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ABSTRACT 

Mercury body burtbnr of aquatic orpnhmr M contributed to by mercuxy up- 
from the mbiant water and mercury uptake from the food To assess the rdative 
importanw of ach route. we condrrcted a &as of kbontory experiments with the 
M~UA foodchrin lbphnh prlrx (water tlea) and Cunbusia u f j  (mocquito MI. The 
orpnlms wue with radioactive ("'HI) methylmermry amended to their water 
and food Uptake tosU w m  rmr at 0.2. 0.1 aad 0.0s d m l .  Uptake ram, udmittkn 
e f f l c h c y ,  and elimination nm for the tirh and up- rrrd dhh8tbn  rates for 
lkphnio were dotermbd for mathylmrmuy. A dmplr modd VII dovebpd to d e  
mthylmemuy tramfor. wnh p r k  acquimd nnthy&aomUy from ambient water 
ma& hrtrr th.n ormburlo, but uptaka rate wu net liaur wirh facpect to water 
m8thyylmac9ry coaesntmtiOa m n l r  rlhjlllt.d me thy^ at a bidogkd hJtllfe 

ram but did not show a detectable diutiaation nk Food w u  &om to be a d@hnt 
source of methyhucwy in Cunktda, but not in Lkphnk 

ob) Of 3.2 dryh &ttfb#& urhnhM l a c t k y b a m  fIOlll W y l W  Ud food at dmllu 
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concentrations de 0.2, de 0.1 et de 0.05 ndml. On a dctermid pour le mdthyl-mercun 
IC taux d'abrorption, I'efficrcitd d'usidation et le tau d'dliminrtion duu le as du 
poison, und que le trux d'rbrorption et d'diminrtion drnr le w de &@Ink. On I 
Claborc un modble simple pour c l u i f i r  le mdclnirmc de trrnrfen du dthylmcreun. 
Zkphnur Pulex a abrorbd le mdthyl-mercun de 1't.u ambknte buucoup plus npidemmt 
que Gambusii, mais le trux d'abmption n'tuit pu lirdrin par rtpport i la concentn- 
tion du mdthyl-mcrcurc d8nr l'epu. D8nr le cas de D n p h d ,  ki *ode Tb ppur 
I'eliminntion du mtthyhnemuc ttait de 3.2 jars. Gambusia I a&nU i un meme 
rythme le mtthyl-mcrcure contonu duu I'w et k naumiauc. rmir le tuuc d'Qimirution 
cher ce poison n'ltait p u  ddcslrbie. Il a dtd dhontd que k nQlvriture constiturit UM 
sourccc unportante de mdthyl-mercun chu Gnmbudrr, mrir non &a hpbnia 

INTRODUCnON 

Organisms are adapted to certain concentration ranges of those chemhl 
elements that they ordinarily encounter in their environments through the 
evolution of homeostatic regulating mechpnismr. Excegts of almost any 
element can be toxic, but even low-level effluents of biologically active 
chemicals are ecologically hazardous bemuse of the potential for exporing 
organisms to substances or to concentrations of substances for which their 
evolutionary experience has not prepared them. 

Homeostatic regulation is quite eff~cient for the common mcronuthnt8 
(i.e., Na, K, N, etc.) and elevated conccntrationr of these arc seldom found in 
healthy organisms. 'Ihe ability to depurate certain micronuthnts (Le., Se, Zn, 
Mn, etc.) is tuned to much Jwller concentrations; these elements arc 
ordinarily much scarcer in the environment. Metabolic defenses are effective 
against only very smnli quantities of some very rare, but biologically active, 
trace elements (i.e.. Hg, Pb, Cd, etc.). 

Of the toxic heavy metals, mercury is perhaps the most ubiquitous; it 
can be detected almost anywhen in the ecosphere, but almost always at very 
low (ng/g) concentrations. Naturally high levels of mercury such as o n  bodies 
and volcanic rmissions arc very u n u d ,  in the ecological sense. One could 
make a similar case for cadmium; it is the unusual chemistry of mercury that 
renders it unique. It is not within the scope of this work to discuss the 
mercury cycle or mercury toxicity, but it is relevant to point out that 
mercury vapor (Hg'), imic mercury (H8+), and organic mercurials, all of 
which occur in natun, haw long been recognized as toxic, notwithstanding 
that organisms have dwap been exposed to low levels of mercury. 

It is an ovedmpUiatioa to isrert that organisms arc protected against 
mercury toxicity by being adapted to levels of it that are seldom exceeded in 
nature. In fact, an elaborate buffer system exists that greatly reduces the 
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biological availability of mercury. This system operates because of a chemical 
quirk; ionic mercury reacts avidly with sulfide ligands, which abound in all 
biological material. Closely related is the affinity of mercurials for Se, which is 
also common, although in much lower quantities than sulfide ligands in 
biological tissue and most waters. Any mercury present will be bound by 
these ligands and thereby rendered less harmful. Additionally, it has recently 
been suggested that non-saturated hydrocarbons in natural waters may be 
important reducing agents for mercury salts, resulting in the depuration of the 
water by Hg volatilization (DefiIippis and Pallaghy 1975). 

Concern over cultural releases of mercury to the environment has waxed 
and waned in recent years, but there have been serious consequences-both 
direct toxic effects and detrimental economic effects resulting from govern- 
mental edicts, even in the absence of overt toxic effects from mercury 
effluents (Goldwater 1974). These effluents have now been curbed, and the 
rhetoric seems to be at a low ebb. 

What can we say with certainty about the ecological significance of 
mercury in the aquatic environment? As previously mentioned, it is almost 
everywhere and is toxic in excess. The most toxic mercurial is methylmercury, 
which is the most prominent (usually greater than 80%) mercurial present in 
fwh tissue (Bache et al. 1972; Kamps et aL 1972; Westw 1973; Huckabee et 
al. 1974). Methylmercury can be produced under aerobic and (to a lesser 
extent) anaerobic conditions in sediments, but it is very seldom found in 
sediments or in water (Jensen and Jemelov 1969; Gillaspie 1972; Andren and 
Harriss 1973; Chau and Saitoh 1973). The uptake of methylmercury by fd is 
rapid and the elimination rate is slow (Tiilander et aL 1969; Jarvenpaa et al. 
1970; Miettinen n al. 1970; Lockhart et ai. 1972; Huchbee and Coldstein 
1973; Olson et ul. 1973; Reinert et d. 1974). 

Benthic orgpnisrns also contain methylmercury, but at somewhat lower 
percmtagss (50-76%) (Huckabee and Hildebrand 1974). The question then 
arises, where do fd get their methylmercury body burdens; from the water, 
from their food, from their own bacterial flora independent of the sediments, 
or any combination of these. 

Hard evidence exists only for the food chain route (Hannerz 1968). 
Food organisms do contain methylmercury and it is transferred from prey to 
predator. This evidence must be regarded as incomplete. However, just because 
we have not found methylmercury in the water does not mean it is absent; 
our analytical capabilities may be insufficient. Given the measured uptake 
rates of methylmercury, a water concentration below presently detectable 
limits can account for the observed body burdens in many fish (Fagerstrom er 
al. 1974). It is therefore reasonable to ask what is the relative contribution of 
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each route-water uptake and food uptake-to a fish's body burden of 
mercury? 

We conducted a series of laboratory experiments with Gambusia affinis 
(mosquito fish) and a prey organism, hphniu pdex (water flea), to help 
clarify the foodchain transport and accumulation of methylmercurials. We 
measured uptake and elimination rates of ("'Hg) CH3Hg in both species 
exposed to the mercurial in the ambient water at concentrations of 02,0.1,  
and 0.05 ndml and the assimilation efficiency and the elimination rate of 
the mercurial in the Gumbush after feeding them mercury-tagged Dpphnia 

MATERIALS AND METHODS 

The mercury uptake from water experiments were conducted in environ- 
mental chambers with spring water at 20°C and a 12 hour light-12 hour dark 
cycle. The zooplankton experiments were in 1 liter beakers, and the frsh 
experiments were in 2 liter plastic tubs. All containers had been pretreated 
("seasoned") with diluted mercury solutions to minimize the effects of added 
mercury adsorbing on the sides. The methylmercury was labeled with "'Hg, 
giving a water activity of 300 to lo00 dpm/ml, depending upon the specific 
activity and age of the radioisotope. 

Previous experiments had shown that inorganic mercury concentrations 
at 1 pg/l in spring water were stable for one week. Even with fish present, it 
was not necessary to add more mercury because the concentration in the 
water did not change. However, the accumulation of organic matter will 
eventually cause a lowering of the concentration of ionic mercury because of 
the affinity of the mercury ion for thiol ligands. It was therefore necessary to 
fiter out any orgCanic detritus present and add mercury based on measure- 
ments of filtered water. AU mercury water concentrations were based upon 
0.4 p Nuclepore filtered water samples. A test was conducted to detect 
changes in mercury retention on the fdter because of inorganic chemical 
changes in the filtered water over time. Methylated mercury with 'OsHg was 
added to 1 liter of filtered spring water (2OoC) to a concentration of 0 2  
ng/ml. Samples were removed by pipette and filtered through 0.4 p Nuclepore 
filters periodically. Counts were taken for '"Hg activity in unfiltered and 
filtered water and in the filter. 

The Dophnirr p u l a  mercury uptake experiments were run in triplicate. 
Adult animals from laboratory cultures taken at or near the end of the 
logphase of the population cyde were used. Counts for "'Hg activity wen 
made each 1.5 hour for the first 6 hour post-tag, then each 6 hours for 24 
hours, and then daily for 3 days (unfed) or for 6 days (fed). Ten organisms 
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were caught at random, placed in a spring water rinse for 2-5 minutes, and then 
transferred to spring water in a counting tube. The organisms were lyophilized, 
radioassayed, and then weighed. 

For determination of the elimination rate of mercury from Daphnia, 10 
organisms were taken that had been exposed to the mercurial exactly as in the 
uptake experiments. 'These 10 animals were held in separate beakers, but were 
all  placed in the same counting tube for radioactivity measurements. After 
counting, the organisms were again separated. Counts were taken daily for 5 
days; water in the beakers was changed daily and newborn individuals 
removed. At the termination of the elimination rate experiment, the animals 
were pooled, lyophilized, and weighed. The data, expressed as percent activity 
remaining, were fitted to a straight line by standard linear regression tech- 
niques. 'The elimination rate, expressed as the biological half-life (Tb), was 
then calculated by 

where y = slope of the regression line. 
Weighu of the b p h n i a  were expressed on a dry-weight basis because 

live-wei@t determinations were so timeconsuming. It was necessary to first 
determine the weight of the moisture lost from the organisms by the drying 
(lyophilization) process, and to determine if methylmercury was lost by the 
drying. Ten replicate samples of between 5 and 8 "'Hg-tagged animals were 
counted live and weighed wet. Each sample was then lyophilized, and the 
dried animals were counted and weighed again. CornpatiSon of the two counts 
and weights showed if any mercury was lost and how much moisture was lost. 

Ten Gmnbusia held in separate 2 liter buckets wen used for each test of 
uptake of mercurial from ambient water. Methylated mercury with '03Hg was 
added to each container and the fish introduced. 'The buckets wen covered 
with 1 mm' mesh screen to provide the fish with cover and to prevent them 
from jumping out. At 6 hours, 24 hours, and then daily for 7 days post-tag, 
the f& were netted and placed in water in counting tubes for measurement 
of the "'Hg activity. The fish were counted for 1 minute and returned to 
their appropriate container. Mercury concentration in the water was moni- 
tored as described above and mercury added when necessary. After the uptake 
rate of methylated mercury was determined, the fsh were transferred to clean 
water, fed, and counted for l o 3 H g  activity until an elimination rate could be 
measured. 

The transfer of mercury from Dophnia to Gombudo was determined by 
fading "'Hg-tagged Daphnia to the fish at a rate of 5 Dophnialfhlday and 
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50 Daphnio/fish/day. The zooplankters were allowed to equilibrate in each 
solution of mercurial under identical conditions as in the uptake experiments. 
The plankters wen dipped out of the tagged solution, rinsed, and fed to the 
frsh once daily. The fish were then counted, I described above, once daily 
just before feeding. After equilibration, the fish wen fed non-radioactive 
Daphnia and freeze-dried brine shrimp (Artnnirr &ha) and counted periodi- 
cally until an elimination rate could be determined as described above. The 
assimilation efficiency for each feeding regime was calculated by fmding the 
y-intercept of the slope of the chination rate regression h e .  This intercept 
represents the methylmercury that the fish d t e d  through the wall of the 
gut and into the circulatory system. 

The coefficients measured in these experiments were used in a simple 
model to calculate the relative contribution of water and food to the mercury 
body burden in Gombusio. 

RESULTS AND DISCUSSION 

M.intUunce of Tat solutions. Extremely dilute solutions of mercury such as 
those used in these experiments rue diffcult to maintain at a stable 
concentration (Feldmm 1974). Losses of mercury from solution are the result 
of adsorption on the walls of the container, binding with ligands and 
precipitation, and reduction to Hgo with consequent outgassing to the 
atmosphere. Adsorption can be reduced by treating the containers with dilute 
mercury solutions prior to we. This seasoning process tends to saturate the 
available sites on the container walls, thus preventing further adsorption. Care 
must be taken to thoroughly rinse the test vessel, or exass mercury adsorbed 
on the walls will pass back into solution and raise the concentration. 

Proper seasoning was established by treating the containers with 
203Hg-tagged mercury test solutions and spiking in mercury as it disappeared 
from solution. For the methylmercury tests at 0.2, 0.1, and 0.05 ndml, this 
proass usually required a few hours until equilibrium was established. 

With distilled water, the seasoning process is uncomplicated. However, 
the experiments were conducted in rpring water which contained low con- 
centrations of some substances that bound mercury ions. It would seem that 
this problem could be ovcrcome simply by saturating these ligands the same I 
the available sites on the container walls. In the fish experiments, this 
situation indeed held, but in some of the smaller volume zooplankton 
cultures, the maintenance of stable low concentration mercury solutions 
proved more difficult. We hypothesized that as the water stood for the several 
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days duration of an experiment, the pH changes could have been causing the 
precipitation of dissolved solids with a concomitant mercury loss. 

The test for this possibility showed that there was a general but erratic 
rise in pH from 6.5 to 7.5, but there was no change in the Nuclepore filter's 
2 0 3 ~  g retention. We conclude that the difficulties in maintaining the mercury 
concentration were the result of ligands excreted by the plankton, the 
reduction of H8+ to Hg', and the absorption of methylmercury by the 
animals, which is much faster than elidnation (discussed later). 
&hn& pulex Experiments. The Dophnlh uptake experiments showed a 
non-hear increase in methylmercury tissue concentration with increasing 
methylmercury water concentration (Fig. 1). Care was taken to compare 
animals of similar sizes among all three experiments to avoid uptake rate 
differences due to size rather than methylmercury concentration. 

An obvious possibility that would explain these uptake rate differences 
would be errors in maintaining the desired experimentd water methylmercury 
concentrations. The measured values for the concentrations were 0.20 f 0.07 
ng/d (1 S.E.), 0.09 f 0.003 ndml (1 S.E.), and 0.048 f 0.003 n g / d  (1 
S.E.). Even when measurements were taken as rapidly as possible and 
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Fig. 1. Uptake of [ a o ' H ~ ]  methylmercury by Daphnia p u l a  at 0.2, 0.1, and 0.05 
ndml of ["'Hgl methylmercury in culture solution. Concentration of [ae3Hg] Hg in 
orpninar ir ng HS/g org8ni5n f 1 S.E. 
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appropriate quantities of methylmercury spiked in, the concentration changes 
were seen to be very pronounced. However, the zooplankton uptake curves do 
not reflect even the greatest water concentration differences, indicating that 
the s p i h g  procedure was adequate to maintain an even uptake rate by the 
zooplankton. Theoretical considerations of changing uptake rates due to 
changing water concentrations are treated more fully under the discussion Of 
the food chain model. 

A second possibility to explain non-linear differences in the zooplankton 
uptake rate is errors in the addition of food to the water or differenas in 
rates of food consumption by the zooplankton. The first case is unlikely 
because food (blended trout chow) was pipetted in systematically; the second 
case is unlikely because the same number of plankters were present in each 
culture, and all were at the same environmental conditions. 

The uptake experiments simulated natural conditions in that the methyl- 
mercury was assimilated by the mpiankters both from ambient water and 
from their food. (The food accumulaFg methylmercury from the water d80.) 
Previous tests had shown that the animals begin to die of starvation after 3 
days, which is well before the equilibrium concentration of methylmercury is 
acquired (> 6 days). 

The test in which W h n L  were not fed for 3 days during methyl- 
mercury accumulation resulted in plankters with 13% less activity at 72 hours 
than the fed animals. Methylmercury uptake appears to be so rapid that 
ingestion of mercurycontaminated food is a minor contribution to body 
burden. 

A third possibility to explain the differences in uptake rate is that the 
organisms tested at the higher concentrations may have started to suffer 
deleterious effects after a few days exposure which altered the uptake rate. 
The highest concentration we used (0.2 ng,/ml) is less than the minimal 
concentrations shown by Biesinger and Christensen (1972) (3.4 ng/ml) and 
Baudoin and Scoppa (1 974) (5.5 ng/ml) to be toxic to Daphnia 

was about 3 days, regardless of 
the concentration of methylmercury that they were exposed to or if they 
were fed or starved during the uptake phase (Fig 2). No error terms are given 
for the unfed 0.2 nglml experiment Daphnia because all 10 organisms were 
maintained separately but counted together in one tube. The c u m  for the fed 
(during uptake) Daphnia has error estimates bccausc this experiment was done 
in triplicate using randomly sampled organisms. Although it appears to make 
no difference, this latter case did not provide an unequivocal elimination rate 
because of the birth of new organisms that had been exposed to methyl- 
mercury as eggs st i l l  in the exposed adults. 

'Ihe Tb of methylmercury by 
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"his result-a fairly rapid elimination rate of methylmercury in- 
dependent of body burden and route of uptake-differs from previously 
reported elimination rates of methylmercury from f& (Tillander 1969; 
Miettinen et el. 1970; Lockhart et ul. 1972). These data also indicate that 
zooplankton cycle methylmercury much more rapidly than other animals. The 
silplificance of this idea is discussed later more fully, when the food chain 
model is developed. 

The weight loss and potential activity loss of methylmercury by the 
lyophilization process showed that Daphnia are 91% water, and that practi- 
cally all of the methylmercury is bound in tissue. There was no detectable 
difference in "'Hg activity after the lyophilization. 
Gmnbusio uffinis Experiments. The methylmercury uptake data for Gambusia 
are presented in Fig. 3. Since the objective of the experiment was to carefully 
examine the transfer of methylmercury from zooplankton to Gambusia, the 

IO0 

90 

80 

a t o  

60 i 
Y 
.1 
u 50 

: 30 

P 20  r 
I O  

0 

I I  

1 I I 1 I I I 
4 2 3 4 1 6 7  

TIME -1 

Fii. 2. Elimination of ["'Hg] methylmercury by h p h n h  pulex after exposure 
to 0.2 n o / d  of ["'HI] methylmercury. One test culture was fed and one was not fed 
during [ao'Hg] methylmercury uptake. Concentration of ['O'Hg] in organisms is ng 
Hg/g organism i 1 S.E. 

1 0 2 4 1 5 8  



450 

400 

t i '  I l l !  

, I "  1 '  

c a 
150 

4 0 0  

0 J 
0 2 4 6 8 

TIWE Idorr) 

Fig. 3. Vptake of ['O'Hg] methylmercury by cirrmburip ufflnir at 0.2, 0.1, and 
0.05 n g / d  of ('"Hg] methylmercury ia ambient wata. Concentration of ['o'&] Hg 
in fish is ng Hg/g fuh 1 S.E. 

fish were not fed during the water uptake tests. Healthy Gambwio e d y  
survive 7 days without food. Individual fuh varied considerably in uptake rate, 
even among those within 5% or less of the same weight. It is therefore 
important to use several fish for each experiment in order to minimize the 
statistical error of each estimate. The importance of this point is also 
emphasized by Fagerstrom et d. (1974). 

Unlike the zoophkton, the Gmnbusio showed a near linear relationship 
between water concsntration of methylmercury and uptake rate. At the two 
higher concentrations (0.1 and 0.2 ndml), the uptake curves showed a 
tendency toward saturation as the uptake rate appeared to be slowing. 
MacLeod and Fkssah (1973) demonstrated that Hg2+ and phenylmercury at 
increasing concentrations depressed the active metabolic rate of rainbow trout. 
It is certainly plausible that methylmercury would exert the same effect. I 
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The elimination experiments showed that following a rapid first- 
component loss, methylmercury is retained in the tissues of the fish for so 
long that an elimination rate cannot be determined with 46-day half-life 
"'Hg (Fig. 4). Therefore, no differences in elimination rate could be 
attributed to the different exposures (0.2, 0.1 and 0.05 ng/ml). The fish that 
accumulated high specific activity (no carrier added) 'Hgtagged methyl- 
mercury until they had body burdens of >400 ng/g (concentrations often 
found naturally in frsh) had lost less than 30% of the accumulated activity in 
60 days. At this level, the count rate would have dropped too low for 
accurate measurements by about 200 days. Since > 50% of the activity would 
remain at 200 days and the elimination curves are nearly flat, the biological 
half-life of the methylmercury must exceed -400 days. This value for 
biological half-life of methylmercury is in agreement with all of the other 
values reported for many different species of cold water fish (Tillander 1969; 
Jarvenpaa et d. 1970; Lockhart et ul. 1972; Giblin and Massaro 1973). 
However, it is not in agreement with Burrows and Knnkel's (1973) report on 
bluegill (Lcpomis mcmchirus). They found an elimination rate of about 150 
days in fwh kept at 24OC. In an experiment with largemouth bass (Mimp 
terus splmides) at 25OC, Blaylock (personal communication) found no 
discernable elimination of methylmercury, ewn after 145 days, from bass that 
had fed upon Po3Hg)  methylmercury-tagged Gumbusia. and a loss of about 
15% after 130 days of ('O' Hg) methylmercury from bass that had accumu- 
lated the mercurial from ambient water. 
Food Chain Expaiments. The feeding experiments were arbitrarily terminated 
at 10 days. Figure 4 represents the elimination rate of the Gumbwia fed 

Fig. 4. Eltninrtioa of ["'Hg] m~thylmarcury by Comb& Crfpnt after feeding 
on ['e'HIj mathylmamrry-topled Dophnk plfex for 10 days. One goup was fed (ud 
libitum up to) 50 t.tpd Dophnioldry. the other group wu fed 5 tagged Dophnhlday. 
Concentration of ['''Hg] Hg in fd is ng &/g fd f 1 S.E. 
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(' Hg) methylmercury-tagged fkphnia. The Tb of methylmercury obtained 
from food is indistinguishable from the Tb of methylmercury obtained from 
ambient water; both are too long to be measured with W a y  half-life '03Hg. 

The assimilation efficiency of methylmercury in food was seen to 
increase with an increase in ingestion rate. The fish that ate 5 fhphniplday 
acquired 79.5 * 4.5% of the (203Hg) methylmercury that the lkphnia 
contained, while the fish that ate ad libitum (X = 38) Durphnk/day acquired 
89.2 k 6.W of the ('03Hg) methylmercury present in fhphnio. A t-test 
showed that t h i s  difference is significant at the 5% level. This difference m y  
simply be a function of more complete digestion as a result of an increase in 
residence time of the several-fold larger food mass in the gastrointestinal tract. 
The implication remains, however, that feeding rates significantly influence 
assimilation efficiencies. 
Model Development. The threecompartment trophic model developed to 
calculate the transfer of methylmercury in this food chain is shown schemati- 
cally in Fig. 5 .  The water compartment is composed of both water and 
suspended materials. It is assumed that over the time span of the experiments 
the concentration of methylmercury in the water remains constant. The 
zooplankton population takes up methylmercury from the water and elimi- 
nates methylmercury to the water. The minor uptake of methylmercury from 
food is ignored. The Gambusiu population accumulates mercury from both the 
water and the zooplankton population. 

Let XI designate the concentration of methylmercury in the zoo- 
plankton population and Xt the concentration of methylmercury in the 
Gumbusiu population. Then if we assume that the biomasses of the two 
compartments remain constant over the time of the experiments, 

WATER 

W L A N K T  Gombusio 

Fig. 5. Schematic d m  of the methylmercury uptake experimentr The elimi- 
nation rate of methylmercury by Gombudo is effectively zero. 
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where a l  and a2 are the uptake rates (ne/e/day) of methylmercury from the 
water compartment. by the zooplankton and Gamblcsirr, respectively; K, 
(day-’) is the elimination rate coefficient of methylmercury by the zoo- 
plankton; i is the consumption rate (grams zooplankton/grarns C;arnbusia/day) 
of zooplankton by Gambusia; and e is the assimilation efficiency (percent 
methylmercury ingested that was absorbed through wall of gut) of the 
Gumbusio. 

The uptake rates, a1 and a2, are functions of the concentration of 
methylmercury in the water compartment (Tabk 1). In the 0.05 to 0.1 ppb 
range al  and a2 appear to increase linearly. Between 0.1 and 0.2 ppb a l  
appears to increase at a greater than linear rate while a2 appears to be 
equilibrating. in the following analysis, we assume that the concentrations in 
the water compartment, and hence a1 and a2, remain constant during the 
time span of each experiment. We also assume that the ingrstion rate and 
assimilation efficiency are constant. 

The solutions to equations (1) and (2) are 

TABLE 1 
Uptake rates of methylmercury (ng MeHg/g/day) for Cambudu and Dophnio and dculnted 
equilibrium concentrations for Daphnia (ng MeHdB) for different water concentrntions 

Parameter 

Concentration of MeHg in Water (ng/ml) 

0.05 0. I 0.2 

8, Ukphnh uptake rate from water) 418 809 2000 
a, (C;rmbwh uptake nte from water) 26.4 52.1 85.2 

b: (Cumbud0 uptake from Daphnio) 4.4 8.5 21.0 
X: Wphn& quilibrium concentration) 19 30 37 30 9220 

b:, (Cumbud0 uptake from hphnio)’ 39.0 74.0 184.0 

‘ Fish fed od libitum up to 50 Daphnia per &y. Average consumed was 38 Daphnia per day. 
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respectively. The assumption has been made that at some initial time, t 0, 
both XI and X2 are zero. 

For a long exposure time, t > > I & ,  to a constant methylmercury 
concentration, the zooplankton population will reach an equilibrium concentra- 
tion, XI* (Table 1). The elimination coefficient for the zooplankton popula- 
tion was measured to be 0.217 day-', which is equivalent to a half-life of 3.2 
days. For long exposure times, the Gambusirr concentration, X2, becomes a 
linear function of time. 

The general shapes of equations (3) and (4) are shown in Fig. 6. 
Clearly the concentration of methylmercury in the Comb& m o t  

increase indefmitely. We CUI speculate as to what might eventually occur. The 
duration of our experiments may have been too short to detect an elimination 

Fir. 6. G m d  rhrpc of the equations fa mcthylmemly uptake u I function of 
time by Khphnio and c;rmnbuaiu. 

10247b3 
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that would eventually produce an equilibrium situation or there may be a 
threshold concentration above which a lethal reaction occurs. 

We wiU now compare the relative contributions of the water and 
zooplankton pathways to the accumulation of methylmercury by the 
GumbusiR The experiments indicated E = 0.775 when the ingestation rate is 5 
zooplankters per day and e = 0.89 when the ingestion rate is ad libimm (-38 
zooplankters per day). L t  us assume that the average dry weight for a 
Gmnbusia is 0.085 g and the average dry weight of an ingested zooplankter is 
0.05 mg. Then 

where b, (ng MeHglg Combusklday) is the amount of methylmercury 
accumulated per gram Grunbusiu via the consumption of zooplankton; n is the 
number of zooplankton consumed per Gambusia per day; z is the average dry 
weight of the consumed zooplankton; and 3 is the average weight of 
Gmbz&z. Table 1 lists the calculated b5 and b36 for zooplankton having the 
equilibrium concentration of methylmercury, Xf. For diets consisting of 38 
zooplankters per day, the Gambwio uptake rates for methylmercury via the 
food chain are about 10% the uptake rates from the water compartment. Fewer 
zooplankten consumed, or zooplankters having lower concentrations, would 
result in lower food chain uptake rates. Conversely, more zooplankters 
conrumad would result in higher uptake rater. Theoretically, it should not be 
possible under natural circumtances to have zooplankters that exceed the 
equilibrium tissue concentration. The rapid uptake and elimination of methyl- 
mercury by the zooplankton means that these organisms can serve as a very 
d t i v e  indicator of methylmercury in the ambient water, concentrating from 
water lmls below detection up to tissue levels easily detectable. 

CONCLUSIONS 

As expected from surface ana-volum relationships, zooplankton ac- 
cumulate methylmercury at least 10-15 times faster than fd. A similar 
relationship does not seem to hdd for elimination rates. A biochemical 
M e r m a ,  such as a lower content of thiol and other mercury-binding ligands 
in zooplankton or simply a physiological difference, such as faster metabolism 
in zooplankton, should be investigated to explain these data. Ingestion of 
mercurycontaminated food accounts for less than 15% of the zooplankton 

1 0 2 4 7 b 4  
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uptake. For zooplankton the food chain appears to be much less important 
than ambient water as the source of methylmercury. 

For the fish, the relative importance of the ambient water and the food 
chain is mostly a function of ingestion rate. Clearly the food chain can be a 
contributor to methylmercury body burden in Gambusia. 

At the measured concentrations of mercurials in nature and the uptake 
rates of methylmercury from food and water, Gambusia (and other fd) 
would Seem to be living perilously close to mercury poisoning. The fact that 
mercury poisoning, at least overt poisoning, is so rare attests to the efficiency 
of the buffering capacity of the environment. The vulnerability of the aquatic 
ecosystem to methylmercury, as demonstrated by the lack of a metabolic 
regulating mechanism in fish, augurs well for conservatism in the question of 
release of mercurials to aquatic ecosystems. 
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