the oyster andhard-shell clam. The Pacific Oyster (C. gigas) appears
to have an iron level comparable tothe Eastern Oyster with the exception that
C. virginica has a much wider range of values. Nickel and chromium with few
exceptions, as in the case of the hard and soft-shell clam, appears fo be the
same in all species examined.

Lead.—Lead appears to have a more obscure biochemical role, if any, and
is toxic to most enzyme systems.Itis, however, strongly basic and will read-
ily coordinate with suitable organic ligands.

Lead is shown in the data presented herein, to be virtually uniform in all
species with few exceptions, and these may represent possible pollution.

Cobalt,—Cobalt levels were found tobe uniform forall species investigated.

Cadmium.—The biological role of cadmium, if any, is unknown, but it does
appear in many tissues, probably as a contaminant, and is cumulative. It prob-
ably acts as an enzyme inhibitor. Cadmium is moderately toxic to all orga-
nisms, and it is, like lead and mercury, a cumulative metal in mammals. In
the laboratory it has been shown that cadmium is extremely toxic to the East-
ern oyster. It appears to be somewhat less toxic in the hardshell clam.

Cadmium is lowestinthe calcareous tissues, and is accumulated by the vis-
cera of the scallop, Pecten novazet landicae [Brooks and Rumsby (5)] . Cadmium
acts synergistically with other substances to increase toxicity. Cadmium con-
centrations of 0.03 ppm in combination with0,15ppm zinc causes mortality of
salmon fry [Hublou (18)].

It is probable that the wide range of values found for zinc in the oyster along
the East Coast may be indicative of some degree of pollution in certain areas,
Studies of these zinc levels from the various coastal areas strongly suggest
that the normal value for zinc in Crassostrea virginica is more in the range of
800 ppm to 1000 ppm. This seems to be in agreement with the value put forth
by Drinnan (10).

Chipman (7)found that both the food chain and sediment may contribute some
metals, however, it appears that a considerable amount of it originates from
that picked up and concentrated from the water (soluble portion).
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Consideration of the higher accumulation values found in certain areas
makes it apparent that pollution (high environmental levels) is undoubtedly a
contributing factor. The ratio of the accumulation of the trace metals studied
compared with those environmental levels found naturally are shown in Table
8. These enrichment factors are based on the use of the seawater trace metal
levels of Goldberg (13). The values compare relatively well, with some excep-
tions, to those as determined by the Australian work of Brooks and Rumsby
(5). The apparent selectivity for trace metals among various molluscan species
appears to depend to a considerable extent onthe metals available in the envi-
ronment, their chemical and physical properties, the kind and number of
ligands available for chelation, transport, and storage, and the stability of the

TABLE 8.—TRACE METAL ENRICHMENT FACTORS FOR SHELLFISH
COMPARED WITH THAT OF THE MARINE ENVIRONMENT

Element Oyster [Quahaug | Soft Shell Clam | Surf Clam Mussel | Whelk
(1) (2) (3) (4) (5) (6) (7)
Cadmium 318,000a 100,0002
226,000 750 800 - 800(2) | 6,300
Chromium 60,0002
31,600 23,400 10,400 — - -
Copper 13,7002 3,0002
14,800 900 2,000 450 1,150 3,800
Iron 68,2008 196,0002
6,700 3,000 41,000 18,400 2,900 —
Manganese 4,000 13,5002
2,900 2,900 3,350 1,100 1,500 2,100
Nickel 4,0002
3,250(1)| 4,500 4,250 — - -
Lead 4,0008
4,100 5,800 3,400 - - o
Zinc 110,3002 9,1002
148,000 2,100 1,700 1,526 2,200 8,200

2 Values from work of Brooks and Rumsby (5).

complex formed. The overall concentration levels and enrichment factors in
unpolluted waters appear to be based on an average available environmental
range of 0.0001 ppm to 0.01 ppm. It appears that certain metals do exert an
influence on the uptake and concentration of certain others, This is apparent in
the case of copper and zinc in the oyster.

Detevmination of Uptake Rates and Concentvation Levels in a Simulated
Envivonmental System.— The results of studies on the uptake and concentration
levels in shellfish subjected to a simulated natural environment are given in
Table 5.

Although the investigations will eventually include the study of ten metals
on six or more shellfish species, the results reported herein, on four of the
five metals studied in an accurately controlled environmental system, would
appear to justify the following conclusions:
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1. There are species differences in the uptakeand concentration of a given
metal. This is well indicated in thedata presented here for copper, zinec, cad-
mium, and lead.

2. The environmental concentration level to which various species may be
subjected will result in different uptake rates(ppm per kg per day) as well as
concentration levels attained, depending on the duration of the exposure.

3. The temperature, salinities, dissolved oxygen, pumping rates, and physi-
ological condition of the animal are all closely related to the uptake and con-
centration level obtained for any given metal with all species.

4, The apparent toxicity of any metal for a given species determines not
only the uptake and concentration, but the duration of the experiment as well.
This is true for the following metals listed, but not necessarily in the order
given, for all shellfish studies: Cd**, Cu**, Pb**, and Zn**.

Copper.—Copper proved to be especially toxic for the soft-shell clam (Mya
arenaria) as compared to the hard-shell clam (Mercenaria mercenaria), and
the oyster (Crassostrea virginica), Inthe case of Mya, copper above an exper-
imental level of 0.02 ppm proved to be extremely toxic. The 0.1 ppm and 0.2
ppm levels were sufficiently toxic to cut down the duration of the experiment,
as well as affecting the overall rate of uptake and tissue concentration attained.
The writers obtained uptake rates of 3 ppmper kg per day and 5.6 ppm per kg
per day for the 0.2 ppm and 0.1 ppm environmental levels, respectively, at
20°C. The decreased uptake rate found with the higher copper levels indicate
the toxic effect of copper on Mya arenaria, With the environmental level of 0.05
ppm, the data shows an uptake rate of 20 ppm per kg per day at an elevated
temperature (25° to 26°C). The toxicity at this level was at its lowest peak,
based on the gross physiological appearance, activity, and mortality. The effect
of temperature elevation is indicated by the increased rate of uptake and con-
centration level attained.

The species difference for the uptake of a given metal is indicated clearly
in the case of the hard-shell clam, Results based on a 0.5 ppm experimental
level indicated a very low uptake and concentration for Mercenaria when com-
pared to that found in the soft-shell clam Mya at 10°C. The effect of tempera-
ture is again illustrated. A dropinthe expgf'ﬁnental temperature results in an
apparent decreased uptake rate and concentration level.

Zinc.—Using a 0.2 ppm zinc level at 20°C, we find that the soft-shell clam
reached a concentration level of 27 ppm in 50 days. This represents a 17 ppm
increase in zine over a period of 50 days or 0.35 ppm per kg of zinc per day.
These results indicate an apparent species differenceinthe ability of the ani-
mal to accumulate different metals; this difference is again shown in the case
of cadmium and lead. The conclusion is that the soft-shell clam apparently
concentrates copper preferentially over zinc under identical experimental
conditions.

Cadmium.—The results of the experiments with cadmium in Mya placed on
each of two different environmental levels of this particular metal (0.05 ppm
and 0.1 ppm) may be seenin Table 5. Under the same experimental conditions,
Mya arenaria is able to concentrate approximately twice the amount of cad-
mium in its tissues during a given time period, when the environmental level
under study is doubled. The apparent species selectivity for a given metal is
again evident in that Mya is found to pick up and concentrate cadmium at a
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lower rate than do either copper or =inc under identical experimental
conditions.

Lead.—Lead uptake experiments using the Eastern oyster, the soft and hard-
shell clams, show the species differences fortheuptake of a given metal. The
data indicate that lead is picked up and concentrated by the oyster, the soft
and hard-shell clams, respectively, at rates of 4 ppm per kg per day, 3 ppm
per kg per day, and 0.63 ppm per kg per day, using the same environmental
level and experimental conditions. The effect of subjecting any given species
to various environmental levels of a given metal is illustrated in this case.
Under the same experimental conditions, with the oyster and the soft-shell
clam, it was found that doubling the level of the lead, will result in twice the
rate of uptake, and tigsue concentration reached in the same period of time.

Generally, the studies showthat for any given metal and set of experimental
conditions, the uptake rate and tissue concentration level decreased for the
following species in the order given: Mya arenaria, Crassostrea virginica, and
Mercenaria mercenaria.

Invesligation of Anatomical Aveas of Storage.—The results of the anatomical
storage studies are illustrated in Table 6., The experiments described else-
where herein were carried out at various levels of lead concentration over a
period of ten weeks. The results through the seventh week are given in this
section,

The four environmental levels of lead used gave identical results as to the
concentration order of all the anatomical areas studied. Anatomical areas in
the order of their increasing lead concentrationareas follows: muscle, mantle
edge, mantle, remainder, gill, gonad, and digestive gland. The accumulation
rates doubled as the environmental level of lead used throughout the duration
of the experiment was doubled. The oysters appearedto be in good gross phy-
siological condition, atleastfor thetwolower levels (0.025 ppm and 0.05 ppm).
However, with the higher experimental lead levels, thegross anatomy showed -
considerable atrophy and diffusion of the gonadal tissue. In addition, the hepato-
pancreas became less easily identifiable and lighter in color, compared to the
controls as well as the animals on lower levels. The animals exposed to the
higher experimental levels showed considerable edema, and the mantle edge
began to disappear or become less distinct. The histopathology has not been
completed to date.

The higher lead levels found in the gonadal tissue are inline with the recent
work reported in humans [Hardy (17)], as wellas that observed by Drinnan (10)
in the oyster, The high lead concentrations found in the digestive gland and gill,
may indicate that these organs serve as areas for lead storage in the oyster.
This is compatible withthe presence of many chelating organic ligands in these
tissues. The lead content of the mantle edge was elevated during the first few
days of the experiment. This was followed closely or almost simultaneously by
the elevation in the mantle. The initialtissue increase in the mantle edge may
be indicative of the mode of entry of lead in the oyster. The mortality rates
found in oysters exposed to lead did not appear to be exceptionally high when
compared to certain other metals, considering the duration of the study (ten
weeks).

Depletion Rates in a Simulated Envivonment.—The study of uptake and con-
centration of tracemetals by mollusks indicates that these materials become
chemically and structurally incorporated into the tissues of the various organs,
and thus have become an integral structural part of the animal.
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These storage compounds as previously indicated most probably take three
forms: (1) Metal chelates of smaller organic molecules; (2) structural incor-
porationinto macre-molecules (proteins, etc.); and (3) inorganic incorporation
into the shell, matrix as inorganic salts.

A different system exists in the case of the uptake and concentration of
chemicals than is the case with cellular and other particulate matter. The
removal or depletion of these materials, therefore, depends upon the reversal
of the incorporating processes. Chemical depletion, which must follow bio-
chemical turnover, is expected to bea slower process than the release of cel-
lular material (biological contaminants).

The results of certain of the writers’ depletion studies described earlier
are shown in Table 7.

The first series of experiments illustrated represent depletion studies with
copper in the soft-shell clam under controlled experimental conditions. These
particular animals were taken from certain uptake and concentration experi-
ments, as well as from industrially polluted areas, and were subjected to
varying depletion times. The data presented herein indicate that copper is
depleted rather rapidly by this species.

Similar experiments with the hard-shell clamata somewhat lower temper-
ature show that Mercenaria mercenaria depletes itself of copper at a much
slower rate than does Mya arenaria, In addition, the Quahaug appears to
deplete itself of other metals at similarly slower rates.

Depletion rates for leadinthe oyster under similar experimental conditions
are given in Table 8. These animals were removed from four different concen-
tration studies and allowed to deplete for a period of 21 days at 20°C. Prior to
depletion, the four groups (0.025 ppm, 0.05 ppm, 0.1 ppm, and 0.2 ppm expo-
sures) ranged in tissue concentrationfrom 24 ppmto 203 ppm lead. The deple-
tion rates are seen to be about the same for the higher exposure levels (0.71
ppm and 0.76 ppm per kg per day). However, in the case of the lower levels a
varying depletion rate was seen. With the 0.05 ppm exposure level, a depletion
rate of 0.48 ppm per kg per day was found, whereas the lowest level gave an
elevated rate of depletion (0.91 ppm per kg per day).

Data presented herein indicate that metals are depleted (at least for lead)
at a faster rate by the oyster than by the quahaug, but at a slower rate by the
oyster than by the soft-shell clam (Mya arenaria). There also appears to be a
direct relationship between the uptake rate foragiven metal and the depletion
for any molluscan species,

CONCLUSIONS

Mollusks in the natural estuarine environment appear to accumulate trace
metals at different rates and attain tissue levels according to the environmental
concentration of the particular metal, the temperature, the Species concerned,
as well as the physiological activity of the animal itself.

When the environmental concentration of a particular toxic trace metal
persists over a sufficient period of time, the animal may become affected
physiologically by the metal accumulation to such an extent that it becomes
nonfunctional or dies.

The apparent selectivity for trace metals among various molluscan species
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appears to depend to a considerable extent upon the metals available in the
environment; their chemical and physical properties; the kind and number of
ligands available for chelation, transport, and storage; andthe stability of the
complex formed. The relative toxicities of the various metals also play a
prominent role.

In a simulated natural environmental systemthe accumulation rates, as well
as the tissue levels of the trace metals, are dependent upon the environmental
metal concentration, the temperature, the time of exposure, and the particular
species used.

The relative toxicity of a particular metal varies from species to species
for any given concentration, all other factors remaining constant.

The studies reported herein generally show that for any given metal and
set of experimental conditions, the uptake rate and tissue concentration level
decreased for the following species in the order given: Soft-shell Clam, Mya
arenaria; American Eastern Oyster, Crassostrea virginica; and the Northern
Quahaug, Mercenaria mercenaria.

The four environmental levels of lead used in the anatomical accumulation
studies gave identical results astothe concentration order for all the anatom-
ical areas studied. The following anatomical areas are given in the order of
their increasing lead accumulation (concentration): muscle, mantle edge, man-
tle, remainder, gill, gonad, and digestive gland. The accumulation rates dou-
bled as the environmental level of lead used throughout the duration of the
experiment was doubled.

Considerable toxicity was exhibited towards the animals exposed to the
higher environmental levels of lead (0.1 ppm and 0.2 ppm). This was particu-
larly evident regarding the gonadal area of the oyster.

Depletion of trace metals follow biochemical turnover within the animal,
and must be expected to be a slower process than is the release of cellular
material, From the data presented herein, itappears that metals are depleted
(at least lead) at a faster rate by the American Eastern Oyster than they are
by the Northern Quahaug, but slower than is the case for the soft-shell clam.
In addition, there appears to be a direct relationship between the uptake rate
for a given metal and its depletion for any molluscan species. The initial
tissue level of any given metal appears to be directly related to the depletion
rate for any given species.
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5970 TRACE METAL ACCUMULATION BY MOLLUSKS
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ABSTRACT: In view of the relative paucity of information on trace metal distribution
in marine animals, a series of studies were initiated in order to investigate the mech-
anies of concentration of these materials. Data were obtained on a number of mol-
lusk species. There is a wide variation in species ability to take up and concentrate
zine, lead, nickel, cobalt, iron, manganese, copper, cadmium, and chromium within
their natural (estuarine) environment. Uptake rates in a controlled, simulated-
environment system using various concentrations of lead, copper, cadmium, and zinc
indicate that all of the species studied varied in their selectivity for the particular
metal taken up. The rate of uptake, and the tissue level attained, were found to vary
with time, and the particular metal concentration used. Using various lead concentra-
tions it was observed that of the various anatomical areas, the muscle, mantle edge,
mantle, remainder, gill, gonad, and digestive gland accumulated increasing tissue
levels in the order given. Depletion is a relatively slow process in most cases; it
varies from species to species as to rate and final tissue concentration,
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