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With the current interest in mercury as a conventional

pollutant in the aquatic environment, researchers are commonly employing
203Hg in laboratory and field studies to measure the flux of this metal

I-1*
through marine biota . The majority of these studies have focused on

203estimating mercury turnover times by measuring the loss of Hg from

previously labelled animals. This approach operates under the assumption

that the radiotracer has adequately equilibrated with pools of the
corresponding stable metal in the organism so that radioisotope flux will

reflect the kinetics of stable metal excretion. Oftentimes, this criterium
is not met with the result that the array of different tracer labelling
techniques leads to different conclusions about the kinetics of the

J

corresponding stable element .

203In the case of Hg studies with marine animals, tracer
labelling times generally have been either relatively short (1 to 14 days

uptake from water, 1 to 3 days accumulation from radioactive food), or the

isotope solution has been injected directly into the organism. Radiotracer
injection is somewhat unrealistic in that while perhaps serving to tag the

mercury in a specific target issue, it fails to simulate in situ mercury
uptake and metabolism which, in fact, can strongly affect the subsequent

1,2
excretion of the metal . Short term radiotracer labelling from either
water or food can furnish information on excretion processes following acute
contamination by a metal; however, labelling in this manner may prove
inadequate for estimating the depuration of a metal following long-term

exposure or measuring total metal turnover from all pools of a given element
in an organism.

Few, if any, radiotracer studies have been designed to
measure mercury kinetics in aquatic organisms which have been chronically
exposed to this element from both water and food, a situation that certainly
obtains in the natural environment. Thus, a series of experiments were

designed in which mussels and shrimp were labelled with either inorganic
203or methyl Hg under conditions closely approximating those which would

be expected to occur in nature. Following radiotracer accumulation, the
animals were maintained either in running sea water in the laboratory or
in a cage anchored off the coast of Monaco in order to measure mercury
elimination under quasi-natural conditions.
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203Radioactive media were prepared by adding HgCl,, (spec.
203act. = 0.12nCi/yg) or CH HgCl (spec, act=0.67 yCi/ug) to six liters

of sea water which contained mixed phytoplankton cells. Radiotracer

concentrations were 0.23 and O.luCi/fc for inorganic and methyl mercury,

respectively. Several shrimp and mussels were placed in the labelled
203media and allowed to accumulate Hg from a combined food and water route

for 35 days. Shrimp were fed radioactive mussels which were labelled in
identically prepared media. Phytoplankton cells, which were rapidly
filtered out of the sea water by the mussels, were periodically added to
the radioactive media to ensure a good food supply. Addition of phyto-

203plankton as well as losses of Hg through adsorption to container walls
and/or volatilization necessitated occasionally adding radiotracer to the -

203media in order to maintain the Hg concentration relatively constant
throughout the accumulation period. The temperature was held at 1̂ ° + 1°C.

Following uptake, the organisms were rinsed in clean sea
203water for several minutes, weighed, monitored for their Hg content, and

apportioned into groups in the following manner. Half of the shrimp
203labelled with HgCl- were maintained in the laboratory in large plastic

aquaria supplied with running sea water; the other half were held in their

natural environment in plastic cages which were anchored at a depth of
203about 4 meters near the port of Monaco. The shrimp tagged with CH HgCl

were maintained only in the laboratory running sea water aquaria. Mussels

were equally distributed between the laboratory sea water system and plastic
cages hanging from a buoy moored offshore in the same area from where the

animals were collected. Each group of mussels contained some small and
some large individuals to allow assessing the effect of size on rate of
metal excretion.

Periodically the animals were retrieved from the in situ
203containers and monitored for Hg content along with those individuals

held in the laboratory. Shrimp in both regimes received frequent rations

of mussel or dried fish; mussels in the laboratory were periodically

given mixed phytoplankton cells to supplement the natural particulate
material normally found in the sea water system of the Musee Oceanographique.

203
Results for loss are expressed as percentages of Hg activity in whole
individuals at the beginning of the experiment and therefore loss rates are
not directly influenced by changes in animal weight.

Mercury-203 was determined by whole body counting techniques

utilizing a 7.6x7.6cm Nal(Tl) well-crystal coupled to a single channel
analyzer. Using internal standards of appropriate geometry, corrections

were made for physic

all cases below 5%.

203were made for physical decay of Hg. The overall counting error was in
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To assess the distribution of natural levels of mercury in

organisms like those used in this study, dissected tissues of shrimp and

mussels were analyzed for total mercury by neutron activation analysis at
the IAEA Seibersdorf Laboratory. The method was verified by simultaneously

analyzing Bowen's kale and NBS orchard leaves (SRM-1571). The detection

limit for mercury was 0.05 ppm.
203The accumulation of Kg in shrimp and mussels following a

35 day exposure is shown in Table 1. In order to assess relative differences
203in availability of the two chemical forms, Hg concentrations in organisms

203have been normalized to the Hg concentration in the respective sea water-
phytoplankton milieu.

From the data in Table 1 it appears that small mussels tended

to accumulate somewhat more mercury than did larger individuals. The

observed enhanced accumulation in smaller whole mussels may be a result of
203Hg sorption to the mussel shell since smaller individuals have a greater

surface area to volume ratio than larger mussels. In fact, tissue
dissections of labelled mussels have shown that a large fraction of the

203incorporated Hg is located in the shell. Because of possible surface

sorption effects, the trend of enhanced mercury uptake by smaller
individuals will have to be examined in the soft tissues of mussels before

any metabolic significance can be atrributed to this observation, as has
6

been suggested for the uptake of other heavy metals by Mytilus

Table 1. Relative accumulation of 203,Hg by mussels and
shrimp following a 35 day uptake period

Isotope Organism

203HgCl,

CH32°3H8C1

Mussels

Small
Large

Shrimp

Mussels
Small
Large

Shrimp

n

8
8

10

8
6

avg.wet
weight (g)

1.7
5.0

0.73

3.3
6.8

0.79

Hg uptake
(Rel. units)

230
190

230

570
410

2270
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Laboratory uptake studies with oysters have demonstrated higher mercury
levels in the soft parts of smaller individuals , nevertheless where

this possibility has been examined in natural populations, no significant
relationship between mercury content and mussel size has as yet been

8
established .

Comparison between uptake of the two chemical forms of
mercury indicate that methyl mercury is more available to mussels and

shrimp than the inorganic form (Table 1). This has been noted in previous
9,10

mercury studies on molluscs and other marine biota . Furthermore,

methyl mercury appears to be far more available to shrimp relative to

mussels than does inorganic mercury.
203The loss of both forms of Hg from animals in the two re-

OQO
gimeswas monitored for several weeks. Figure 1 depicts loss of Hg from

203small (1.6 g wet) and large (5.2 g wet) mussels labelled with HgCl. and

subsequently maintained in situ.

Over this particular weight range, the relative loss rate
of 203,Hg was not significantly affected by mussel size. Similar results

203were noted for the HgCl_ labelled animals held in the laboratory as well
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203Figure 1. Loss of HgCl_ residue from small (•) and large (O)
mussels, Mytilus galloprov^noialisJ maintained in situ. Points
represent means and + la standard deviation from the measurement
of individuals.
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as with both laboratory and field mussels of different size labelled with
203CH_ HgCl. As loss rates were unaffected by the size of the individuals

used in these experiments, all mussels from any one regime were grouped
203and data were compared to assess differences in Hg loss due to either

the mercury compound accumulated or the regime under which the mussels were
maintained (Fig. 2).

203The results indicate that over the long term HgCl_ is

lost from mussels more rapidly than methyl mercury. Furthermore, mussels
living in the natural environment eliminated methyl mercury much more

rapidly than those individuals maintained in the laboratory sea water system.
203A similar tendency was noted with HgCl_ elimination; however, due to a

203relatively large degree of biological variation, differences in Hg

retention at the end of the experiment were not statistically significant

at the la level. Unfortunately, both experiments were terminated pre-
maturely owing to the loss of the animal containers during particularly

heavy seas.

Methyl mercury was also retained to a much greater degree
than inorganic mercury in shrimp (Fig. 3). No differences in loss rate

203were noted between the laboratory and field group in the HgCl9
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203 203Figure 2. Loss of HgCl,, and CH_ HgCl residue from mussels,
Mytilus galloprovineialiSf maintained in situ and in the laboratory.
Points represent means and + la standard deviation from the
measurements of 6 to 8 individuals.
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203,Figure 3. Loss of ""HgCl, (o) and CH tuJHgCl (•) residues from
the benthic shrimp, Lysarnata setioauda.ta. Points represent means
and + la standard deviation from the measurement of 6-10 individuals.

203Table 2. Biological half-times of Hg (days) computed for
organisms labelled by both food and water for 35 days and
subsequently maintained under quasi-natural conditions

Organism

Mytilus
go. 1 loprovincia. Us

Lysmata setiaaudata

Conditions

in situ
lab

in situ
and lab

CH3203HgCl

Tb̂ , % retained

63 99
377 89

529 91

20Vci2
Tb^ % retained

82 51
140 46

112 66

experiment; thus, data from both groups were grouped to construct the
203HgCl. loss curve in Figure 3. Biological half-times, computed for the
mercury containing compartments with slow turnover rates, are listed in
Table 2.
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Differences in metal excretion between in situ mussels and

those maintained under simulated environmental conditions in the laboratory
11,12

have been noted previously . Sea water temperature varied only little
(16° to 13°C in situ, 18 to 15°C in the laboratory)in both regimes

throughout the experiment and thus, was not thought to be a determining
factor in the observed differences between excretion rates. More probably

the differences are related to food quality and/or quantity and resultant

growth of the animals. Periodic weight measurements showed that during the

course of the experiment, the in situ mussels increased their weight by
approximately 20% whereas the individuals in the laboratory lost an average
of 4% of their body weight despite periodic food supplements of mixed

phytoplankton. Active growth and tissue renewal would be expected to
enhance metal flux, especially organic compounds such as methyl mercury

which may be more closely linked biochemically to tissue constituents than
203inorganic forms. In any event it is evident that flux of HgCl_ residues

is only little, if at all, affected by these physiological parameters (Fig.2).
2

Miettinen et al. report a biological half-life for methyl
mercury of 1000 days following injection of the radioisotope into the
foot muscle of Mytilus. Our data in Table 2 indicate that when methyl

mercury is accumulated in a more natural manner by the same species, the

residues may be excreted at rates almost three times as fast (Tb̂  = 377 days)
in animals maintained under similar laboratory conditions. Furthermore,
excretion rates of these residues can be even more rapid in healthy, growing
mussels living in the natural environment. Although dosage techniques and
times differ considerably, other in situ studies have demonstrated relatively
short biological half-times for mercury in filter feeding molluscs. Following

a 12-hour labelling period, Jarvenpaa ?-t al. measured biological half-
times for methyl and inorganic mercury in Mytilus which ranged from 40 to
152 days depending upon the method of isotope administration. Seymour and

203Nelson report a biological half-time of 44 days for HgCl- residues in
oysters living in the natural environment, and Cunningham and Tripp

measuring the loss of stable mercuric acetate residues from in situ oysters

calculated values of 20 and 35 days.

The biological half-time for inorganic mercury residue
depuration in shrimp was somewhat longer than those reported for other
crustaceans. In studies involving the excretion of HgCl_ residues, Luoma

reports a value of approximately 16 days for the shrimp Palaemon debilis,
and Sloan et al. compute values between 20 and 25 days for the crab,

orio
Cancer mag^ster. Nevertheless, in both these studies HgCl was
accumulated directly from water for very short periods of time, two hours
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for crabs and 3 days for shrimp. Studies have been reported which show

that short exposure times can result in relatively short biological half-
1,5,16

times for certain metals . Furthermore, total loss of a pollutant

from all contaminated compartments within an animal rarely follows a
simple negative exponential over the entire time course of the experiment;
hence, the biological half-life which is based on a single excretion rate

6,17
will depend on the period of time chosen for the calculation . Both

of these factors may explain the wide range of biological half-times

reported for inorganic mercury residues in crustaceans.
2

Hiettinen ei, al. report a biological half-life of 400 days
for crabs injected with methyl mercury. Our data from shrimp labelled

203with CH- HgCl through the food and water route also indicate that the

biological half-time for this compound is extremely long (Fig, 3, Table 2).

Contrary to the case of mussels, it appears that crustaceans living under
natural conditions will eliminate methyl mercury residues from slowly
exchanging compartments much more slowly than those derived from the

inorganic form.

In order to learn where the methyl mercury residues were

bound in these compartments displaying slow mercury turnover rates, one
shrimp was dissected after 4 1/2 months of loss. Monitoring the separate

203tissues for Hg indicated that by far the highest methyl mercury levels
were located in muscle (Table 3). The finding of substantial amounts of

methyl mercury in exoskeleton, which included endoskeleton tissue, is
noteworthy since molts from this individual retrieved during the loss period

203failed to show the presence of Hg. This suggests that the majority

of the methyl mercury residues measured in the dissected exoskeleton was
probably associated with the inner, non-calcified portion of this tissue.

Table 4 lists the concentration of natural levels of mercury

in various tissues of mussels and shrimps such as those used in our study.

The soft parts of mussels rontain a substantially higher

mercury concentration than the shell. This difference has been noted
18

previously by Bertinp and Goldberg , although the mean concentrations of
0.5 and 1.0 ppm dry in shell and soft parts, respectively, were somewhat

higher than those measured in mussels collected off Monaco. The highest

mercury concentrations in mussels were found in the viscera. Unfortunately,
the mercury in mussel shell was below the detection limit, however, if we

assume a maximum concentration of 0.05 ppm it can be calculated that up to

70% of the organisms's body burden of mercury may be contained in the shell.
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Table 3. Distribution of incorporated methyl mercury
residues in shrimp tissues following long-term depuration

Tissue

Viscera

Muscle

Eyes

Exoskeleton

* Based on

203U ,cpm Hg/g

16411

41041
7200
13970

total weight of

wet % total tissue /
wet weight

7.3
43.2

1.1
48.4

dissected tissue from one

I total 2°3Hg
body burden

4.6
68.8

0.3
26.3

individual

Table 4. Tissue distribution of total mercury in mussels and
shrimp in terms of element concentration and percentage of total
tissue content

UgHg/g % total tissue I total Hg
Tissue dry wet wet weight' body burden

Lysmata setioaudata
(whole)

Viscera
Muscle

Eyes

Exoskeleton

(Molts)

Myt-ilus gafloprovinoialis
Shell

Mantle

Gills

Viscera

Muscle

*
1.58

2.96
0.53
0.23

0.29
0.07

<0.05

0.09
0.25
0.36

0.23
*

*0.379

0.935

0.104
0.057

0.091
0.016

<0.049

0.016
0.028

0.085

0.043
*

8.2
62.8
1.8

27.2
19.0

65,2
13.8

9.1
8.7

3.2

45.7
38.9
0.6

14.8
1.8

<70.1
4.8

5.6
16.3
3.1

(whole soft parts) 0.22 0.033 34.8 >26.4

* measured value, not reconstructed
t based on total weight of dissected tissues from several individuals
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A large fraction of mercury residing in mussel shell would support the
203contention that enhanced uptake of Hg noted in smaller whole mussels

may have been due to greater surface area per unit volume available for
isotope adosrption.

As with mussels, viscera also contained the highest concen-

tration of total mercury noted in any of the shrimp tissues examined.

The mercury content of exoskeleton was low, with the lowest concentrations
residing in molts which make up the outer layer of the exoskeleton.

18
Bertine and Goldberg found similar levels (1.3 ppm dry) in both dissected
exoskeletons and the remaining tissues of shrimp and suggested a possible
role of molts in the cycling of mercury in marine waters. Our data indicate
that molts which account for almost 20% of the shrimps wet weight will

contain only about 2% of the total mercury body burden. Results from our
radiotracer experiments, which showed that less than 2% of either incor-

porated inorganic or organic mercury was lost with the molt, also point to
a relatively minor role in mercury transport through crustacean molting.
Furthermore, the relatively low mercury concentration in molts compared
to other tissue would appear to rule out the possibility of surface

adsorption as a principal mode of mercury uptake. Closely related studies

on mercury kinetics in macroplanktonic crustaceans have led to similar
conclusions (see below).

1.2 Mercury kinetics in marine zooplankton
S.W. Fowler, M. Heyraud and J. LaRosa

Mercury, like many other heavy metals, is potentially
available to marine animals by uptake directly from water and/or through
the organisms food. Furthermore, bioavailability, assimilation and

subsequent retention in biota may be affected by the chemical species of

the element in sea water. While mercury is known to exist in the
inorganic form in sea water, recent work has indicated that, in certain

coastal areas, a good portion of the total mercury appears to be organi-
19

cally bound ; however, the exact chemical nature of the organic fraction
has yet to be determined. Methyl mercury may be one constituent of the

natural organically bound fraction since microbial mechanisms for in situ
20

methylation of mercury have been demonstrated in the aquatic environment .

Despite the fact that naturally produced methyl mercury probably comprises

only a small fraction of an aquatic ecosystem, the well-documented toxic

effects of this organo-mercurial, caused by man-made introductions into
marine food chains, make it an important compound to study.
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