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Uptake of methylmercury from food and water and its

retention by Dashnia magna Straus were deternined Using radicactive

tracer -methods. Aiccumlaticn of methylmercury via the water vector
could be descrived mathematically as a two-coﬁpartment system, with
no apnarent exchange tetween compartments. Xinetic zarameter
- values for there twc comparirments differed cdramaticallsw, with the
élower-cleé}ing compartrent reaching 9C7 equilibrium =fter about
1L dars of exposure cqmpared tc only eight hours for the faster-
clearing compartment.- Adu%t J. magna took up methylﬁercnry from
wﬁter at a rate of 20CC grams of water cleared of ﬁercu;y per gram
of organism per hour. Most of this methylmercury was taken up into
the rapidly-ecuilibrating compartment with only about 25% reaching
the slowly-ecuilibrating compartment. The usiake rate of inorganic
mercury from water was similar to that of methylmercury. Accumula-
tion of inorzanic mercury was a rulticompartmental drocess with
faster fracticnal clearance rates than for me%hylmercury.

Jotake rate of ﬁethylmefcury accumulated from water
increased prozortionately with the .63 Jower of todr weigét, which
is similar to the value {hat would be expected if uplzke rate had

increased in properticn to metabolic rate. The effect of

temperature on methylmercury udtake susporied the direct
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relationship between metabolic rate and uptake rate of nethyle
mercury from water. The fractional clearance rate of rethylmercury .
accumulated via the water vector was independent of both body size

and temperature.

Assimilation efficlency from food strongly favoured
the préfgrential uptake of methyimercury over inorganic mercury.
Assimiiaticn ranged from 5C - 9CT for methylmercury ané 5 --201
for inqrganic MeTCUIT. Assimilation efficiency of methylmercuwry '
was independent of body size but was inversely related to food
ingestion rate. Methylnmercury assimilation efficiency was
temperature-dependent with an odtirm value at 20°C. Inorganic
mercury assimilatecd from the diet was lost much more quickly
(ciclogical half-time = 12 hours) than methylmercury (biclogical
half-time = 5 days). The fractional clearance rate of methyl-

mercury assimilated from food was independent of body size and

temlerature.

4 medel was developed tased on pollutant bicaccumulation

kinetics coupled to Danhnia energetics. Thie model was used to
ectimate the concent;ation of methylmercury in an individual
‘Daphnia exposed'continuously from birth to constant conditions of
methylmercury contaminated food ané water. A possibly important
simulztion result was that very hish concentration factors for
methylmercury between water and Dashnia tissue (C,7.22 300,000
were achieved »y aze five days, with only 307 further increase in
tissue concentration by the time the individual was a senior adult

at age LO days.



RESUME

L'absorotion du mercure méthylé a partir de la nourriture

-

et de l'eau et sa rétention par Daphnia magna Siraus one été

estimées par dépistage radioactif. L'accwmlation du mercure
néthylé par le vecteur d'eau peut 8ire décrite mathématiguement
.par un systéme i deux compartiﬁents; avec aucun échange aéparent
entre l;é\dgux compartiments. ILes valeurs des paramét;es cinétiques
pour ces deux compartiments variérent de fagon dramaticue, un
compartiment atteignant $0% de son équilibre aprés environ 1L jours
d'exposition comparativement 3 huit feures pour le compartiment 3
élimination rapide. Les D. magna adultes absorbérent le mercure
méthylé 3 partir de l'eau 3 un taux de 20C0 grammes dfeau par
gramme'd'organisme par heure. ia majeure partie de ce mercure
méthylé fut absorbé par le compartiment cui s'équilibre rapidement,
environ 25% seulement atteignant le compartirent qui stéguilibre
lentement. Le taux d'absorption de mercure inbrganique a paftir de
1'eau fut semblable i celui du mercure méthyié. Lrtaccumlaticn du
mercure inorganigue fut un procesﬁus multicompartiﬁental avec des

taux d'élimination Sractiomnelle plus grands gque pour le mercure

néthyleé.

Te -taux d'absorption du mercure méthylé accurmulé i
oartir de l'eau augmente d'une facon proportionelle avec le poids

du corss porté i la puissance C.53. Cette valeur est similaire 3
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la valeur attendue~si_le taux d'absorption auzmentait d'une fagon
proporticnelle au taux métaboligue. L'effet de la température sur
l'absorption du mercuretméthylé confirme la relation entre le taﬁx
métabelique et le taux d'absorption du mercure méthyld.de 1'eau.

Le taux d'élimination fractionnelle accurmlé par le vecteur d'eau

fut indépendant de la grosseur du corps et de lz température.

. L'efficacité d'assimilation du mercure méthylé i pariir
dé la nourriture est veaucoup plus grande cue celle du mercure
inorganique. L'assimilation s'échelonne de 60 - 903 pour le
mercure méthylé et de 5 - 203 pour le mercure inorganigue.
L'efficacité d'assimilation du mercurs méthylé fut indépendante
de la.grosseur du corps mals inversement proportionelle au taux
d'ingestion de nourriture. L'efficaéité d'assimilation de mercure
méthylé fut dépendante dé la température atteignant une valeur
ostimale 3 20°%. ILe mercure inorganique assiﬁilé 4 partir de 1
diéte fut perdu beaucoup plus rapidement (demie-vie bioclogique = 12
heures) que le mercure méthylé (demie-vie biologiquea= 5 Jjours).
Le taux d'élimination fractionnelle du mercure méthylé assimiié 3

Partir de la nourriture fut indépendant de la grosseur du corps et-

de la température.

La cinétique de la bioacecumulation d'un polluant en
rapport avec l'énergétique de Daphnia fut utilisée pour ‘développer

un modéle. Ce modéle fut utilisé pour estimer la concentration de
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mercure méthy1§ dans un individu Daghnia soumis d'une fagon
. continue dés la maissance 3 des conditions constantes de

contamination de la nowrriture et de l'eau par du mercure méthyle,

Un résultat de cette simulation qui peut &tre d'importance fut

que des facteurs de concentraticns trés élevées de mercure meéthylé

entre l'eau et les tissus de Daphnia (C.F. BOC,OQO) furent

a{éeints d 1tige de cing jours avec seulement une augrentation de

30T dans 1a concentration des tissus lorsque 1'individu adulte

atteint 1'3ge de LO jours.

@&
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INTRODUCTION
Development of modern technology has been accompanied by

a dramatic increase in production and consumption of chemicals.

In many cases benefits of using a chemical have been associzted

iith unanticipated damage to human health and environmental
quality. Chemicals such as DDT, PC3's and mercury are z few
examoles thit démonstra:e the necessitr for exercising close
control cver use of all chemicals. The degree of restriction 4o be
imposed on the use of chemicals is usually determined by a tradeof?f
between ecpnomic and sociai costs and hazard to human health and
environmental gquality. Decisions in this area have traditionally
favoured actions that have minimized economic cosis at ihe expense
of environmental quality. This is cdue, in pari, io a general lack
of confidence in the reliability of biclogical impact prediﬁtions.

Hence, the need to improve methods of evaluating environmental

}Jo

hazzrd is critical and this problem represents a difficuli

challenge to biologists.

Assessment of chemical hazard requires the abilityr £o
orzdict in quantitative terms: 1) the concentrations of sollutant
to which the organism is exposed; 2) the dose of pollutant
experienced by a2 target organism uncder natural conditions; 3) the
effects cf that dose on the well-being of the organism; and L) the
role of the organism in maintaining ecosystem normalcy. Information

on chemical effects in controlled dose/response systems can be
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obtained from fairly standard i&boratory srotocols in toxicology.
Extrapolation of this type of information to natural envifonments,
however, will usually not resuit in valid conclusions for obvious
:reasgns.- A particularly important and yet relatively unresolved
aroblem involves predicting exposure levels and resulting dose
rates to organisms in équatic environments. Methods involving a
biomathematical app?oach are currently deing develooed, dut a lack
of suitadle data on movement and dicaccwmlation of any saecific
problem poliutant usually limits the.useful applicaticn of the

biomathematical aparoach.

This thesis takes a biomathematical approach to the
problem of assessing the exposure/dose relationship in a fresh
water ecosystem. It concen;rates on questions_of dose definition,
i.e., how much and what type of information is needed *o establish
quantitative estimates of pollutant dose to filter feeding animals
exposed to the pollutant in the water and food of their natural
environment? This was done by focusing on varicus aspecis of the

accumilation of methylmercuric chloride and mercuric chloride,

using Dashnia magna Straus as a model component of an aquatie

ecosystem,

The following few brief statements will serve to
introduce the subject of mercury accumulation in aguatic organisms,

but no formal literature review will “e made here since the

h
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extensive literature on mercury has been thoroughly reviewed in at
least two recent publications (National Research Council of

- Canada, 1979; Sherbin; 1979). Mercury oceurs naturally in aguatic
systems and must alwavs have been present in these systems although
at trace levels. Mercury can exist in three.oxidatiOn states: the
metal; monovalent mercurous ion; and thé divalent mercuric ion
(Jonasson and 3oyle, 1971). It can be assumed that methylmercury
has also been present in aguatic systems for nearly as long as

1ife forms have existed, since methylmercury is biosynthesized by
aguatic bacteria (Jensen and Jernelov, 196$). The chemical
sfability of methyimercury and its greater lipophilicity compared
to inorganic forms of mercury result in a higher bicaccumlation
potential for methylmercury than inorganic mercury. This accounts,
at least in part, for the greater toxicity of methylmercury than
inorganic mercury. In the late 1960's mercury was found to be
widelv distributed in acuatic environments and it was found to
occur in fish in high enough concentrations to pose a hazard to
human health (Westoo, 1966). Since that time the vast majority of
the research effort on mercury bioaccumulation has focused on the
pfoblem in fish. This work is reviewed by several authors
(Armstrong, 1979; DeFreitas, 1979; Fagerstrom et al, 197h;
Norstrom et{gl, 1976). Several attempts have been made to unif'y
this body of information by the formulation of biocaccumilation
models {(Fagerstrom et al, 197h; Norsirom et al, 1976). Norstrom et
al (1575) proposed a simple but general approach to modelling the

pollutant bicaccwmilation process in fish by assuming that the
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uptake of 211 compounds via food and water vectors can be related
to metabolic rate which can in turn be related to easily-measured
parameters such as temperature, bdody éize and growth rate. In the
Norstrom model pollﬁtant clearance was also related to body size
but not to metabolic rate. The validity of the model znd of the
parameter values used in testing it appear to held well for .
chemicals such as methylmercufy and PC3's in fish, To date,
however, it has not been pos;ible +0 test the zpalicability of the
model to other acuatic biota due to a lack of data on the pollutant
dynamics in other taxa, »articularly small metazoans.

The limited information rezarding natural exposure con-
ditions, accunulation kinetics and ecotoxicity of‘mercury and
Dashnia can be summarizes as follows. Concentrations of total.
mercury in Canadian fresh water lie in the range of .CZ2 to .7
ug Hg 1-t (Sherbin; 1979). The few published estimates of methyl-
mercury levels in fresh water, ranging from C - L x 103 ug Hg l'l,
are questionable since-these values lie at or below the limits of
detection of available analytical methods. The total mercury con-
tent of some fresh water plankton lies in the range of .0l to ol
ug Hg g"l, d.w. There is a growing body of information suggesting
that organic mercury makes up 107 -or more of the mercury body
burden. Iuckabee et al (1975) suggested a single compartment first

order model to descrive methylmercury accurmilation from water Dy

Daphnia pulex with values for mercury uptake and loss rate constants

of 300 ~ LOC rl of water cleared of mercury per gram d.w. cf Daphniz

per hour and .C0C7 - .Cl hr'l, respectively. Little detailed work

-
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has been done on mercury uptage via the food vector. Toxicity of
mercury compounds to Daphnia has often been studied, but some recent ‘
work by Biesinger et al (1980) is of particular interest., 3iesinger
determined that a detectable increase in mortality rates in D. magna
was caused by chronic exposure to .ambient concentfaﬁiqns of methyl-
mercury and incrganic mercury of .2 and 2 ug Hg l'l, respectively,
lwhile detectable impairment of reproduction potential was obserwved
at concentrations of O and .7 ug Hg 1'1, respectively. Daphnia
magna podulaiions a§pear to tolerate concentrations of methylmercury
and'iﬁorganic'mercury in their tissues as high as 75 and 23
ug g g'l, d.W., respectively, without detectable increases in
ﬁortality rates, but tissue levels of only .9 and 15 ug Hg g‘l, QoWey
respectively, cause-reductions in reoroduction rates.
~As stzted above, the aim of the present work was to study

the accumulation of methylmercury and inorganic mercury by Daphnia
mafma. To this end the following studies were undertaken:
(a) a descriptivg study of the accumulation of mercury by D. magna

during brief exposures to mercury via food and water vectors;
(b) a study of the effects of body size and teméerature on accummulg-

tion by D. magna of methylmercury via food anc water vectors.
In order to relate this information to the problem of assessing
pollutant dynamics under natural conditicns, a bicaccumulation model

was then forrmlated to calculate the concentration of mercury in

the tissues of Daphnia magna at any time during its 1life history.



MATERIALS AND METHODS ‘ s

Culturing of Daphniz magna.

Daphnia magna were cultured from a stock obtained Trom

the Department of Zoology at the University of Toronto.

Daphnia magna were maintained in continuous culture in
three litre volumes of dechlorinated Ottawa City tap waterl_with a
specific conductivity of 95 - 129 umho™* cmfé, pH 7.4 - 7.6 at room
temperature of 20 > \1°c at a light. intensity of LO - 60 ft-cdl
with a 12L/12D photoﬁeriod maintained automatically. Three-
quarters of the water in each culture was replaced every second
day. Daphnia wefe fed the Daphnia food stock described below at a

rate of one ml of food stock per three litres of culture every

second day.

Preparation of Daphnia Food Stock.

Daphnia food stock was prepared by soaking 10 g dry
Purina Trout Chow and one g dry Fleischmann's yeast in 250 ml of a
L% solution' of dextrose for one hour and then mixing vigourously
in a Waring blender (model no. F.C.1.15) for five minutes. The

resulting suspension was madé up to 300 ml with water. Daphnia

1
Unless otherwise specified, all water used in these studies was

dechlorinated Ottawa City tap water.
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were fed at a rate of one ml of food stock per three litres of
culture every second day or whenever the water in the cultures was

replaced. The food stock was refrigerated and fresh stock was

prepared every second week.

Preparation of Stock Teast Suspension and Uncentaminated Feeding

Suspension.

The stock yeast suspensiOn-used in the preparation of the
uncontaminated fee&ing suspensions and the 2O3Hg-contaminated
feeding suspensions was itself-prepared by adding one gram of
Tleischmann's dry veast (Standard Brands Canada Ltd.) to 100 ml of
LY glucose solutiqd in tap water and incubating for four hours at
hOOC‘. The resulting suspension was filtered throigh 25u pore size
Nitex screening and then centrifuged gently for five minutes and
the residue resuspended in 100 ml of L% glucose solution at LO°C.
The concentration of cells was then determined by optical densiiy,

using a Coleman spectrophotometer model 295 at 650 nm.

The uncontaminated feeding suspensions were prepared by
adding enough of the stock yeast suspension to 3500 ml of water to

vield a suspension of the required cell density.

Radiocactive Labelled Mercury Compounds.

203Hg-labelled compounds were purchased from New England

Nuclears (NEN) as aqueous solutions of methylmercuric

Lyew England Nuclear; 575 Albany Street; Boston, Mass.; 02118
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chlorice and mercuric chloride with specific activities of

1 -2 mCi/mg Zg and § - 7°rCi/rg Hg, respectdvely. Irmediately
g . Bs 5 C J

following delivery, 203Hg-labelled material was diluted with

Cttawa City tap water. The diluted NIX stock was stored as

»

10 =1 volumes in 2C ml vaccutainer tubes for easy subsampling

when required.

The initial concentraticn of radiocactivity in the

diluted stock solution was usually 1C - 2C uCi/ml or less. At

thic dilution radiaticn-induced chemical breakdown of the CZ-ZBHgCZL

is insignificant., The diluted NEI stock of methylmercuric

chloride can be used for up to six months alfter surchase without 3

mificant increice in the level of 20%Hg-lavelled impurities

(B

5

(Sharpe et al, 1977).
3

Srenaration of Yercury-contaminated Water.

~he 2033g-contaninated wwater used in exgeriments was
oredared by adding 2O3HgCl2 or CHBZOBF C1 stock solutien to water
that had been filtered (under vacuwm through ihatman CF/C filters

to remove all sarticles of ingestible size. "he solution was then

stirred vigorously and was allowed to stand for at least one hour,

thus ensuring that the concentration and nicavailability of Hg in

vle guring the

b

the exposure medium remained as constant as »oss

. period of exposure. The concentration of mercury in the exposure
J ‘

mEdium was measursé 2t the beginning and end of each exposure
.'.‘\ '

e
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- period by détermining the radiocactivity in aliquots of exposure

medium. The volume of exposure medium used in each experiment

was always adjusted according to the number of animals being
tested, so that removal of mercury from the mediﬁm by-g. magna
would result 3 decline of 10% or less in the mercufy concentration

‘of the medium.

Preparation of 293Hg—contaminated Food.

The 203Hg—contaminated food was prepared by adding
.5 to 2.0 rl of stock isotope solution of either °O>Hg-labelled
CHBHg012 or Hg012 to 2.C - 5.0 ml of stock yeast suspension con-
taining 50 - 90 x 196 cells ml™ . This mixture was incubated for
1L hours at LCOC.. The mixture was then diluted to 20 ml with
water at 20°C, centrifuged gently for five minutes, and the

203Hg was discarded. The

203,

supernatant containing the unabsorbed
203Hg-laden cells were then washed to remove loosely bound
by suspending them in 20 ml of water, centrifuging, and decanting

Q
the supernatant. The cells were washedgfix times, the last wash

removing only about 2% of the remaining 203Hg content of the
veast. After the final washing, the cells were resuspended in
10 ml of water, the cell density determined, and the suspension -

diluted to the densiiy regquired in the experiment. The suspension

was allowed to stand for one hour prior to use to allow any

' M

remaining loosely bound mercury to partition between cells and

the aguecus phase.

k()
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Measurement of Radicactivity.

-

- The radioactivity in Daphnia, yeast, and water were
measured using a Bicron deep-well Nal crystal detector and. Inotech

Nultlchannel Analyser. The aooroxlmate countlrg efficiency of this

. Sysiem was determined by measuring radioactivity of samples from

203

newly arrived shipments of Hg-labelled LgCl or CH HeCl, the

Tadicactivity of which was known from the suppller. Countlng

efficiency of the system was aooroxlmatelv 30 per cent. Coristancy

—

of -counting efficiency over extended periods was verlaled ’rom‘

daily measurements of radicactivity of a stancdard comsisting of

2OBHg-labelled CHBHgCI adsorbed onto activated-charcoal, sealed

within a vial placed within a standard scintillation vial.

Radioactivity content of Daphnia was' generally measured

using groups of 5 to 10 aoimals in two ml of water in a

l scintillation vial. Couﬂ%ing times~Tor Daphnia varied slightly

accoro;ns to the radloact1v1ty content of the anlmals but never
exceeded five minutes.  Radiocactivity of yeast suspenslons and’
water were determined using 2 ml;samoles of either-materia} in
sc1ntlllat10n vials. Counoing times for‘these samples were varied
so that a minimum of 1000 counts were accumulated per sample. The
error in counting due to natural uncertalnty under these conditions

is approximately L% (Internaticnal Atomic Energy Agency, 1966).

A Nuclear Chicago automated deep-well éamma counter was
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used to measure the radioactivity of samples from the benzene-water

extraction procedure. Approximate counting efficiency and

day-to-day variation in counting efficiency were determined as

: . " - —
with the Bicron/Inotech system. The counting efficiency of} the
i

Nuclear Chicago counter was about 39%.

~—

Chemica? Fréctionation of Mercury.

Purity of diluted NEN stock of methylmercuric chloride
was testgd from time to time using a modification of the Westoo
procedure for determination of methylmercurvy salts in fish tissue

and other samples (Westoo, 1966).

-

For a 100 ml sample of aqueous exposure medium, the

- following orocedure was used for-separation of methylmercury and

inorganic mercury. The 100 ml sample was placed in a 250 ml

stoppered graduated cylinder.. An aliguot (7.5 ml) of each of

L

11000 uz/ml solutions of methylmercuric chloride and mercuric

chloride were added as carrier material. Sodium chloride (19 g),
concentrated hydrochloric acid (30 ml), and benzene (60 ml) were
then added and the mixture was sﬁoppered and shaken for 60 seconds.
The mixture Qas allowed to stand until the phases separated. The
benzeneAlayer was removed and placed in a 100 ml graduated
cylindéf&w Benzene extfaction was repeated two more times. The

final volumes of the agueocus vhase (inorganic mercury) and benzene

ohase {orgénic mercury) were then recorded. 10 ml of each phase
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N
were then placed in separate wials and the radicactivity concentra-

tion in each was determined using a Nuclear Chicago deep~-gamma
counter. The relative amounts of organic and inorganic mercury in

[y

the sample were then calculated.

-

. A similar procedure was used for separating orgzanic
mercury from inorganic mercury in Daphnia. Two Daphnia containing
mercury—EOé were placed in a modified 15 il glass centrifuge
tube. The bottom of this tapered tube had been ground and a glass
rod Had been ground tp fit it. The sample in the tube was made up
to 3 ml wifh tap water and 0.5 ml of each of methylmercuric
chloride (1000 ug Hg/ml) and mercuric'&hloride (1000 ug Hg/ml).
Dashnia were then .crushed t’nor-oug}'ﬂ._v,'r with the glass rod.. The rod
was rinsed with 1.0 ml of tap water ané was removed. The following
were then added to the tube: 2 ml concentrated.HCl, 1 g NaCl,

. and L ml benzene. The contents weré then mixed vizourously in a
vortex mixer for one minute and were then allowed to stand for
£ ive’ minutes. The benzene layer was removed and stored. The’
benzene extraction was.repeated two more times. All of each of
the Senzene fraction ané the acueous fraction %ére then .

radioassayed for mercury-203.

Determination of Daphnia Body Size.

Unless otherwise stated, animals used in these studies

" ) o
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were young ;dult females ranging in body size from 2.5 to 3.0 mm
iﬁ total length. Rody 1eng§%, the distance from the to; of the
helmet to the ba;e of the shell spine, was measured to the nearest
‘.O? mm using a dissecting microscope with an ocular micrometer.
Valués for body weight of Daphnia used in thes? studies were

estimated using the body length-dry weight relationship determined

for Daphnia maga by Schindler (1968).

-

Data Handling.

Ingestion rate, assimilation efficiency of mercury and
retention of ingested mercury were estimated from the data using
the methods outlined by Bourne (1959) for the study of th—

dwnamics in Daphnia magna. Bourne assumed that the time course of

changes in radioactivity content of Daphrila would be as illustrated

in Fiz, 1A, A suspension feeder such as Daphnia magna exposed to a

suspénsion of\food containing radiocactive-labelled mercury would
feed at a constant rate, and the whole body ;adioactivity content
would increase at a constant rate, as illustrated by the straight
line A3 in Fig. 1A, as lono as the duration of exposure was shoréer
than the minimpm time required for a food particle to pass

- completely through the alimentary éanal anﬁ be egested. 'When
Daphﬁia are transferred to a §uspension containing non-radicactive
food, they should continue to feed at the same rate as they did

when they were in the éuspensiSn of radiocactive food and the
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®ig. 1, Time course of changes in the radiocactivity content of

203

Davhnia during and after exvosure to Heg-labelled methylmercury

in food (A) and water (B).
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ingested non-radioactive foeod 'should replace the radioactive food

in the gut. The radiocactivity in Daohria should érop rapidly, as

Illustrated by the line 3C in Fig. 1i, because of the egestion of

feces containing unassimilated radicactivity until all the
G Yy

unassimilated radiocactiviiy has been voided from the gut. The

radioczctivity will not decline immediately to zero, however,
since during the ra3id loss of radiocactive tracer from the gut a
portion of the radloactive-labelled material is retained by Daohnia

-

and this radiosctivity is lost at 2 slower rate (CD, Fig. 1i).

N

Trhis radioactivity represents mercury that has been assimilated

from the focd intc the tissues of Dashnia ané the slooe of the
——— -

decrezse of this curve will yield a measure of the rate cf clearance

of methylmercury from the tissues.

The anticipated time course of changes in mercury-203
radioactivity in Daphnia during an experiment on the uptake of
mercury from water are illustrated in Fig. 13. Dashnia exposed to

radioactive-labelled mercury in water would absord raiioactivity at

a constant rate. The increase in the radicactivity content of

Daphnia would not be linear (line EF, 7

s Fig. 13), however, because

some of the mercury that is taken
the rate of loss of radiocactivity
radiocactivity content of Dabhnia,

increase as radiocactivity content

exposure to radioactive material continues for long enou

up is lost immediately. Since
is proporticnal to the
the rate of mercury loss will

If

h, the &

of Daphnia increases.

-

=
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rate of loss of radicactivity will become equal to the rate of
uptake and the radiocactivity content of the organism will increase
no further. Some compounds require very long exposures to feach
this sﬁeadyhstate condition and it is not practical to continue
exposure until steady state is reached. When Daphnia are tran§- _
ferred to az non-radiocactive medium, the uptake of radioactivit§ 
ceases but the loss of radiocactivity continues at the éame frac-
tional rate as during exposure. The radioactivity content of
Naphnia may decline to zero in a smooth curvilinear fashion, a
constant proportion of the body burden being lost per unit time,
The slope of the decrease of this curve will yield a measure of the

rate of clearance of methylmercury from the tissues.

A single compariment model is seldom sufficient to
describe the kinetics of accwmlation from water. Generally .models
of two or more compartments are required. For the re;ults of
studies of the uptake of methylmercury and inorganic mercury from
water, the minimum number of compartments, compartment size, and
fractional clearance rates were determined by means of compart-
mental analysis. Single and-multiple exponential curves were
fitted to the clearance data of experiments involving methylmercury
and\ihorganic mercury in which the duration of exposure was varied
from 2 to 12 hourg. A curve describeé by a single exponential'term

was fitted first and then the number of exponential terms was -

inereased until a further increase in the number of exponentials
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did not result in a significant reduction in the sum of squares of
residuals as deiermined by an F-test. Curve fitting‘was performed

using the method of Marquardt (1963).

In most eiperiments mercury loss from Dashnia involved
ornly two coﬁpartmentsf Clearance data for each replicate groun was
inspected to ensure that mercury loss after 2L hours postexposure
involved only a single compariment and the best-fitting single
exnonential cu;ve was then determined for the data beyond 2L hours
postexnosure by the method of least-squares. The equation

In Bt =.1n 30 - k.t ’
was used, where 3t is the mercury content of the slow-clearing
compartment (ug Hg Daphnia) at time t (hours); 3o is the mercury
content of the slow-cle§ring cémpartment at one minute

Dostexposure, and k is the fractional clearance wate (hours'l).

-

To determine the fractional clearance rate for the fast-
clearing compartment in water veetor studies the mercury content of
the fast compartment at t hours posteprsure, At, was estimated by
subtracting the estimated mereury content of the slow coﬁpartment,
2t, from the observed mercury body burden of Daphnia, Yt, as

At = Yt - Bt
where
Bt = Boe "
The method of least-squares was theh used to determine the slope of

the mercury clearance curve for the fast compartment.
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Procedure for Studying Accumulation of Yercury from Water.

-

The rate of rmercury uptake from water by Daphnia was

determined b expesing groups of adult female Japhnia rangzing in

1

size from 2.5 toc 3.0 mm total length™ o knowm concentrations of

203

¥g-labelled 353§g81 or H~012 for eight hours at 20 = 1°C. At
the end of exposure the aniﬁals were washed for cne minute by
transferring them throuch 2 series of five x 2CC =1 wolumes of
water using a zipette. The amount of mercuwry accwnilisted b
Caphnia durin; the exposure seriod was determined by radicassaying

< 203, . : - e
the animals for " ~Hg. 1ll exposures were under static conditionms.

Afte: the 20333 2ody burdern 2t one minute nostexposure
had been determined, animale were placed immediately into 35CC ml
clean water contzining food. Density of animzls ranzed fronm
5 - 20 animals per 3500 ml, depenéins on the size of the animals.

Yercury retenticn was cdetermined from a series of measurements of

the radiocactivity content of the Daphnia taken over the next

e o

Distance from the top of the helmet to the base of the shell

spine.

2
The density of animals was adjusied in order to minimize the

possibility that the Daphniz would resbsorb significant levels of
b N h =3

203... . o e 4
excreted " Hz. The densities used were such that the grous of

Danhnia would clear no more than 23 of the 3502 m} volume in 2k

hours.
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'?.tS - 1L days. Measurements were generally made at hourly intervals
for the first eight ﬁours postexposure and at 2L hour intervals for
the remainder of the sﬁudy. Measurements were generally macde on
grouns of animals. Tﬁe medium was replacéé at eight hour interwvals
during the first 24 hours and at 2L hour intervals for the’ |

remainder of the study.

Effect of Duration of Exposure on Mercury Uptake and Retention.

Tive replicate groups of 20 - 2L adult female Daphnia of
2.4 - 2.7 mm body length were exposed to methylmercury in

separate 1500 ml volumes of exposure medium containing aparoxi-

1

mately 2.3 x 10™3 ug Bg m1™ as 203Hg-labelled CHBHgCl. From each

group a sample of 5 - 8 animals was removed after 2, L, 8, and 12

hours of exposure. Net uptake of mercury was determined for each

203

group of Daphnia by radiocassay for Hz at one minute

postexposure. TFollowing the determination of net uptake of

203, \

mercury, retention of accumilated was determined for each

group of Daphniz from a2 series of radiopssay made over the next

six davys.

Four replicate groups of 2L - 28 adult female Daphnia
of 2.5 ~ 3.0 mm body length were exposed to inorganic mercury in
separate 1500 ml volumes of exposure medium coniaining approxi-

mately 2.3 x 10=3 ug Hg ml—1 as 2033g-1abelled HgClz. From eacﬁ
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group a sample of 6 or 7 animals was removed after 2, L, 8, and
" 12 hours of exposure. Net uptake of mercury was determined for
each sample by radioassay of Daphnia for 203Hg at one minute

postexposure,

‘Tollowing the determination of net uptake of mercury,
each sample of Daphnia was transferred to a separ;te 3500 ml volume
of clean water. Retention of accumulated EOBHg was determined for
each sample from a serieg of radicassays made over the next 1L

days.

Effect of Mercury Concentration in the Exposure Medium on Mercury

‘;Tptake énd Retention.

Groups of 10 or 20 adult females ranging in body length
from 2.5 to 3.0 mm were exposed to methylmercury in the water
for eight hours in 2500 ml volumes of exposure medium containing
methylmercury et five concentrations ranging from 01 x ].0.3 to
g x 10"3 ug Hg ml-l as described above. At the end of exposure all
groups, with the exception of the.one exposed to the lowest Hg
concentration, were split into two or Teur replicate subgroups of
five animals per subgroup for measurement of net uptake of mercury
at one minute postexposure. The group of 20 animals exposed to
the lowest concentration of mercury, .0l x 1073 uz g ml-l, was

measured as a group due to the extremely small quantity of Hg
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which they had accurmlated. Mercury retention was determined in
the usual way for each subgroup that had been exposed.

Loss of Methylmercury on Moulting.

Twenty animals ranging in size from 2.0 to 3.3‘mm body

length were exposed'for two hours to 203

Hg-labelled methylmercury
in solution at a concentration of .5 x 1073 ug Hg ml 7k, The& were
then transferred to clean water for 2L hours to allow complete loss
of the fast-clearing compartment. Eagh animal was then trans-
ferred to a 20 ml glass vial conta}é;ng S ml of water. Heles had
been drilled in the walls of the Aials to allow water to flow
through the vial at a rate of ml'per minute., Daphnia were main-
tained in this system for fouy days without food. Mercury body

burdens were determined daily for each individual. Shed exo-

skeletons and neonates were radioassayed separately for 20333.

Effect of Body Size on Uptake and Retention of Methylmércury.

Three groups of 30 - 4O Daphnia per group composed of
Daphnia of different sizes (1.0 - 1.3 mm, 1.9 - 2.3 rm, and
3.3 - 3.5 mm body length) were exposed for eight hours to methyl-
mercury in 1500 ml volumes of exposure medium containing
203Hg-labelled methylmercury at a concentration of approximately
0.8 x 10"3 uz Hg ml-l. At the end o£ exposure groups were split

into five replicate subgroups of 5§ -~ 10 animals and net uptake of

-
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mercury was determined by radioassay of animals at one minute

postexposure. Following this determination mercury retention was
- O .

determined for each group from a series of measurements of 2 3ﬂg

body burdens made over the next six days.

Zffect of Temperature on Untake from Water and Retention of

Methylmercury.

In this study Daphnia magna culiures werg’;;;;%ained at

temperatures of 5.5 * 1, 10.5 « 1, 15 21, and 20 =19 for four
weeks prior to the experimentl This was sufficient time for
comoletion éf at least one gereration at 10, 15, and 20°C. Only
animals which had completed one generation.at these temperétures _ !
were used. At SOC‘reproduction and maturation proceeded so slowly
.that it was necessary to use animalé that had been produced at

10% but acclimated for, four weeks at 5°C.

Tor this study 15, 30, 15, and LO animals ranging in
size from 3.1 to 3.3 mm d0dy length were selected from cultures
at 5.5, 10.5; 15, and 20, respectively. They were measured and
vlaced in feeding susoension for 15 hours. One hour prior to the
start of the experiment they were placed in food-free water at
their accli@ation temperatures.. A single nine-litre batch of.g
exposure medium was prepared containing 2C5Hz-labelied methyl-t
mercury at a concentration of_2 x 1073 ug Hg ml'l. This was_split

into four volumes and placed in water baths at 5, 10, and lSOC,
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reSpectiver5 for one hour to reach the ieceésary temperature.

T At 211 temoeratures Danhnia were exposed to methyimercury

for eight hours Net 203“g uotake was determined by radloassaylng
203

" Daphnia :or Hg body burden at qpe minute postexposure in the °

usual way. Retention of this accumilated mercury was determined in

the usual way over the next 15 days.

Ny

Procedures for Determining Ingestion Rate, Assimilqtidn Efficiency

and Clearance Rate of Mercury. \\>

-
“

To determine thé efficiency with *hich Dachnia assimilaté
ingested mercury, Daphnia were given a dose of mercury in th}é form
of 203H§\contam1nated fcod by havzng them feed on a susoen51on of
gOB.g-contaninated yeast. Daphnia were then transferred to a
suspension of uncontaminated yeast cells where the unassimilated

203Hg was voided from the gut. The amount of Hg assimilated by

Daphnia was d;ternlnec from the body burden of Daphni a“}ollck_ng

the loss of the wnassimilated 293Hz from the zut. Daphnia were
maintained in the uncontaminated medium for an agditional five .days
and the fractional clearance rate of the assimilated mercury'waé

determined from the measurements of the radiocactivity retained by

Daphnia during this time. A more detailed description follows.

Daphnia, ranging in size from 2.5 to 3.0 mm body length,
were selected from cultures and were held for 1l hours in a

non-radioaq}ive yeast suspension of .1 x 10° cells M to
‘ \
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* precondition them to feedihg'on yeast cells at that concentration.’

Daphnia were given a dose of 203Héhlabelled methyimefcufy or
inorganic mercury-by'feeding them for 30 minutes in 70 ml volﬁmes
of 203Hg-contaminated food (seg page(? Y'at a density of

A x lOé“éells m™l. Animals were generally fed in groups of

S - 10 Daphnia pef.7d ml volume of guspensién'in ground glass
stoppered glass tubes. These tubes were inverted at 5 minute
‘intervals during féeding to kees the cells in suspension. The

mercury content of the suspension was determined by radicassaying

S ml aliguots of exposure medium taken prior to exposure. As

stated pfeviously, the concentration of cells in the medium was

estimated on the basis of the dilution of a stock suspension of

)

known céll density.

LS

At the end of tﬁe exposure period Daphnia were removed
from the exposure medium using é wide-mouthed pipette and trans-
ferred through 5 x 200 mi volumes of uncontaminated feeding |
suspenéion in one minu£e. Daéhni;‘were then radioassayed as a
groﬁ: before being transferred to a 25C ml;volume of uncontaminated -
feeding §uspension containing .1 x ;06 cells ml-1 where they were
kept for eight hours. The aﬁount of 203ﬁg assimilatec was deter-
mined from a series of measurements of the 203Hg retained by

Daphnia after 1, 2, 3, 4, 6, and 8 hours. The yeast suscension

was replaced after 1, 2, L, 6, and 8 hours.

Daphnia were then transferred to 3500 ml volumes of

!
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water coniaining Daphnia feeding suspension. Clearance of

assimilated mercury was determined from serial measurements of thel

203Hg'body burden of Daghnia taken at 24 hour intervals for the

next five days. This medium was replaced at 2L hour intervals. '

Effect of Ingéstion Rate on Assimilation and Clearance of Ingested

Methyimercury.

‘Four replicate groﬁps of five adult females, 2,5 - 3.0 mm
ir bedy length, were exposed for 30 minutes to radiocactive yeast
suspensions of different cell densities. Cell densities used were
Ol x 106, 0.1 x 105, and 0.5 x 10° cells per m ™} as détermined
by dilution of a stock suspension of radioactive cells of known
cell density. Yeast cells of each concentration contained thg same
concentratiomy of 2OBHg-labelied methylmercury, about 1.1 mg Hz g-l
ary weight of food. At the end of the exposure period mercury
content of.Daphnia was determined by radioassaying.each groun of
animals for 203Hg. Croups were then transferred immediately to
250 ml volumes of uncontaminated yeast suspensions containing cell
densities similar to those of the radiocactive suspensions. The
mercury content of Daphnia was measured at.l, 2, L, 6, 8, and 2L
hours postexposure and at 2L hour intervals for the next four aays.

Thé yeast suspension was replaced at two hour intervals for the

first eight hours postexposure. o
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~Eff ctjof Body Size on Assimilation and-Clearance of Ingested
Mét/ylmercuryq | |

4

~

Three replicate grouﬁs of Daphnia seleéted from size
ranges 1 - 1.3 mm, 1.7'= 2.3 mm, and 3.0 - 3.7 mm body length were
exposed for 25 minutes to radiocactive yeast\susﬁensions sf
0.1 x 10% cells ver ml containing 1.k 'mg Hg gql. At the end of the
. exposure period the mercury content of Daohni& was determined by
radiocassaying each group of animals for 2O3Hg. Grouns were then
transferred immediately to 250 ml volumes of uncontamirated yeast
suspensions of cell densities of 0.1 x 106 cells per ml. Mercury
content of each group of Daphnia was determined at approximately
1, 2, L, 6, and 8 hours postexposure and at 2L hour interv;ls for
the nextlfive days. Crowth of animals from the different body size
groups was determined Sy measuring 10 animals from each size range

at 48 and 120 hours postexpésure.

Effect of Temperature on Assimilation and Clearance of

Methylmercury.

Two groups of six adult females of 2.5 - 3.0 mm body
length were exposed for 30 minutes to a suspension of contaminated
yeast of 0.1 x 10'.'6 cells per ml containing 1.7 mg Hg g"l at
temperéturES of 10, 20, and 28°C. The mercury content of Daphnia
at fhe end of the exposure period was determined by radioassaying

each group of Daphnia for 203Hg. Daphnia were then transferred
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immediatelf to suspensions,;f uhcontamineted yeast at their
respective acclimation‘temperatpres. Mercury content of Daphnia
was determined by radioassay at 1, 2, L, 6, and 8 hoﬁrs
vostexposure and at 2L hour interwvals for‘tﬁb_next fiﬁé“days.

\ _ .
Assimilation Efficiency and Clearance of Ingested Inorganic

Mercury.

Five groups of five adult females, 2.3 - 2;? mm in body
length, were exposed for 30 minutes to yeast suspensions of
0.1 x 106 cells per mi_containing 1.6 mg Hg g'l dry weight of
yeast. Mercury content of Daphnia was then determined by
radioassaying Daphnia in groups for 203Hg. Daphnia were then
transferred as groups to 250 ml volumes of yeast suspension
containing 0.1 x 106 cells per ml for eight hours before being
returned to 3500 ml volumes of water containing Daphnia food.
Mercury content of Daphnia was determined at 1, 2, L, 6, 8, 24,

and L8 hours postexposure.

~

N

vl

W
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RESULTS

‘Uptake from Water and Clearance of Methylmercury.

'Uptéke of methylmercury from water by Daphnia was

determined by exposing Dag ia to 2O3Hg-labe11ed methylmercury in

water at a concentration of by Xx_ 10 =3 ug Hg ml™ l for up to 13
hours, removing groups of Da:hnia after 2, L, ’8‘ and 13 hours of
exposure to determine the amount_pi mereury that animals had
accumulated. After body burdens of‘mercury had been éetermined,
Daphnia were transferred to uncontaminated water, where clearance
of methylmercury from ﬁaohnia was determined from a series of
measuremnents of mercury retained ﬁy Dapvhnia over the next five

days.

Results in Fig. 2 show that mercury content of Daphnia
increased steadily over 13 hours of exposure to 2O3Hg--1abelled

methylmercury in water. The net uptake rate'clearly declined by

50% over the thirteen-hour exposure period, from

-1

.16 x 107> ug Hg Daphnia — over the first two-hour period to

.07 x 10> ug Hg Dashnia™t

hel over the interval from the eighth
to the thirteenth hour of exposure.. This decline in accumulation
rate could not have been causeé by a reduced concentration of

203Hg in the exposure medium, since results in Table 1 show that

the 20333 content of the exposure medium declined only 2% over the

thirteen-hour exposure period.
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Fig. 2. Uptake of methylmercury from water by Daghnia'magna
3 ' ;

during 13 hours of exposure’ to 203Hg-labelled methylmercury at a-
. J . .
1

’ .
are the body burdens of methylmercury; triangles are the mean

concentration of ub x 1073 ug Hg m1~ at 20°C. Solid circles
rates of Hg uptake between sampling times. Open circles are the
mercury content of the exposure medium. Each point represents

o o
the mean - S.E. of four groups.
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A decline in the net uptake
caused in a number of ways. In a multi-compartmental accurmlation

system one or more compartme

s might be approaching equilibrium
and rmight therefore Accumilate mercury very slowly,:while other
compartrents, whicﬁ are far from equilibrium, continue to accumu-
late mercury at near maximum rates. Daphnia might be bloaccumu-
lating a radiochemical contamiﬁant ?résent in the isotone stock
solution which aporoaches an equiligrium either much more quickly
or more slowly than methylmercury. Zven fhough the concentration
of methyimercuéy (measured as 203Hg) remained.constant throughout
the exposure period, iransfofmation of methylmercury %o inorgaﬁic‘
mercury Br binding of mercury by excretorf products of Daphnia may
have resulted in a reduction in bloavailability of mercury to
Daﬁhnia. The possibility that one or more of these processes
might be influencing the observed accumlation of 203Hg was
exarnined experimentally.

v
To determine whether any of the methylmercury in the

exposure medium was transformed to inorganic mercury during the
exposure period, samples of exposure medium were extracted with
benzene, as gescribed in the Materials and Methods Section. The.
benzene-water partitioning characteristics of 203Hg in exposure
medium, taken before and after an eight-hour exposure period,
were compared to tﬁose of water samples spiked with CH3203ng1.

These results showed that over the eight-hour exposure reriod the



-32- ~

change in the ratio of benzene extractible 203H§ to total 203Hg

in the exposure medium was negligibly small. This suggests that
little, if any, demethylation of methylmercury took place and
therefore could not account for the observed reduction in mercury

uptake rate from water. -

To detépmine how much, if any, ofrihe 203Hg accumilated
in the tissues of Daphnia was converted ’rom methylmercury to
inorganic mercury, samples of eight-hour-exposed Daphnia were
takenrfor tissue Bxtraction at one minute postexposure and after -
L6 hours of'cle#rance. The mercury in Daphnia was extracted using
_ the ext;action srocedure described in the Material§ and Methods .

Section._

Thé'results in Table 2 show the fractionati&n of 203Hg
from water and.Danhnié. Recoveries of mercury of about 8% - 100%
were obtained, and mercury extractions from Daphnia were.as
com:lete as those from water. The ratlos of benzene-ext*actlble
mercury to total mercury in water and in tissues of Daphnia at one

minute asé L6 hours postexposure werg all similar.

If Daphnia had ore¢erent1ally taken up inorgdnic mercury
to methyinercurf that was oresent in trace amounts in the exposure
medium, the ratio of benzenefextractiblé mercury to total mercury
would have been lower for Daghhia than for fhe exposure medium.
This was clearly not the case. If any of the accumulated methyl- 7

mercury had been converted by Daphnia totinorganid mercury and
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retained, the ratio of benzene-extractibie mercury to total
mercury would have declined. This also was ndt the case,
indicating that either no deméthylation tock place or that, if it
tock. place, inbrganic mércury was cleared quickly from Daphnia

tissues.

To test for possidble changes in the bicavailability of
methylrercury during the exposure pericd, Daphnia were exposed to
203Hg-labelled methyimercﬁ:y in w;ter‘for us to 12 hours, with
samples of Daphnia being removed after 2, L, 8, and 12 hours of
exposure. A secend group of Daphnia were exposed for two hours to
a 500 ml sample of the exposure medium removed after the first
group of Daphnia had been exposed to it fo} 10 hours. If the
biocavailability of methylmercury_had been reduced during the

vrevious ten-hour exposure period, Davhnia would take up less

methylnercury from the aged medium than from the fresh medium.

The result; in Table 3 show that Daphnia exposed con-
tinuously for 12 hours to methylmercury in water exhibited the
same decline in mercury uptake during exposure as did the animals
in the earlierkexperiment. However, uncontaminated Daphnia took
up mercury just as quickly from the aged (ten-hour-old) medium as
from the fresh me&ium. This experiment demonstrated that the
bioavailability oft methylmercury dic not change during the twelve-

hour exposure peridd.

In addition this experiment demonstirated a very important
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physiological property of Daphnia magna which is critical if
Daphnia are to be tested in non-feeding situations. The animals

| that were held in uncontaminated media~for 10 Hours orior to

exposure to used or aged medium had been without food for 10 hours

but showed the same rate of mercury uptake as a freshly fed animaL.

Hence, in expveriments as long as 12 hours food deprivation had no

effect on mercury accumlation.

When the Daphnia that had been exposed to 2  Hg-labelled
methylmercury in water for 2, h,'B; and 13 hours were placed in
;ncontaninated water, thg mercury loss was'always clearly in two
ohases ( ig 3) _ Merﬁﬁry loss was initially rapid but after about
=12 hours the rate of mercu:y loss declined markedly. This
indicated that some of the mercury that had bepn taken up was-only
loosely associated with the.organism and waélqﬁick;y lost, while

. xR - - .

the remaining mercurijéé mach more securely bound.

Assuming thatlfirgt origr kinetics obtain in the
clearance of methyiméfcury, ;he'whélé,quy-measurements of 2035g
were analysed as outlined ﬁp the Maferials and:Mbthods'Section in

terms of the general exponagtial equation

am

Sowa L .

b

S ) = Y(o)e T

where Y(t) is the amount of mercury in Daphnia at any time, t is

the clearance time in hours, k is the fractional clearance rate per'

“hour, and Y(o) represents the mercury content of Daphnia when t is

Zero. It was ?ound that the best-fitting cwrves were deflned by

-
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Fig. 3, whole body clearance of methylmercury by Japhnia magna
t

after uptake from water during exposures of varying curatlon to

. 203ug_1a%elled methylmercury in water at 2c%c.

@ Duration of exposure was 2.2 hours
Ytt} - 283-’h2t + 15e-'005t

O Duration of exposure was L.7 hours
ey - ugeme36¢ . 33¢7-00%%

a Dur:;.tion of expo.sure was- 8.2 hours

‘ -.35t .. =.006t
Y = 78e 35 + 57e” "
(t) -

B Duration of exposure was 1l2.9 hours
- "o29t ) "‘-006t
¥ = Tue 4+ 110e

(t) T

The curves represent the "est fitting" exponential curves defined
by the eguations where ¥ 4) is the body burden (cpm per Daphnia)
: t -

retained by Daphnia and t is the clearance. time in hours. Zach

. + o= ‘
peint ! the mean - $.2Z. of four groups.

14
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the sum of two expénentials. Curves were fitted separately to the
data for each group of Daphnia at egéh exposure time and the
regression pérameters for groups with the same exposure duration
were averaged. .The curves defined by these average parameters are

given with the data in Fig. 3.

The results in Table L show that as the duration of
.expOSure increased to eight. hours the mercurf content b: the fast-
clearing compartment increased steadily to a value of -
61 x 10_'3 ug Hg Daﬁhnia‘l, but no further increase in the content
of the fast compartment was observed as the dufation of exposure
was increased to 13 hours. This suggests that after eight hours of
exposure equilibrium had been reached between mercury uptake and
loss from the fast-clearing compartment. This is consistent with
the observed fractional clearance raées of the fasi-clearing
compartment, since a physiclogical compartmeht with a biological
half-life of 2 - L hours would be expected to reach 95% of its’
equilibrium body burden within 7 - 9 hours of expésure if tﬁe rate

of Hg uptake was constant.

Tﬂe results in Table L show that the mercury content ﬁf
the ﬁlow-clearing chase increased linearly over the first 13 hoursf
of exposure at a rate of .06 x 10~ ug Hg Danhniafl hrt. The
mercury uptake rate into the slow compartment was therefore
constant over the 13 hours of exposure. There was no apparent
- decline in the net uptake rate as there was in the fast cofipart-

ment, because the fractional clearance rate of the slow compartment



pue eansodxsysod eynurMd euo je uspamg £poq oy} uo poaseq H....:. H..q_..:_.ﬂmn 3jl 3n up eyed exudn Lanodow

Butaey sdnoa? Jo g0 g 7 Suras ede pajuocead sanyey

ayy Rugen ‘yfuel Lpon ureu ay; uol] apew SeM .w..

*(9961) Jotpuryog £q pouy
eyydug ydgen Lap 3 £-0T % 60 'suorjuynorws esey

-

w1ajap diyeuoryviet 1ydron Adp-yiduer
3 Up peen jydren Lpoq Jo oyEuplse a.cd

*EInoy up aansodxs jo uorqranp et}

Jo Eeqrwijse aaw sesoyjueted ug SengeA

‘UOTIRIND BEOP GUBE oY}

*dnot3d yoswe Jo wiep GIURIBGIO JOJ POUTLIBIEp BJOM ERAMO TEfjuBucdxe n3UTIITJ~160q, nEﬁ

. ATV EET
oy Jroace ey v Huu: n wdo ._On X g*'21 Jo entea & Aupen se[duvs Jo quajuoo f11A79080TpUL pouanseou WOLJ pajeInofed eden Linoded jo ne:.soz__.a
(0T * 100°5290°) : : (0T X 10°350°)
100* 900" 00T; 0091 ¢-0T X 50°50g* nesee’ oueyooet gVl * 0T°7gs" g0 * L0561 621
. : (0T ¥ 500°7950°) 1¢-01 X 10°780°) ‘
09";900° OUT;004T =0T X £0°75n°* 60°75¢° 00250061 €-0T * L0°:19° (=00 X g0yt e'g
T (=0T X 170°5550) ' (g-01 X 20°380°)
T00°7900° 0€500NT ¢-01 X 50°792° 50°79€° 00250002 PRUIER 1 01 X Quhg* &
. (¢-01 * 510°3550*) {£-0T * 10°301°)
¥ loot 00Z500€T mnoH x o2t 60 sen’ 00t;0052 -01 * fo*seze* ¢-0T * 50°7hC" 22
L J
1Y =Ty Hum“Emun A4 In -1y -1y Ta«mﬂqc ay 3n ~oriydeg 3y M 8oy
‘oyed mocm..moﬂu _....:uﬁo_:mau Sozye ‘ejea wo:auuoﬂo v-a:cmow.:moo it 134 foaneoxe) eod femsodxe
[EUOT 0] Jajsusdq Juzaydeduoy Teuoy)oeay JeoJeuedy Juuytedaoy ejnU auo e Jo
‘gso1 3) ‘exeidn Iy ‘raoy 3y ‘oyerdn Ay wyugdeg Jo uogje.mg

%ﬁ@bwﬁmﬁou dugreago-roig

pa:mn_...:dnou dugawero-iseq

pluoiuan 3y

Jo spofted doj Linodew [Ayjea se T.—._n 4 dn £-0T % nye

vorjepumose fanstmr [Lyjou Joj Bany{oA

dejeudeded Eojqeury Tueiusuydeduos uo ported

JO JUOTIRLa0UeD £ 0 pasoUxs atoa yjduet Lpoy wa oz - fI*2 Jjo steuyuy

Sugcop syy Jo uopjmamp eyl Juplavs jo 193gje eyl

0,02 e samoy 2y pue fg i <

*1ojen Lodj

1 eryey]



110- _' ' \

was so slow that the amount of mercury lost was negligidly small ) ,

ﬁuring exposure of 13 hours or less,

‘These results demonstrate that mercury clearance rates
from both fast and slow compartments were proportional to the
mercury content of the compartment, and mercury uptake r;tes and
fractional clearance ratg§ of both fést- and slow=clearing mefcury
compartments were independent of the exposure duration. k | Hﬁ)
On the basis of the above observatioﬁ it can be con- K
cluded that experimental determina£ion of methylmercury ~
aécumulation rate constants recuires deﬁermination of only the
following: .
(1) the amount of ﬁethylmercur} accumulated over only a
single exposure period;f and |
(2) the relative sizes and fractional clearance rates for

fast- and slow=clearing compartments.. ' e

Separaticn of thé total body burden into fast- and
slow-clearing compartﬁehts permits a redefinition of the single
uptake vector into two corresponding subvectors‘representing
mercury uptake into each compartment. Results in Table L
demonstrate that the amount of mercury in the fast compartment

_3-ug Hg Da.ghnia'l for a

after 2.2 hours of exposure was .22 x 10
mean net uptake rate of .11 x 1072 ug Hg I);;qghnj.a"1 nrt during the

first two hours of exposure. Because of the high fractional

3

clearance rate from the fast compartment, however, this is an

&
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_underestimate of true uptaké rate. ‘The actual fast c&mpart@ent'
uptake rate can be estimated by making use of a singlefcompaftment
f}rst-orde? accumulation model which appears to adequately describe
the methylmercury Kinétics of the-fast compartment in this case.
Using this médel, the mercury content of the {;st compartment can
be related to the uptake rate and clearance rate constants by

T(t) = I (1Y)
kcl
where Y(t) is the mercury content of the compartment after t hours

of exposure to methylmercury in water, U is the uptake rate in

ug Hg Daghnia'l hr-l, and k., .is the fractional clearance rate in

hr-l, As the duration of egposure increases, the value of ¥{t)
approaches U/kcl, so that when the fast compartﬁent has effectively
- reached steady state, thé mercur} content_of the fast compartment
is related to rates of uptake and loss by

T(t) = Yss = —-
cl
where Ysg is the mercﬁr& content of the fast compartment at steady
state. By rearranging the above expression an expression for

-

uptake rate can be obtained

k
cl :

In the present study the fast compartment appears to have reached

U = ¥ss°

steady state by the eighth hour of exposure. Using a walue for the
steady étate mercury content of the fast compariment of
0.61 x 1073 ug Hg Da.‘ghn:i.a"1 and fractional clearance rate value of

.35 hr~l (Table L), the uptake rate for methylmercury uptake

‘a - -
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.into the fast compirtment was about .21 x 10-3 ug g Daphnia™* hr~t.
Hence, even with exposures as short as two hours, the net uptake
rate underestimates the value of fast compartment uptake rate by

SO to 100%.

- Results in Table L demonstrate that mercury content -of
the slow compartment increases at a constant rate of aporoximately
.06 x 1072 ug Hg Daphnia™l nrt throughout the 13 hours of ‘
exposure. As explained above, this value reflects the true uptaﬁe

rate into the slow compartment.

Resultis.in Fig. L and Table 4 sHow that after two hours .
of exposure ﬁercury content of the fast compartment was greater
than that of the slow compartment. However, as duration of ex-
posure increased, the slow compartment slowly increased in relative
size. This was consistent with the cbservation that uptake rate
into the fast compartment was initially faster than that into the
slow compartment, but after eicht hours of exposure net uptake into
the fast compartment was reduced to zeroc as the comnartrent reached

steady state, while net uptake of mercury into slow compartment

-

continued unchanged. It would follow that, if exposure were con-
tinﬁed beyond 13 hours, the slow compartment would soon make up a
much larger proportion of total body burden than would the fast

compartment..'The fast cdmnartment would, consequently, contribute
a minor nronortion of the mercury content of Daphnia under condi-

\Qifff of continucus exposure over the life time of the animal,

.
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despite the fact that the rate of uptake into the fast compartment
was two to three times faster than the rate of uptake into the slow

compartment.

In Table 1 the uptake of mercury from water to Daphnia
was expressed as a transfer ccefficient, representing the amount of

water, in ml or g, that was completely emptied of its mercury

-«
content in one hour by one gram (dry weight) of Daphnia. Its units
are g g'l hr-l. Use of this unit facilitates comparisons of

.eiﬁerimental resuits bhetween experimgpts, sin;e uptake rates are
normalized for differences in Dénhn;a biomas; and concentrations of
mercury in the water. The trénsfer coefficieﬁt, TC, was ééfined as
follows: -

mo = Z(t)
W C

where Y(t) was the mercury content of the whole body or the fast or
slow compartment of Daphnia of dry weight W after t hours of
exposure to water containing mercury at concentration C. Since

the expression contains no terms for mercury release frém Daphnia,
the traﬁsfer coefficient’as used in Table 1 or L represents only an
index of the upt;%e rate rathgf than a true ﬁptake‘rate for either
whole body or fast compartment uptake studies for the reasons given
above. However, the transfer coefficient for.uptaké into the slow
compartment calculated in this way and reporteé in Table L is .
approximately equal to the true transfer coefficient fof uptake

"into the slow compartment, since short-term uptake experiments
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requiie no correction fo; the loss of Hg from the slow compartment.
In Table 1 and L transfer coef{iéients for whole body uptake

and fast compartment uptake of Hg are shown to decline with
increasing duration of exposure, reflecting the effect of rapid
mercury loss from the fast.comﬁarthent. Transfer coefficient
values for uptake into the élcw compartﬁent were independent of
the duration of exposure, as predicted on ih; basis of the

clearance coefficients reported in Table L.
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Effect of the Concentration of Methylmercury in Water on Uptéke and

Clearance of Methylmercury.

To determine if accuﬁulation of methylmercury by Daphnia
was influenced by the concentration of methylmercury in water, .
" methylmercury accumulation was determined by exposing animals to
five concentrations of methylmercury in water ranging froﬁ
03 x 10~3 1o h.2 x 1077 ug Hg m L. Clearance of mercury accum-

lated at these concentrations was then determined in the usual way.

The'resuits in Table 5 show that the amount of ﬁg taken
_up by Daphnia 1ncreased wlth increasing ambient mercury concentra~
tion. * At the lowest mercury concentration, 0.027 x 10'3 mg Hg ml~ l
Daphnia accumilated .073 x 10 3 Hg Danhpia-l in or on its
tissues after eight hours of exposure. A 160-fold increase in
ambient mercury concentration to L.2 x 107 ug Eg ™l resulted
in a 180-fold increase in the amdunt of mercury accumilated. At
termediate concentrations the proporticnality between mercury .
uptake and ambient mercury concentrations was reasonably similar.
This clearly demecnstrates tﬁat the upta#e rate of methylmercury
was directly related to the concentration of mercury in the water.
The transfer coefficieﬁys,_also seen in Table 5, increased steadily

-1

by adbout 50% from 29C0 to 4500 hr™, with increasing ambient

mercury concentration from .027 x 1073 to 8L x 1073 ug Hg ml'l,
demonstrating that the increase in Hg uptake was proportionately

greater than the increase in the ambient Hg concentration. A
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further increase in the ambient Hg concentration.to
L.2 x 10'3 vg Hg ml'l resulted in a decline in the transfer coef-

fPicient to 3400 hr~t.

' The results of the clearance study, given in Fig. h,
showed that methyimercury clearance was biphasic in all cases.
Assuming that first-order kinetlcs cbtain in the clearance of
methyimercury, the 203Hg body burden data were analysed in terms of
the general exponentigl eguation

_ It = ae".bt
where Yt was the amount oflmercﬁry in Daphnia at any time, t was
the‘time‘in hours, b was the fractionél~§1earance rate and a was
the amount of mercury in Daphnia af time zero of clearance. The
fractional clearance rates for methylﬁercury-c}eﬁrgnce from the
slow compartment were similar for all groups and therefore were.
-indepehdent of the methylmercpry concentration in Daphnia. These

fractional clearance rates ranged from-1.2 to 1.5% per hoﬁr.

The results in Table 6 show that, although the mercury
content of the slow compartment.increased with increasing ambient

mercury concentration, the transfer coefficient declined slightly

from 1300 h:r-1 in Daphnia exposed to .092 x 1073 ug Hg m =+ to
1900 hr™" in animals exposed to k.2 x 1073 ug Hg m1~l. This '

suggests that the éfficiency of methylmercury uptake f:cm water
into the slow compartment declines very slightly with increasing

; ambient methylmercury ccngentfation. Vethylmercury accumulation

s



Tig. L. ‘Whole body clearance.of methylrercury in Daphnia magna
containing different concentrations of methylmercury. In all cases
mercury body burdens were accuwmlated during eight hours of exposure
"to 203%g.labelled CH4HgCl at different concentrations in water at
20°C. The initial body content is the body burden at one minyte
postexposure,. The data are presented as racioactivity in ¢cpom an
specific activity was 10.5 x 104 cpm ug Hg ml™. ‘

O GESxposure rmedium contained .09 x 10=3 ug Hg =
11,8e7 02 '

Zxoosure medium contained WUl 10=3 u m~L '
: s

§

™

- V(&) - Sze-ool2t
- &®
B CSxoosure medium contained JOL x 10-3 ug Hg 1t

Y(t) = Sze—.OIZt

@ Exposure medium contained L.2

el

10~3 ug Hg ml
(1) = 381e=-015% '

= %

The curves represent the 'dest fitting" exponential curves defined
by the ecuations where Y(t) is the body burden (cpm per Daphnia)
retained by Daphnia and t is the clearance time in hours. Note
+that the curves were fitted to slow compartment data only. Zach
point is the mean 2 S.E. of two to four grouds.

#Zxperiment terminated after 2L hours due to low levels of 203z,
in Dadhnia. 4 value of ,0l2 was assumed for the fractional
clearance rate to estimate the size of the slow-clearing
compartment. )
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‘

Studies c;ﬁducted at ambient ﬁethylmercuryv;oncentrations used in
the present study may therefore underestimate uptake rates into the
~slow-clearing cﬁmpartment. However, this effect appears to be
small.

»

Loss™ of Methylmercury at the Moult.

To, explore the effect of moulting on the retention of
methylmercury, Danhnié ranging in size from 2.C t; 3.3 rm body
iéngth u;re allowed to aceumulate methyimgrcury from water by ex-
vosing them for two hours to 203Hg-labelled methylmercury-in water
at a concentration of .5 x 10-3 ug Hg ml'l, and were then trans-
ferred to clean water for 24 hours to allow the complete loss of
the fast-clearing compartment. Animals were then placed into
separate containers so that the loss of mercwry fr;m individuals
could be followed. The mercury body burden of each animal was
determined at foughly 2h-hour intervals for the next 96 hours.
Careful note was .made about whether or not moulting occurred during
each 2h~hour interval.

-

The results in Table f ;how that when moulting occurred

the.fractidhal clearance rate of metbylmercury was slightly faster

' thanfguring intervals when nS moulting occurred. This difference
was not significant at the 95% level of confidence, however, using
Student's t-test. .The-rate of loss of methylmercury from the

" slow-clearing cdhpartment isg therefor;, neither increased nor

-2
decreased -by moulting.
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Uptake from Jater and Clearance of Inorganic Mercury.

TQE accumlation of inorganic mercury from water by

Daphnia was detérmineé by exposing four repliczte zroups of 20 -.30
Daphnia'to 2033g¢labeiled inorganic mercury (HgCl2) in water at a
concentration of 2 x 1073 ug Eg M for up to 12 hours . Subgroups
of § - 1C aniials were removed Srom each ércup a2fter 15 minutes and
2, 4, &, and 12 hours of exposure to determine the amcunt of H
aceuwrulated, Animals exposed for two hours or longer contained
sufficient mercury .to permit the study of mercury clearance. These
animal' were transferred to uncontanminated waﬁér, where ¢learange

of inorganic mercury was determined over the next 1C days.

~

The results in Fig, 5 and Table & show the accurmlation
of inorgaqéc mercury by Jadhnia during 12 hou;§4of e;pOSure. The
mercury conternt of Daphnia increased rapidly duiring the first two
hours of exposure and then declined sharply. Daphnia continued to
accurmlate mercuéy at a2 diminished rate for the next 1C hours. The
mercury uptake raié,over the first 15 minutes was

= 1.2 1073 ug Hg Dighnia hrl, and uptake continued at that rate
for the next 1.75 hours. The rate of net uptake declined rapidly
between the second apd fourth hours of exposure and apdseared to
remain constant between the fourth and twelfth hours of exposure

-1

t a rate of 0.5 x 107> ug ¥g Daphnia e, The chanze in the

W

net uptake rate over the first 12 hours of exwosure suggests that
inorgahic mercury accwmilation involves at least two compartments.



Tig. 5. Uptake of inorganic mercury from water by Daphnia magna

éduring- 12 hours of exposure tp 2OBHg-_labelled Tgll, at a
con;entration‘cf 2.23 x 1073 ug g m~l at 20°C. Solic circles
are the body burdens of inorganic mercury in Daphniz in com;
open'squares are the mean net rates of mercury'uptake Between
sampling times in ug Eg Daphnia™* hr'l; and triangles are the
mercury content in the exposure medium in ug Hg m1=1. Each point

+ -
represents the mean - S.E. of four zrouns.

Q
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Fié; 6. Whole body clearance of inorganic mercury*from Daphnia
magna after exposures of varying duration to 2cB!’-Ig-labe:!.lmI HgCl2
in water at 20°C. The specific activity of the 2OBI-Ig-l_abelled

mercury was 3.5 x 10}'l cpm ug Hg™L.

O Duration of exposure was 2 hours

Y(t) = 21;693'1'3llt + 83eellt | 3)ge—-OLTE | 366-.0051;

A Duration of exposure was L hours

Y(t) = 2925e~2-2TY L p79e=elRt | 5gge=-OUSt | g9o-.00Lt f

O Duration of exposure was § hours

T(t) = L3666 227 4 910039 . 3876~ BTt | g)1e--00t
¢ ‘ |

W Duration of exp&sure was 12 hours

Y(t) = 7199e~Leb0t | g12e=-l3t | 799-+053t | 1g5.=+005t

The curves represent tht; "est fitting" exponential curves defined

by the above equations where Y(t) is the mercury body burden of

. Daphnia (in cpm per Daphnia) retained by Daphnia and t is the

clearance time in hours. I:Jach point is the mean I S.E. of four.

groups of animals.
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The scatter in the results with inorganic mercury will make -inter-

sretation of this curve difficult. However, these data have been

subjected to detailed compartmental analysis as showm in Tagle S.
ihen Daphnia were transferred to clean water, mercury

\
loss was initially very rasid hut feclined with time, as

.t

+ith
methylmercury. These clearance cdata were analysed using the curve-
ZLitting orocecure described'previously for methylmercury. “hen
curves were fitied to data for each subgroud it was found that the .
est-fitting" curves were defined by the sum of Tour exsonentials,
‘ thouzh gata for some groups were fitted adeguately by sums of
three exponentials. This sugzests. that loss of inorganic mercury
from Daphnia involves at least four compartments. A simple four
compartrent model is illustrated in Ffig. 7. Failure to resolve the
fourth exvonential term in some caces\ was probably due to the
inaccuracies associated with the mere: ¥ body burden measurerents
in the initial, rapidly changing segment of the clearance curve.
Trem the results of work with metlfyXrercury in %he;present study,
. L

the accumulation of methylmercury involved‘two non-interconnecting
compartments with mercury ustzke into each compartment at a con-
stant rate'and clearance of rercury from each coﬁpartment at a rate
proporticnal to the amount of Hg present in the compartment. n

o determine if the same held true ‘or the accwmnilation of

ot

order

inorganic mercury, the curve-f tting procedure was repeated with

curves being fitted simultanecusly to data of all four subgroups of
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?ach éroup. In'thls analysis, however, the numﬁer}of compartments
was fixeé at-four end all'Subgroups were to have common exponents
for each compartment although the values of the exponents were: not
specifled If the mercury uptake rate of each compartment was
constant and clearance wes first order, the change in the net
uptake rate of each cqmpartment shcule be consistent with the
observed clearance rate from each comoartment i.e., if the value
oi‘ the fractional clearance rate of a compartment suggested that
the compartment should be. gpproaching steady state with respect to
mercury'acgumulation by the.second Eour of exposure, then the
change in the mercury ccetent should be consistent with this fact.
For. the sake of simplicity, the results‘of.only one ‘group are

presented (Table 9). ' a

The'coefficient_of compartment D, the compartment with
the slowest fracfional clearance rate, appears to increase at a
constant rate over the full 13 hours of exposure (Table 9). This
indicates that this- mathematlcal compartment may reflect a real
compartment in which the net uptake rate is constant over the ?irst
13 hours of exposure. Tle is consigtent with the estimated
fractional clearance rate of mercury from this compartment of
~00L9 hr-l. Havin, fractional clearance rate thie small, the
amount of Hg lost durlng the exposure period would de negligzibly

small and net uptake rate would appear to be constant. .

Cn the other hand, the mercury content of compartment A



o

e, 7. Schematic representation of the four-compartment model

used to fit data on accumulation of inorganic mercury from water

by Daphnia magna. A(t), 3(t), C(t), and D(t) are the mercury
content of ea;.ch compartment at any time t; K&, K.B, K, and Kg
are up.téke-'ra-te consténts for the respective'compa.rtments'in
. ml Daphnia~l hr-l; k&), K8, kS, and X9, are fractional clearahce
rates for the respective éompa.r'ment.s 3 and, Pw is the concentration
of mercury in water.

. : : |
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exposure even though the value of the exponent for this compart-

ment, 1:58 hr'l, suggested that mercury clearance was very rapid

—
.

and should have approached steady state within three hours of

e fom

e:é?osure‘. Phe lack of internal consigténcy of the results of
applying this accwnule;tion model suggests that a four car;rpart,ment
mode in-volving: non-interconnecting compartments is inadequate to-
describe the, accwmlation of inorganic mercury from water. No
at-.tgmpt&was made to fit to the data other multi-compartmental

models with interconnecting compartments, as such®xercises are

*very difficult and do not yield unique parameter values. Such

models would be of little use in predicting the accumulation of
inorganic mercury no matter how well thes;'-fit these experimental
results .‘ Further experimental work will be necessary to elucidate

the details of the processing of inorganic mercury accurulation by

t . -
Daphnia. A T .
'4 C

The mercury uptake rate during the first 15 minutes of ¥

exposure can be corrected for the amount of Hg lost during that

.inj:,erval to yield.'an estimate of- t.he-_rate of uptake of inorganic
mercury by Daphnia. Even over this‘ short interval, some mercury
¥as ﬁndoubtedly ;l.qst by Daphnia due to the very large fractional
c—leara.nc'e rate of mercury from compartment A, .‘ Assuriing that all Hg
taken up during that. pericd was taken up into compartment A, an
.é.‘.ssen"f.ially\.valid assumption, the uptake rate, U, could be

) -
calculated using the following expression
- i ‘

. o i . ’ ' o
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By swbstituting for k., the value of the fractional clearance rate

of compartment A in Tab;é<9 and allowing Y(t) to equal the body

~ burden after 15 minutes of exposure; the corrected value for

inorganic mercury uptake was 2 x 10~ -3 uw Hg D ‘ aphnia for a transfer
coefficient value of 8500 hr l. This value is very similar to the
value of the transfer coefficient for uptake of methylmercury

estimated above. &

Effect of Body Size on Uptake and Clearance of Methylmercury.

The effect of body size on the uptake and clearance of
methylmercury was determined by exposing Daphnia of different si;es
to wateé containing 203Hg-1abelled methylmercury at a concentratig:
of .8 x 167 ug Hg m™L for eight hours and then removing them,
determining the amount 6f mercury they had taken up, and trans—
ferring them to clean water to determine mercury clearance.

Daphn ia used in the study were from the size ranges 1 - 1.3,
1.9 - 2.3, and 3 - 3.3 mm;;which included Daphnia from the second
instar to thg largest and oldest animals commonly occurring in the
cultures. l - .

A -

The results in Table 10 show that the larger animals took
up- methylmercury more gquickly than did the smaller ones. chever;
on a ner unlt weight basis smaller animals took up methylmercury
faster than theslarger ones as indicated by th:rim'erse

2 - . ‘. ‘f
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]

relationship between body weight and transfer coei‘fié:ient in Table
10. Over the range of body weights studied the smallest Daphnia
s'tpdied contained concentrations of methylmercury in their tissues

about twice as great as in adults.

-

The results in Fig. 8 show that when th;ese animals were
transferred to clea_n water, mercury clearance was biphasic in
anigals of q_all sizes. Body size had a significant effect on
clearance from the fastlciearing comp.a.trt.ment, where biologic;al
half-lives for the smallest animals were longer, L4 - 7 hours, than
those for the largest animals, 2 - 3 hours. The biological half-
1ife for mercury clearance from the slow compartment ranged from

87 - 99 hours and the biological half-life was indepenceng ®f body _

¥,
~

S_ize . — -

, - 'The transfer coefficient for methylmercury uptake into
the slow compartment de”pli;:ed significantly with increasing body
w:ight (Fig. 9). Since the loss of mercury from the slm- compaft-
ment was negligible dyring the eigh =hour ,uptake period, it is safe
to conclude that the observed relat onship between body weight and
the tré.nsfer coefficient reflects, gquantitatively, the effect c.>f
body size on methylmercury uptake from water. These data were

Nowr

fitted well by the power function *

L.

™, - 18037

where TCS is '.t.he transfer coefficient for the slow compartment and

W 1s the dry weight of Dagg’ iia in grams. These results suggest

—
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- Fig. 8. Whole body clearance of metﬁylmrcury by Daphnia magna of -

Sﬁthree body ;aeight ranges. Mercury body burden was accurmilated
during eight hours of exposure to 203Hg-labelled CH3kgCl in water
at a concentration of .8 x 107 ug‘Hg ml"llat 20°C. The initial
mercury content is the body burden at one minute postexposure. The
data are preéented as radioactivity in cpm and specific activity

was 1.6 x 10"‘ cpm ug Hg'l.

® Initial body length was 3.3 - 3.5 mm

Y(t) = 9he-.2?t . ne-.OOBt

B TInitial body length was 1.9 = 2,3 mm
Y(t) - 288_.20t ‘+ 3%-.008t

"W Initial body lerigth was 1.0 - 1.3 m SN
CT(t) = 8.2e™ Mt 4 10,69700TF

The curves re?resent the "best fitting™ exponential curves defined,
by these equations where (t) is. the body burden (cpm per Daphnia) ,

retained by Daphnia and t is the clearance time in hours. .Each
point is the mean 2 S.E, of five groups. J
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Fig. 9. Relationships between body size _ana‘whole body u_.pt.e-lke and
uptake into the slow compartment as transfer coefficients for

methylmercury. Determindtions were made at 20°C.

-

Whole body transfer co¢§nc/ient is the sum of slow
compartment transfer coefficient and fast compartment

transfer coefficient corrected for clearance.

D TC' - 33m-ol9
w

~f Slow compartment transfer coefficient
O 1 - 18w=37

where TC_"r and TCS are whole body and slow compartment transfer
coefficients and W'is the .dr'y weight in grams. Best fitting

curves were determined by the least-squares method. Each point

L

'4s the mean % S,E, of five groups.
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that small, young Daphnia take up methylmercury from water into the
slow-clearing ;oﬁpartment almost three times ‘as quickly as adults

., on a per unit weight basis,

When the net uptake rate for methylmercury uptake into
thq fast-cleariﬁg éoﬁpartﬁént'was_éorrecteﬂ_fér_cl?a:ange as above -
(page hi), this value fbr ;he uptake rate can be used to estimate
the true value of the fast compartment transfer coefficient using
the expression

™! =« U
C,w ‘W

where TC' is the iraﬁsfer cqefficiént corrected.for mercury loss,
G_“r is the meréury concentration in water, and W is the dry welght
of Daphnia in grams; lWhen the traﬁsfer coefficient for the s
compartment and the corrected transfer coefficient for the fast
compartment a?e surmed they yleld an estimate of the transfer
coefficient for the whole body uptake of methylmercury from the
water. The relationship between body weight and the transfer
coefTicient for whole body uptake rate can be defingd as v

’ -

R C), = 33007+

where TC; is the whole body transfer coefficient.

The whéae 5ody-uptake rate of methylmercury from water is
therefore only about 1.5 times greater in a very yuﬁng animal on-a
ver unit basis than in an adult. Therefore, when Q;rcuryafree
Daphnia are exposed to methylmercury in water-the initial net

‘uptake rate is about 1.5 times faster in small animals than in
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layge a.ni.mals » but as the®fast compartment annreaches -steady state

the net uptake rate will become ;ore steenly related to body size : | ﬁ
as the uptake rate into the slow compartment makes up an ever-

increasing proportion of the whole body net uptake rate. !

-

Effect of Temperature on Uptake and Clearance of Methylmercury.

- | To determine wﬁethef temperature had an influence on the "“_
accumlation of methyl mercury from water, the uptake of methyl- .‘
mercury by Dagﬁnia was detemined at 5.5, 10.5, 15 and 20°C. ‘ 1
Daphnla were exposed for eight hours to 203Hg-labelled methyl-
mercury in water at a concentration of 2 x 103 ug Hg ml'l. The
clearance of mercury. accurmilated at these temperatures was then
determined at these-same temperatures in the usual way. The. ..
animal\s used in tests at 10.5, 15, and 20°C were oroduced'af those
temneratures by \"emales that had been reared at those temneratures. -

Animals tested at 5.5°C had been produced at 10.5°C and had been

‘held at 5. 5 c for‘t least four weeks. . ' :

-
'The results in Table 12 show that ambient temperature had
a ‘pronounced. effe'ct 0;1 n:rcm-y accurulation. The amount of mercury
taken up was leest at S..SOC and” increased three fold to a peak
value at 15°C before declining slightly with a furthér increase in

temperature to 20°C. - '- .
] ‘ L3

Mercury clearance was biphasic-at all temperatures

(Fig. 10). Fractional clea}gnce rates for both fast- and

N
@ ’ ~
. .
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- : Fig. 10. Whole body clearance of methylmercury from Daphnia magna -

- at various temperatures f ollowing uptake from water during eight
hours of exposure at a concentration’ of 2.0 x 10"3 ug Hg ml 1 'I'he ;
data are presented as radicactivity in cpm and SpeCh ic actlvity of

the Hg-labelled mercury was 36 x 10h cpm ug Hg '1'._

O Water temperaituré was 20°C /

T(t) = 12.8e~°2t 4 33,4000t \\\“‘*\_, -

@ Water temperature was 15°%C

Y(t) = 18.7e'??ht + 39.09-'009t

0O Water temperature was 10.5°C _‘ .

T(t) = 27.2e=2%t 4 17 e~ *C1Ct

B Water temperature was 5.5°C

T(t) = 5.6e™ 6% 4 12 1yem+ 010t

Best-fitting curves were determined by lea:st—squares method. ' Y(t)

is the mercury bo'dy burden in cpm after t hours of clearance.

. . + "
Points marked with vertical bars represen% means = S.J

¥
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" ment were in the range of 3 - L hours and bioclogical half-lives

71
L . o

slow-clearing compartments were independent of temperature.

Biolqgical half-lives for mercury clearance from the fast tompart-

for mercury clearance from the slow compartment were in the range

of 67 - 77 hours.

Temperature appears to have had-a significant effect on
the relative ;izes of the fast aﬁd slow compartments. .The slow
compartment made up 65 to 75% of the initial body burden at
5.5, 15, and 20°C,,but at 10.5%C the slow compartment made up only
about LOT (Tablé 13). This sug§§sts +hat temperature influenced
accﬁﬁulaticn into fast and slow compartments in different ways.
Since mercury clearance from ﬁeither compartment was influenced by

temperature, the effect of temperature on the acaquired body burden
. . A '

of mercury must be mediated through an effect on mercury uptake.

Termerature had a less pronounced effect on the uptake
rate of methylmercury into the slow compartment (Fiz. 11). The
uptake rate into the slow compartment increased steadily from a
minirum value of 150 g g'l nr-l at 5.5°C to a peak value of

L0 ¢ g'l hre=l at 15°C. A further increase in temperature to 20°¢C

_resulted'in a slight decline in uptake to LOO g g'l net,

The effect of temperature on the whole body transfer rate
for methylmercury uptake from water was determined by surming the

uptake rate of mercury into the slow compartment and the
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Fig. 11, Relationships between temperature and transfer
coefficients for whole body uptake (() ) and slow compartment
uptake ([1) of methylmercury from water. Transfer coefficient
values for methylmercury uptake into the whole body are the sum
of slow compartment uptake and fast compartment uptake rates

corrected for clearance. Each point represents the mean I 3.E,



File

Hg UPTAKE FROM WATER,

TRANSFER COEFFICIENT, g g ! hrl

1000

500

O scow compartment
O WHOLE BODY

/‘O

D\Q

O
o

1 1 i 1

3 10 15 20

TEMPERATURE, C



-

\. . H . Them

clearance-~corrected uptake rate into the fast compartment for

r

animals tested at each temperature; These  results, shown in ?ig.

' 11, demonstrate that the whole body transfer coefficient was least,

1 -1

330 g g'l hr™, at 5.5%C and increased sharply to 920 g g hr'1

at 10.5°C. There was little difference between transfer

coefficients at 10.5°C and 15°C but between 15°C and 20°C the

-1

transfer coefficient declined slightly to 730 g g hrl.
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Uptake and Clearance of Methylmercury with Uptake via the'Food

-~

Vector,

To determine the efficiency with which Daphnia assimi-
late methylmercury from _the diet, Daphniz were fed on methyl-
mercury-contaminated food by exposinzg them for 25 minutes to a
suspension of 203Hg-contaminated yeast with a cell density of
1l X 10t,5 cells ml"l. Daphnia wefe then transferred to a suspension
of uncontaminated yeast cells. Daphnia were maintained in the
uncontaminated medium for six days, and the clearance of the
ingested mercury was determined from measurements of the
radioactivity retained, The amount of mercury that was assimi-
lalxted by Daphniaz was de;‘.termined from the mercury retained by
Daphnia after the unassimilated Hg had been lost from the gut.

8

When Daphnia were exposed for 25 minutes to a suspension
of 203I-Ig-laxc‘.en yeast cells containing 2 x 1073 ug Hg per million
yeast cells, Daphnia accumilated 143 x 107 ug Hg Daghnia'l. If
the Hg content of Daphnia was due solely to the Hg content of
ingested yea.lst cells, the feeding rate of Daphnia was

1 hr"l. This is consistent with the wvalues

16 x 106 cells Daphnia”
reported by McMahon (1965) for Daphnia feeding on yeast cells under
" similar conditions. The presence of mercury in the yeast sus-

pension, therefore, did not adversely influence the feeding

behaviour of Daphnia.
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The results in Fig. 12 show that when Daphnia were
transferred to an uncontaminated yeast suspension, the loss of Hg
from Daphnia. occurred in two phases. The fast-clearing phase,
which amounted to approximately 200 cpm DaEhnia‘l, or about L40% of
the ingested Hg, was lost with a biological half-life of one hour
a@and appears to have been lost compietely by the eighth hour of
clearance. The remaining 300 cpm Danhnia'l, or 60% of the
ingested dose, was cleared much more slowly with a biclogieal
half-life of 1LO hours. Clearance from the latter compartment was
monitored for almost two biological half-lives and no evidence of

additional compartments was observed.

The fast-clearing phase undoubtedly represents the loss
of ingested mercury which was not assimilated by Daphnia and which
was lost as the gut contents were voided. The slow-clearing phase
appears to represent the‘mercury which was assimilaped ihto the

tissues of Daphnia.

" The amount of mercury that was assimilated into the slow
compartiment was estimated bj_extrapolating to zero time the curve
that best fit the slcw-clea?ance phase of the clearance curve, The
ratio of the amount of mercury assimilated and the amount of
‘mercury Ingested is an estimate of the efficiency with which Danhnia
assimilated ingested Hg. The size of the slow-clearing phase, in

the present case, was €stimated to be 31L cpm and the total amount
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Fig. 12, Clearance of ingested methylmercury by Daphnia magna.

The.experiment was conducted at 20°C in yeast cell suspensions
containing 0.1 x 105 cells ml-l. Mercury loss from the slow

compartment could be described by the expression

Ytr‘Blhe"OOSZt
where Tt is mercury content of the slow-clearing compartment
and t ig clearance time in hours. Points represent the
mean = S.E. estimates for Hg body burden of Daphnia in counts °
per minute per Daphnia. The specific activity of

203gg_1avelled CH,HgCl was 35.7 x 10% cpm ug Hg~L.
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of Hg inge;;éa was S15--cpm, making the assimilation efficiency for

gethyimércury approximately 61%.

It is Important, at this point, to consider two
potentially important sources of error in this technique. First,
it is important to demonstrate that the estimate of "ingested
mércury" includes only Hg ingested with the diet and includes no
203Hg that had been lost from the yeast to the water and was in
turn taken up from the water by Daghnia. Second, it must be
demonstrated that the duration of the exposure period was less than
the voidance time of ingested food. If the estimate of "ingested
mercury® ineludes some mercury taken up from the water, the

"ingested mercury’ would béjoverestimated and the assimilation

‘efficiency might be underestimated. On the other hand, if some of

the ingested mercury had passed completely through the gut prior to
measurement of initial body burden (= amount of ingested 203Hg),

then the assimilation efficiency would be overestimated.

To determine if Daphnia might be taking up 203Hg from the
water during exposure to the 203Hg-contaminated food, 10 Daphnia
were exposed for 30 minutes to the filtrate (Whatman GF/C) of a
203Hg-contaminated feeding suspension in which a group of 10
Daphnia had already grazed for 30 minutes. The results in Table
1l show that more than 98% of the radiocactivity was removed from

the feeding suspension by filtration, indicating that 98% of the
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2%34g in the suspension was associated with the cells and only
2% may have been in the aquéous-phase. Daphnia exposed for 30
minutes to the filtrate accumlated only aboul

.02 x 1073 uZ Heg DaEhnia-l, or only about 2% as much mercury as
wasg taLen ud by animals exposed to the yeast suspension prior to
filtraticn. Using the estimates of transfer coeffNcients for
uptake of methylmercury from water to Daphnii made above,
Daphnia could be expected to take up only .605 to

.02 x 10™3 ug Hg Daphnia~l from the agueous phase if all Eg in
the GF/C filtrate was bioavailable. This source of error was so
small that no attempt was made to correct the values for

ingested mercury for it. | -

To determine whether Daphnia lost any mercury during
the exposure period either due to egestion of unassimil&ted
mercury or the excretioﬁ of assimilated Hg, Daphnia were exposed to
a 203Hg—contaminated feeding suspension for varying periods from 10
to L0 minﬁtes and mercury clearance in uncontaminated yeast sus-
pensicn was followed for 48 hours. If a significant fraction of
the ipgested mercury was lost during the dosing period, the rate of
fg accumulation would be expected to decline with increasing
exposure time and the estimated assimilation efficiency would
increase. The results in Fig. 13 show that the uptake of Hg
ﬁncreased linearly with the duration of exposure over a forty-
minute period. This sugeests that Daphnia fed at a constant rate

and that none of the ingested mexcury was lost within the

S

N
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. Fig. 13. Uptake of methylmercury by Daphnia during exposures
varying in dwration from 10 to LO minutes to a-yeast suspeﬁsion of

.1 x 10%

cells m ™+ containing 1.4 mg Hg g-l dry wei;ht of yeast.
The least squarés regression line was

Tt = L0b2 x 107t .
where Yt is the mercury body burden in ug Hg Daohnia7; and t is
the exposure time in mimites. Each point is a group of five

Daphnia.
—_————

-



Fie 13

/'lg pAPHNIA™!

2x1073

l

1x10°3

Hg CONTENT OF DAP%WM, vg
—

{ 4 1

1

10 . 20 .30

* DURATION OF EXPOSURE
(MINUT ES )

40

50



=82

forty-minute dosing ;eriod. The results of the clearance phase of
this experiment, given in Table 15, showed that the net amount of
mercury that was assimilated also increased with the duration of
exposure. The ratio of assimilated mercury to'ingested mercury
showed some slisht variation but overall remained constant at

" between 79 and 86% efficiency. The net assimilation efficiency was
’ thefefore indepen§e?t of dose duration for dosing periods of up to

LO minutes.

It is possible to calculate a transfer coefficient for
mercury uptake from food tha§ is analogous to the transfer
coefficient for mercury uptake from water. Tﬂis unit is useful,
since it no}malizes uptake rates fbr_effects of mercury concentra-
tion in the diet and body size, thereby fac111tat1ng comgarlson
between experiments. Tn additior, the dose rate can be calculated
using the transfer coefficient, requiring only an estimate of the
concentration of mercury in the diet. The transfer co;fficient for
;asjuntake of mercury into the slow comnartment from the di et,

TC?, which represents the rate of uptake into body tissues, can be

expressed as follows:
»

where Y(t) is the estimated mercury content of the slow compartment
at time zerc of clearance in ug Hg Daphnia-l, P is the mercury
concentration in the diet in ug Hg g veast cells, W is the dry

weight of Daphnia in grams, and t is the durﬁfion of exposure to

<
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- the contaminated yeast suspension in hours. ' The meaning of the
term is probably more easily grésped by considering a more general
form of the ecuation

TCS - 1.eD

where i is the ingestion rate in terms of grams of food ingested
per gram of Daghnia per hour and eD'is the efficiency of
assimilation of mercury from the diet. Tn the oresent study
Daphnia ingested yeast cells at a rate of .06 grams (dry weight)
of yeast per gram (dry weight) of Daphnia per hour and assimilated
60% of the methylmercury that the food contained. The value of

the transfer coefficient was therefore .Oll hr™Y, that is, ome gram
of Daphnia will take up into its tissues the equivalent of the
mercury content ofr.OII grams of food each hour. Hence if the diet
contained 1 ug Hg g'l, Daphnia feeding on that material would be
takinzg up methylrmercury at a rate of .011 ug Hg g-l of

NDaphnia nrl,
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Effect of. Ambient Food Density on Feeding Rate and Assimilation

Efficiency of Ingested Méthyimercury.

To determine the effect of ambient food density on the.
uptake rate of methylmercury, Davhnia were fed on radicactive yeast
‘suspensions of di??erent cell densities: .01 x 106; 0.1 x 106; and
0.5 x 10° cells m~. 11 Dashnia were fed for 30 minutes. The
veast cells of all suspensions contained the same concentration of
methylmercury, 1.1 meg Hs g'l dry weight of food. At the end of the
feeding period Daphnia were transferred to non-radiocactive yeast
suspensions with the same cellldensities a; the radiocactive
suspensions, for 2L hours to allow complete voidance of
unassimilated 203Hg from the gut. Whole body clearance of
assimilatecd Hg was determined from radiocactivity determination over

the postexposure period.

The results in Fiz. 1i4 show that the.amount of Hg
ingested by Daphnia increased with increasing arbient cell concen-
tration but that the increase was not linear. This reflected the
effect of ambient food concentration on ingestion rate by Davhnia.
Rigler (1961) demcnsirated that when a filter-feeding crustacean
encounters low concentration of food, feeding rate is limited by
the animal's avility to filter water and feeding rate is therefore
oroportional tc the concentration of food. Above a eritical
conceniration of food feeding rate is constant and limited by the

ability of the animal to ingest the food cells. The critical food



o

Fig. lL. Amounts of methylmercury ingested (O ) and

assimilated ( O )} by Daphnia feeding in yeast suspensions of
various. cell densities. Animals were exposed for 30 minutes to
suspensions of .03 x 105, .1 x 10°, and .5 x 16® cells m~ each
of which contained 203Hg-labelled methylmercury at a concentration
of 1.1 mg~g gt dry weight. Each point represents the

* e o : ; )
mean - S.E. of three determinations. Curves were drawn by eye.
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density can be_called the "incipient in food density'. TCrom

8
the resulis of the present siudy, "incip' nt 1 1t1ng food density”
. : 10 - 6 1 .
lies between .1 x 10° and .3 x 10~ cells ml™~, which was con istent

with the findings of Rigler (1951). :

It is important to note that the maximum feeding rate of
Dashnia observed in this study, when expressed in terms of volume

of food consumed per Daphnia-per hour, .OC7 w3 Daphnia hr"l,1 was
similar +o that observed by IcMahon and Rigler (1865} when the
values were corrected for body size differences, This lurtrer
supporiad the contenticn that neither the rmercury content ¢f the

food nor any changes in the food caused by mercury conta minaticen

nad any effect on the feeding behaviour of Daphnia.

The results in Table 15 show that the assimilatiog .
efficiency of methylmercury Ironm the diet declined from 957 at a
reeding rate of .03 x 105 celle Daphnia™ nel to 757 2t a feedin

o AP 7 & - s R
rate of .11 x 13- cells Taphnia — hr ~. However the plot of
Tig, 1L shows that, despite the recduction in assimila-
=ion efficiency of rethylmercury with increasing arbient food

density, the raie of uptake of methylmercury into the tissues

(= tne rate of methylmercury assi milation} increases alrost as

>

1 .
“335ed on an asswmes cell volume of 65 w {l'elahen and Rigler,

1963).
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dramatically with ingreasing ambient food density as does the
ingestion rate. Ambient food density has a pronounced effect on
the rate of uptake of ﬁethylmercury ;nto Daphnia tissues. This
effect is primarily due to an effect on the ingestion rate with a

lesser effect on asszimilation efficiency.

Effect of Body Size on Assimilation and Blearance of Ingested

Methylmercury.

To determnine the effect of body size on uptake of methyl-
mercury from food and its subseaquent clearance, Daphnia of sizes
1 -1,3, 1.7 - 2.3, and 3.0 - 3.7 mm body length were fed on yeast

containing 203

Hg-labelled methvlmercury and then were transferred
to non-radioaciive yeast suspensions for determination of methyl-
mercury assimilation efficiencies and clearance rates. Feeding

5 cells mt, Daphnia ingested

suspensions contained .1 x 10
293Hg-labelled methylmercury during 25 minutes of exposure to yeast

containing l.h me Hg g~t dry weight.

VMercury ingestion increased with increasing body size
(Table 17), reflecting the influence of body size on feeding rate
“that has been reported previously by several authors (Surns, 1969;
McMahon, 1965). Sushchenya (1970) reported that the relationship
between feedinz rates and body sizes of various crustaceans-was of
the form

I?,- a wb
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where IF was the rate of ingestion in grams of food oer'animal per
hour, W was the body weight, a was the coefficient defining the

~ level of food consumption per unit time when W = 1 and b defined
the rate of change of food consumption with body weight.. This
model yilelded a good fit to tﬁe data giving the following relation=-
ship between ingestion and‘$ody size:

. I“ - h.lh ‘,!.81

g

where I, was the ingestion rate of mercury in ug Hz Dashnia™t o
Hg : —_—

and W was the dry weight of Daphnia in grams (Fig. 15) The wvalue

of the coefficient, in this case L.lh ug Kg Daphnia ™~ hr L, will

vary with the ambient food concentration and witﬁhlhe concentration
of mercury in the diet. The value of the body weizht exponent in
this study, .81, agrees well with values reported by Sushchenya
{1970) for the body weight exponent for ingestiéﬁ rate by D. magna

and D. pulex of 81 fo .58.

The results in Table 17 showed that both the amount of
methylmercury assimilated and the assimilation efficiency increase
with body size. The effect of body size on assimilation efficiency
was, however, very slight. Hence, the relaﬁionship Yetween body
size on methylmercury assimilation rate is Qery similar to that of
body size and ingestion rate, demonstrating clearly that the effect
oP body size on ingestion rate was far more important in deter-

mining the rate of assimilation of methylmercury than was the

effect of body size on assimilation efficiency (Fig. 15).
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Fig. 15. Relationship of ingestion andé assimilation of

methylmercury to body size of Daphnia when Daphnia were exposed to
L

a yeast suspension of .1 x 103 cells m L containing

1

1.l mg Hg g~ dry weight of yeast.

O Rate of mercury ingestion

lqg = h.lhwoe%

@® Rate of mercury assimilation

AL e 2.8z

Hg

A"

where IH was the rate of ingestion ofvmercury in

ug Heg Dashnia™t hr"l; AHg was the rate of mercury assimilation in
ug Hg Daphnia l?r'l; and W was the dry weight of Daphnia in grams.
The "best-fitting" regression lines were determined by method of

least squares. Each point represents one group of S5 - 20 Daphnia.
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The results in Fig. 16 show that the fractional clearance

rate of assimilated mercury declined slightly with increasing body

size. The biological half-time for the group containing the

smallest animals was 110 hours and this increased with increasing

body size to 133 hours acording to the relationship
) | 87, = 223 w0
where ?T; was the biologicalihalf-time in hours. This effect is'so .
small that the change in fractional clearance rate with increasing
body size over the life history of the animal would not have an

appreciable influence on methylmercury’accumilation.

Effect of Temperature on Uptake and Clearance of Ingested 3

Methylmercury.

To détéfmine fhe effect of temperature'dn uptake rate
and clearance of methylmergury taken up via the food vector, ratess
of ingestion, assimilatiop, and clearance of methylpercury were s
éetermined at temperatures oé 10, 20, and 28°C. Daphnia were

given an ingested dose of 2OBHg-labelled methylmercury by allowing

them to graze for 3C minutes in a yeast suspension of

) 6 el - ‘
0.1 x 10 cells ml  containing 1.7 mg Hg g 1 of yeast. Daphnia

were then transferred to a suspension of uncontaminated yeast cells

L]
where they cleared their guts of unassimilated mercury. The amount

-

of Hg a$similated was determined in the usual way from the Hg

n

content of Daphnia following egestion of unassimilated mercury.
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¥ig. 16. Clearance of an ingested dose of methylmercury by Davhnia
magna of three body size ranges. EIxperiment was conducted at 20°C.

Curves fitted to slow com‘ﬁ:artment data only.

@ Initial weight. of Daphnia approximately .16 x 1073 g dry weight
Tt = 31Le™-0052t

a

D Initial weight of Daphnia approximately ,OLS x 1073 g dry weight
¥t = 116e7-0055%

-

O Initial weight of Daphnia asproximately .0075 x 1073 g dry weight
3 Yt = 26e-oo%2t .

The curves represent "best £it" exponential curves defined by
equations, where Yt = Hg body content retained by Davhnia and
i = clearance time in hours. Points represent mean I S.Z. estimates

for Hg bocy burden of Daphnia in counts per minute per Daphnia.
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The rate of methyimercury'clearance at each temperature was deter-
mined in the usual way from daily measurements of the amount of
Tercury retained by Daphnia taken over the first fouf days. .fL.'!.l\L
animals used in these tests were offspring of females that had
beén r;ared at ‘experimental temperatures;and hence were thoroughly

_acclimated to experimental conditions.

Because of limitations of space and equipmént only two.
groups of animals could be tested sirmltaneously at each =
temperature, instead of thfee or more groups per test condition
as were used in other étudies. Aithough‘the vaéiation between

groups was occasionally large, the trends in the data were

repeatable,

Temperature had little effect on ingesti;n rate. The
results in Table 18 show that there was no difference between the
ingestion rates observed at 10° and 20°C, and that the ingestion
rate at 28°C was only about 25% lower than it was at 20°C.
Termerature did, however, have a oronounced influence on
assimilation efficiency. Assimilation efficienéy was lowest,
about 403, at 10°C and increased to a maximum, 7h%, at 20°C. At
28°C assimilation efficiency was lower, 603, than it had been at
20°C. Due to the combined effects of temperature on ingeétion
rate and assimilation efficiency, the rate of methylmercury

assimilation (i.e., the rate of uptake of methylmercury into the
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tissues) is almost twice as great at 20°C as at either 10 or 28°C.

.

The fractional clearance rates of methylmercury that had
- been assimilated from the diet were fhe same at all temperatures
as had earlier been observed when uptake was via the water vector.
Biological half-times of methylmercury loss were in the range of
135 - 150 hours (Fig. 17).
Assimilation éfficiency and Clearanee of Ingested Inorganic

Mercury.

To determine the assimilation efficiencyr of inorganic
mercury from the diet and its subsequent clearance, Daphnia ranging
in size from 2.3 - 2.7 mm body length were exposed to a yeast

6

suspension of .1 x 10” cells m L containing 203Hg-labelled H;;CI2
at a concentration of 1.6 ug Hg g'l dry weight of yeast. Following
exposure Fo the 203Hg contaminated food Daphnia were transferred to
non-radicactive medium, where Hg loss was monitdréd in the usual

way for 52 hours to determine the amounts of mercury ingested and

assimilated and the rate at which the assimilated mércury was lost.

~
The results in Table 19 show that Daphnia took up

.81 x 1073 ug Hg Déphnia"l during 30 minutes of exposure to the
contaminated yeast suspension. The estimate of ingestion rate
.059 x 106 cells Daghnia'l hr'l, based on the observed Hg uptake,

was slizhtly lower than estimates of ingestion rate of food made

-

s
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Fig. 17. Clearance of an ingested dose of methylmercury at three

temperatures. The experiment was conducted at yeast cell density
6 —1 > 3 - . . —~

of .1 x 107 cells ml™" using Daphnia of 2,5 - 3.0 rm bocy length.

Curves were fitted to slow-clearing compartment dats only.

® 10%, ¥(z) = uoe™"CO50t
W 20°%, v(t) = 7he~-P0kLt

A 5%, v(t) - g0~ 00kt .

-

The curves represent the 'best fit" exponential curves defined by
the ecuations, where Y(t} = the per cent of the initial Hg content
remaining in the sleow-clearing compartment in Daphnia and

t = clearance time in hours. . Points represent mean estimates for

the per cent retained of the one minute postexposure body burden.
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in.methyi Hg uptake studies; even allowing for the smaller size

of the Daphnia used in ‘the ﬁreseét study. This suggested that the
yeast containing inorgani; Hg might have beén less palatable to
Daphnia than yeast contaminated with methylme;cury. If feeding
inhibition persistedluhen Daphnia were transferred to non-

radioactive focd, the effect would be to increase assimilation

efficiency by increasing residence tiime of food in the gut. In

order to ensure that the reduced egtimate of feeding rate was not

due to the loss of mercury frop/the yéast in the feeding suspensiocn
orior to iﬂéestion, aliﬁuots of the feeding suspension were I .
filtered using a GF/C filter. The filtrate contained only L.5% of
the total 203Hg in the feeding suspension, demonstrating that
little of the 2%Hg has been lost from the yeast prior to

ingestion.

Although the uptake of 203Hg-labelled inorganic Hg
by Daphnia from the filtrate was not determined directly, the
amount of inorganic Hg taken up directly from the water during the
exposure veriod can be calculated from uptake rate; for inorganic
mercury from water determined in water vector uptake studies
reported in the present work. Using a value of 1 ml of water
cleared of Hg per Daphnia per hour, Daphnia may have taken up
06 x 10'3 ug Hg Daphnia-l-from fhe exposure medium in 30 minutes
of exposure. This amounts to only about 72 of the total amount of

Ep taken up. Studies of clearance of inorganic mercury taken up

v
/

| | J



. -101- .

»

via the water vector suggest tﬁat this inorganic mércury taken up
fron water would be lost very quickly and hence might result in an-
overestimation of the amount of Hg ingested by 7% or less but would
not influence the estimate of the amountess—d=-xssimilated. This
source of error will result in a slizht underestimation of the
assimilation efficiency of inorganic Hg by this technigue.
T

The loss of 2OHg-lavelled inorganic mercury by Dadhnia,
when transferred to 2 non-radioactive feeding susoension, is shown
in Tig. 18 whgke clearan;e of ingesteé inorganic mercury is éon-
trasted fo the loss of a dose of 20335-1abelled methylmercury
administered under similar conditions. The resulis show that
clearance of ingested inorganic mercurv is biphasic, as had been
the case with methylmercury. About 95% of the ingested inorganic
mercury was lost in the fést-cleariﬁg dhase which appeared to he
totally cleared by about five hours postexposure. This phase
represented the egestion of unassimilated mercury. The slow-
clearing phase; which representeé¢ the assimilated mercury, made up
only about 5% of the ingesteé inerganic mercury, compared to
60 - 90% with methylmercury. The slow-clearing inorganic mercury
ohase was cleared with a biclogical half-time of 13 hours, which
wWas approxihately 10 times faster than the clearance of methyl-
mercury. The experimeni was terminated after only 52 hours, because
after that time the radioactivity~content of Daphnia was 100 small

to measure accurately.
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)

Fig. 18. Clearance of ingested inorganic mercury and methvlmercursy
& I g ¥ ar M hj

by Daphnia magna. Animzls ingested the 203Hg-labelled compounds
during a 25-minute exposure to contaminated yeast cells at a
concentration of C.1 x 106 cells ml-l. Mercury loss from the slow

compartments in each case could be described as follows:

QO rethyimercury, Y(t) = 62,0e=+C05%

1

O inorganic mercury, Y(t) = 5.Le=-052t

where ¥(t) = the per cent of the ingested dose remaining .in the
slow compartment after t hours of clearance. Points represent

+ o - :
the mean « S.E. between groups of Daphnia.
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To determine if the assimilation efficiency of inorganic
mercury wae-influenced by the concentration of inorganic mercury in

the ‘diet, Daohnia were ’ed on yeast suspensions containing three
-1

o

different concentrations of mercury: .5; 1l.9; and 5.9 mg Hg 4
dry weight of veast. Following exposure to the 203Hg contaminaced
food, Danhnia were transferred to non—nadioactive medium, where

20 3Hg loss was monitored in the usual way for 30 hours.

The results ‘in Table 20 show that Danhnia fed at a rate
of .53 x 106 cells Daphnia -1 hr-l on yeast containing the lowest
concentration of inorganic‘nercury This feeding rate was lower '
than that observed when jaohnia fed on yeast containing methyl-
mercury. ‘In addition, the feeding rate declined as the inorganic

mercuré\cpncentration of the yeast was increased.
v . ) -

—— " The results in Fig. 19 show that the size of the sicw
conpartment relative to the total amount of Hg ingested increased
with inereasing concentration of mercury in the yeast,, indicating
that assimilation efficiency of inorganic mercury';as incfeaeing
with inereasing inorganic mercury concentration in the wyeast. This
relationship between assimilation efficiency and the concentration
of mercury in the food was probably due to an .indirect effect
resulting from the effect of inorganic mercury on ingestion rate
since inééstion rate declined with increasinglinerganic mercury

= _ concentraticn in yeast. The reduced feeding rate appears to have
versisted long enough inte the postexposure peried to have caused

a significant difference in the residence times of the ingested

[re—

~

Pt

R



*eT100 UOTITI™ Jod 3
opJyoede ey Jo0J enfea ¥ BTN STIE0 JO KIOGNMU POINEBEd JO uoanna.u Jo A3Japqor0fped v EBOW U0 po

l/\

-

‘PRIVIWIEST LJTATIOROTPRI JO JUNOWN PRILWTIEe OY) NoIj vuam.n_“_u:u eEA POIETIUIOLR By Jo umouy,

*peyselug hi»ﬁnuoguu JO jumouwe ey} wodJ PoRINOTEd S¥A pejsedul 3y Jo u:vwzﬁ.._

*poyRedur A37AT30R0FPEL JO JUROWE @Yy} Uo vmnuco

 +dnoad ..on,u?ﬁ:x JOo slogumu x ednotd jJo n..minﬁ

0T X ST0° Jo quvak Jo jydpea Lip oyj J0J onles pmnsuv ue n:.w A En zao uc.n X fo°*t Jo “Lamodest Jo £yTApjoR
¥

qQ 87 LInddow Jo uofjedjueducd w:«

Jo _S«ae._&n:n.ond-h v

2000 $9000* Lez;9°12 £-01 * o sEne” =0T x gO*309°T . § ..vo.h X zoyee” §x¢ 6°5
) 20007 76000° R ETAFA €-0T X *shilo* (=0T * €G*365° LA 2o*y6t’ §x¢ 6°1
2000° §6000° L1356 ¢-0T X 500*5220° g=01 x 20°322* . 0T X m_o....mm. gxf 5°
- -y & {-STuudeq By 2n T-"PSE 2y #n = -¥7 i S Q Froudeg -8 By Bw
. u-o:o orjJeco fuogqeTywese 3y ‘o ‘peyvIwgece P {payweduy ofoyea Jo g oead ug
Jdejeuval Jo fouayopjie 3 jo M Jo co«anowcH Jequmy uoTjeljueduon 8y
194 junowy Junouy
. ‘302 ¥ Zromy vezenuﬂlmzn.um Jupuywquoo - T® SITe? o&_” x T
o

0} GenuTw Of 103 perodxo eden YjBueT Lpoq am Joz - n.w.uo eBuel syj Ul SlEwjuy *wudca wjuudeq

£q Lmpaem sTuwBiout Jo ASUSTOTJJe UOTYRTIWIES® Gy} UO PooJ @y} U Amodow ojuediouy Jo UCTRIIUEIUOD Gy} JO J08JJO eyl °*QZ @TqEl

LN

e



-

. : <105~ ' ~

doses in the cuts of Daphnia resulting in differences in

assimilation efficiencies. Since all animals in-the present study
of inSrganic mercury uptake from food apsear to have been feeding -
at lowér rates than were observed in methylmercury feeding studies,

assimilaticn efficiencies estimated in all of these studies may

overestinmate the true assimilaticn efficiency for inorgzanic
smercury. This point is elzhorated in +he discuseicn. It should

oe noted that fracticnal clearance ratec from the slow cormdartment

—

are indepehdont of the amount of inorganic mercury in the comdart-

ment over a range of concentraticns of ~ore than an order of

magnitude (Tiz, 193,



e
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106 .,

ig. 1%, Clearance of ingested inorganic mercury from Daphni

[

magna. animals inzesied the 2O3I{g-labell‘ed I-EgClz-contm:’::ated Tood
during a 25-minute exposure te -east susdensions containing
ifferent concenirations o inorganic mercur: in easzt. CTurves

were fitted to the slow compartment orily.

- -—l ¥ . -
O C.5 mg g g7 drr weight of veast cells
(e} = 106700t
- Lo ,,-1 3 .y - 2 e e o b
A 1.5 mg ¥ o éry weizht of east cells
o D o A (=1 o

T(£) = 13e7-0kut

ct

§]
=
[
0

-1 .
O 5.9 mz Eg g7 dry weizht of veast ¢

R —~-
© (e = 220t 033

where 7(t) = the per cent of +he ingested inorzanic mercury
remaining in the slow compariment afier ¢ hours of clearance,

e . +
Points” represent the mean . between Zroups.

a
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DISCUSS ION

This section is divided into four parts. In the first

nart, the Eioaccumula;ion mocels used in TMe work are briefly

outlined. Next, the relationshins of bicaccuwrmulation.kinetic

. L

processes to biological ceontrol processes are discussed. Data

from the present work are then used in the consideration of

interspecific variations in pollutant accurmulatiom FinalIy, a
mercury bioaccumulation model is presented in which the present

methylmercury accumulation information is coupled with published

&
»

-infermation on Daphnia energetics to estimate age-specific

-

exposure/dose relationships.
Mercury 3icaccwnulzation Models.

In radiotracer investizations suitable mocdels of tracer
ustake and elimination must be developed in order to use the
exoerimental data. . In this context, a "suitahle™ model mav he any
that fits the data, with no varticular regaré to bioclogical
rezlism or to experimental feasibilitr of subseguent model testing
and asplicztion to real world situwations. Alternatively, a model
may be develcped prior to data gathering, its form being baseé only
on its potential for resolving specific aspects of a problem withing
soecified limits of accuracy. The latter approach places the

oroblem in a highly simplified context from the outset and
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generally;results in information that has little generalfty. The

" —

approach taken in the oresent study incorporates elemen;s of these

.

two vositions, in that we construct mathematical models of mercury

dynamies in Daphnia without regard to biolozical realism; and then .-

identifr relationshins between the hehaviour of model parameters

3

and the known behaviour of dotential biological control Tactors.

Uptage of ﬁeééury via the food vector was conceptualized
as illustrated in Fiz. 20{. Dashnia werk.assumec to feed
constantly on mércury-contaminated food. ' The uptake rate of
mercury.into Daohnia‘was thefeﬁo;e détermined by the ingestion
rate cf food and the mercury concentration of food. Uptake of
mercury into Daohnia tissues was assumed to be deterﬁined by the
ingestioﬁ rate of ﬁercury a¢ modified by a coefficient of
assimilation efficiency. Mercury clearaﬁce from the tissues was
éssumed Lo be Tirst order. Clearance of unassimilated mercury from
the qut is ignored, since the mercury content of the sut is
external *+o the body and mav be uniﬁportant from the point 6f view

of biocaccwmlation.

The direct.uptake of methylmercury from water is
conceptualized as a itwo phase orocess (Fig. 208). =Each compartment
took up methylmercury directlv from the water at a rate that was
directly proportional to the methylmercury concentratiqn in the
water. Each compartment lost mercury directly to the water at a

rate proporticnal to the mercury content of the compartment.
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ig. 20. Schematic reoresentation of mbdels used to descr£be the .
accumilation of mercury from food and water. (AS Accumilation of
methylmercury ané inorganic mércury from food, where the mercury
content of the guf, C(tk, and the tissues, Y(t), are determired by

the inzestion rate of food, I, the mercury con;ent of food, Pr,
and the assimilatiorn efficiency of ingested-mercurf, e:g, and the
fractional clearance rates of gut, Ku, and tissue compartments,
Kar- (B) Accwmlation of methylmercury from water, where A(t).and
3(t) are the mercuryv content of each compartment, Kﬁ and K% are
uptake rate coﬁstants, Kgl and Kgl are fractional clearance rates

and Rw is the coencentration of mercury in water.

2
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As pointed out earlier, the results for acecwmulation oF

inorganic mercury from the water indicated that accumulaticn was a

multicompartmental srocess which was non-linear in the form des-

cribed in Fig. 7. Since non-linear models are Eomputa;ionally ver}
¢ifficult and since no satisfactory linear model could be justified
on the basis of the available data, no attempt was made to carry the
investization of inorganic mercury.accumulation ‘rom water further,
N _
It is important Lo consider whether exposuré and’dose

conditions experienced by animals in these experiments reflect

those in nature. -During these studies animals wire exposed briefly

"t0 higher ambient mercury ecncentrations in water (.1 - 1.0 x_10“3

ug Hg ml'l) than those experienced oy naturzal populations
(€,05 x 10-3 ug g ml'lg Sherbin, 1979). They also experienced
higher doses of mercury in their tissues (1 - 20 ug Hg g'l, daWe)

than either natural posulations (.01 to .1 ug Hg g"lg d.¥.; Sherbin,

[
r)

79). or Daphnia under culture conditions (I ug Hg g'l, dew.s
3iesinger et 21, 1560). Doses of methylmercury routinely
experienced by experimental animals were lower than those causi;é
elevated mortality rates in Daphnia under c¢hronic methylmercury
exposure via the water vector (75 ug Hg g'l, d;w.), but often .

exceeded thcse causing resrocduction immairment (15 E 'l, dowa;
. =] & 5 »

Blesinger et al, 1980). There was, however, no indication that
these somewhat unnatural exposure and dose conditions have resulted

in artifactual obdservations in either mercury accumulation patterns

or estimates of rate constants. -
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‘Biloaccuwmlation Processes : Food Vector.

- \_

The accurmlation of mercury by Daphnia is determined by
the rates of uptake ancé loss of mercurv via food and water vectors. ,
Selow, hicaccumulation is broken down into its various orocesses
and each is consideréd sedarately. when mercury is taken up via
the food vector, the cancentration of mercury in Dachnia tissues

is determined by at least the following states and processes:

a) the rate of inzestion of mercury-contaminated food;

b) the concentration of mercury in the diet;

c) the efficiehey of assimilation of mercury from the diet;
"d) the intraorganismic distridbution of mercury to kinetic

compartments of different turnover rates;

e) the loss of mercury; and .

£) the growth dilution of accumlated mercury.

-
-~

The involvement of these states and orocesses in mercurvy accumula-
tion from food is dealt with here.

Ingestion. Rates.

The ingéstion rate of mercury by Dashnia is 2 function of
the in;esﬁion rate of food and the concentration of mercury in the
ingested food. Although it was not the intention of this study to
?nvestigate the eontrol of feeding in Daphnia, the coﬁtrql of
pollutant untake is so obviously:fundamentally relaﬁed to'féeding

that the control of feeding rate should be discussed briefly here.
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Therefore, data from the present work as well as published
inforﬁation on Daphnia feeding are used-to ;ssess Daphnia feeding
rates, ﬁaximum and minimuﬁ feeding ratés, feeding rates under
natural conditions, and effects of bédy size and temperature on

feeding rates.

In the oresent work Daphnia adults of 2.5 = 3.C mm body

length, and weighing approximately .1 - .15 mz dry weight, ingested

veast cells at rates ranging from .03 to .26 x 106 cells hrt at

20°C. This corresponds to ingesticn rates of .OCL to .03 gréms of
fggi per cram body ﬁeight of Daphnia per hour on z dry welght

basis. Assuming Daphnia feed constantlviat these rates throughout
the day, Daﬁhnia will ingest from 10 to 75 per cent ;: their body
‘weight §er day. Other authors h#&e feported similar feeding rates
for adult D. magna feeding under 1a£oratory‘conditions. Schindler

(1968) fed D. magna on Chlorella and observed ingestion rates of

hY

.0lL to .05 grams per gram per hour, or 35 to 120 per cent of the ~
body weight per déy, at arbiert food concentrations ranging from
-1 to 12 mg of Chlorella per litre. Calculations using the results
of Xersting (1978) yiel@ed similar estimates cf ingestion rates
ranging from .0l to .06 grams per gram ver hour for D. magna
feeding on Chlorella at cell densities similar to those uéed by

Schindler (1968).

In 1961 Rigler demonstrated that Daphnia feeding rates
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" were related to ambient food-coﬁcentration; Below a critical
ambient food~concentrationhféeding rate was dirkctly p?oportional
to arbient food concentration, but at or above the critical ambient
food concentration feeding rate was coﬁstant. Q§ter McMahon and
Rigler (1963) found that the maximum feeding rate was probably’
lrelated to the volume of focd being ingésted, since 6;phnia feeding
at its maximum rate on both Chlorella and yeast ingested

- approximately the same volure qg food per hou:,..Olé o ver hour
ver .28 mg dry weight animal., Assuming these two species of food

" have densities similar to water and have a dry weiahf to wet weight
ratio cf‘abouF .1, this maximum inges%ion rate corresponds to a
value cf about 06 gréms per gram per hﬁur. The upper, limit to

the ingestion réte of mercury by Daphﬁia via the foodrz;::¥r should
be é%g mercury content of a mass of food eoual to six per cent of

the animals' weight per hour. >

-

The minipum value for mercury ingestion rate in a viable k
) 9

adult can be taken to be the mercury content of the amount of food
recuired by Daphnia daily in order to maintaiﬁ its body weight.

Smith (1963) showed that starved adult D. magna lost weight at a

rate of about 10% per day at 20°C. Daphnia must ingest enough /

food to make up for this weight loss. Schindler (1965) reported
_ values of gpperimgtely L.9 calories ver mg dry weight for the
energy conteét of Daphnia tissues. An adult weighing 0.1 mg dry
_ weight‘would require ,05 assimilated caldries per day for main-

tenance based on Smith (1963). Assuming an assimilation efficiency
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of 55%, as determined by Bourne (1959) for the assimilation

efficiency of‘carboﬂ from dﬁlorella, Daphnia woulq_require 0.09.
ingested calories ver day to maintain body weight. Using a value
of 5.2 calories per ﬁg as the calorie content of Chlorella .
(Schindler,.1968), Daphnia of body weight 0.1 mg would fequiré

.017 mg dry weight of food. ver day (17% of body weight) or .007 mg
ver hour (0.73 of body weight) to maintain its body weight at 20°¢.
This value can be calculated a second way using the estimated

rate of carcon turnover in Daphnia. Bourne (1959) determined

' that the bgological half-time for the loss'of assimilated th

from Japhnia was about 52 hours. This corresponds to a rate of
loss of carboﬁ\from Daphnia of akout 1.3 per cent per hour or about
L0013 mg per h%ur from an animal weighing 0.1 mg dry Héigh;, which
in turn:;orresponds to an ?ngestion rite of 2.4% of body weigﬁt‘per
hour to maintain body welght. This value.is about three times-as
great as that detefmiﬁed br the former method., The discredancy = .
between the results of these two methéds is probabl} due to the
faét ﬁhﬁt the' lower value was determined under s£arVation
conditions and represents the minikum‘amount of energy required to
maintain body weight ,_wh:i_le. the hizher value includes energ.y
expenditure for growth and rep:;oduction.b The lower value is there-
fore a better estimate of the minimum ingeéiion rate for kood tha;
will allow Daphnia to maintain eﬁergy equilibrium. The minimum
daily rate of mercury ingestion by Dénhnia is the mercury c?ntent

of a mass of food equal to 17 per cent of the animal's weizht.
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The rates of uptake of mercury; or any pollutant, via the

"

-

£o0d vector by} Daghnia lie within clearly definable limits. ' The

upoer limit, deternined by the cacaclty of the feedlng mechanism,

As the mercury content of a mass of food equal to about six :

. per cent of 'the bcdy'weight ver ‘hour or 140 per cent per day. Tne

lower limit is the mercury‘contenc of about 17 per“cent of” the
body weight per day. A reasoneble estimate‘of the average daily
intake rate'under natural conditions lies midway between these
extrenes an 50 to 70 per cenn of body weight per- day, as repcrﬁed

by Bell and Ward (1971). The energetic demands of growth clearly

determine the rate of mercury ingeetion, and measurements: of growth

such as the productionfbiomass ratio could be used. to drive the Hg
. i ) : _ ’

. ey ' : , . :
-ingestion component of a mercury biocacdumulation model.

L . '. ) - M ’ . . : ) .
In the ,bresent work the e?fect o bodv size on in-
restion was dqvermlned at ambient food concentrations below the

incipient limiting ambient food concentration of yeast cells of

- ‘aporoximately .2 x 10° cells per .mLl. The filtration rate under

*

‘these conditiong ofr;l x 106 cells‘ne% ml was related to body

welght according to the following:

F o= 1238w %

’

'

where ¥ is the filtration rate‘infml‘ner Daohnia of 1 g dry weight

per hour and W is the dry weight in grams. A similar analysis of-

the data of McMahon (1965) for Dachnia magna of dif}erent‘Sizes :

feeding on Chlorella yielded a body weight exponent of .80, which

\/\ '.‘
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is similar to that observed here. The value of the coefficient Eg

- the McMahon study‘was, however, ruch larger, 3805 ml per aram der
hour, than that observed here. “ﬁa:hnia in MeMahon's study filtered
on ayérage three. times faster than EEEEEEE in the5pr§sqnt study,

but NecMahon (1968) showed that large variations hetwsen exveriments

in filtering rate activity may often be related to differences in

. . . N
water cuality.

¥

When arbient food coﬁcentrations exceed the incipient
liﬁiting concentration, the relaéionship between maximum ingestion
rate ;nd body éize can be expressed as

Loa = 34217

where I is the maximum ingeétion rate in-grams of food per

animal per ho.ur, a is'a coefficient with units cﬁ‘ grams of food
‘ per animal of i gram bﬁdy weight oer hour, and W.is +he dry weight
- in grams. The body weight exponent has a value of .77 based on the
-data of McMahon (1965}. From the similarity of body weizht
exnonents for incestion fatés hoth below aég above the incipient
limiting ;evel, it is evident that the ef’ecgs of chanrses in body

| - L} . ~.
weicht on the ingegtion rate of food are the same rezardless of the

ambient food concehtration; i.e., for Daphnia growing from neonate
——— e

to adult‘noc! the food ingestion rate on’'a per unit weight basis
*will decline by 50%, and if the mercury content of the food remaing
constant over this time the mercury uptake.rate on a per unit body

weight basis can be expected to decline in a similar way.
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In the present study, the effect of temperature on the
ingestion rate.of food was c.ietermined over the temperature range
from 10 to 2809 using thermally acclimated animals. Our results
show that ingestion rates were the same at 10° and 20% , but at
28_°C in'gestic;n rates were abaut 25% lower than at either of the
other temperatures, Since the ambient food concentration used in
t.h& study was .1 x 106 cells Der ml, well below the incipient

~

limiting level of ._2 x J.'O6 cells per ml, the observed reduction in
feeding rates q‘f_ Daphnia acelimated to 28°C must have requ..-t.ed friom
a temperature induced reductien ir: filtration rate. However,
McMahon 71965) has shown that, when 20°C-acclimted\animals were
trans*‘erred‘ to temperatures betwee’ 10% and 28 C, ingestion

rates increased five fold as temperatures were increased from ~
.10 to 28°C. The discrepancy between the present work and that of
McMahon (1965) Probebly results -from differences in acclimation
_temperature on feeding rate, since our observations were obtained
from organisms temperature-acclimated for at least one generation
and tes't;ed at their acclimation terperatures. Kibby (1971)
demonstrated the pronounced effect of acelimation teﬁlperature' on
feeding rates at’'a range of temperatures in Daphnia. Our
—s:upposition i‘:f the importance of temperature acclimation in the

present case is borme out by Schindler's (1968) observation, in

agreement with our results, tha‘E Daphnia magna acclimated to 10°

and 20° and tested at their acclimation temperatures showed no

L]

™
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significant difference in filtration rates.

Most metabolically related processes, however, demon-
strate temperature dependence, with rates inereasing with
increasing temperatures and then decreasing with further increases

in temperature. The filtering rate of Daphnia magna.probabl}

follows this general rule and detailed studies of filtration rate
usirg a wider range of temperatures, for example, 5°C.to 30°C,
migﬁt be able to demonstrafe this phenomenon with thermally
accliﬁated Daphnia tested at their acclimation temperatures.
Hence, with acclimated 2..25553 maximum filtration rates may ocecur
at temperatures of 15 to 18%C, in which case measurements of
filtration rates at 10°C and 20°C could be similar but less than

maximum.

This explanation appears to create a'problem in relation
to information on growth at various temperatures (MacArthur and
3aillie, 1929). These authors showed that animals grew faster .
at 18°C than at 10°. In light of-the ébove grcwfh rate-
temperature relationship, it would appear that Daphnia can grow
faster at 18° than at 10°C even though their filtration rate would
have been similar at the two temperatures. Inférmation reported f
%7 Schindler (1968) may resolve this problem in that he found that

Daphnia magna assimilated carbon more efficientiy at 20°C than

0 .
at 10 €, so that even though ingestion rates at the two tempera-

,tures were similar the amount of assimilated calories at 20°c
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would be greater than at IO??. The present ;ork on mercury
uptake suﬁports this explanation siﬁce ﬁéthylmercury was assimi-
lated about twice as efficiently at 20°C 2251) as 3t 10°C (LO%).

.

Assimilation of Mercury from Food.

\
Cur results deﬁonstrate that adult Daphnia feeding at

én:ambient food concentration of C.l x 106 yeas%,éells ver ml .
assiﬁilétqd about B8C% of the ingested methylmercury. Assimilation
efficiency of methylmercury was related to feeding rate with
assimilation efficiencies declining as ingestion rate was
increased. Such an inverse Forrelation between assimilation and
ingestion had been observed by Schindler (1968) for carbon assimi-
lation in D. magna. Apparenily as feeding rates increase, the
residence time of food in the gut declines, as was shown by
3ourne (1959). Less time is therefore available for digestion of
food and the absorption of nutrients and/or pollutants. If this
assessment of the cause effect relaticnship between ingestion rate
and assimilation efficiency is correct, then the.assimilation
efficiency of mercury should be lowest when Daphnia is feedins at
maximum rates. The results for Daphnia feeding at their maximum
rate at 20°C (food concentrations .5 x 108 cells per ml)
demonstrated assimilation efficiencies for methylmercury of about
78% (Tavle 16), which can then be considered one of the lower
values for assimilation efficiency for metﬁylmercury at this
tempefatﬁre; Assimilation efficiencies of about 85% measu&ed at

slightly lower feeding rates, like those of Daphnia feeding at
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ambient food concentrations of 0.1 x 105 cells per ml, probably
more closely reflect those found under natural conditions. It

is élear from the graph in Fig., 1L that over the range of con-
éeﬁérations of foecd organishs fo:ind in nature, variation in
feedins rate would exert a ruch greater influence on the.rate of
methvlmercury uontake into tissues than feedinc-rate-inducer varia-
tion in assimilation -efficiency. Overatioﬁally then, in both
laboratory and field contexts feeding rate-assimilation efficiency
interaction can be ignored and assimilatioﬁ efficiency can be
assumed to be about 80%. In this context, it is important to
recognize that values for assimilation effiéiehcy observed in this,
study, for adults at 20°C feeding at an agﬁient food density of
0.1 x.106 cells ml‘l, ranged from 60 - 90% but the modal value was
about 803. it least some of this varia;icn in assimilatiom

efficiency between experiments may be causecd by small differences

in dizestibility of yeast but there is no evidence to support

-¢

this conclusion.

In the present study; there was no detectable effect of
body size on assimilation efficiency, as animals of all sizes
agsimilated methvlmercury with similar efficiencies when feedinr in
a veast sus»ensicn of 0.1 x 105 cells ser ml (Tacle 18). This
appéars'to be inconsistent with the study of Daphnia bioenergetics
by Schindler (U968), who reported that "yssimilation rates (for

caroon) (cal/mgLof animal/hr) decreased slizhtly (by 10%7) as body
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si;e increased. Feeding rates were unaffected (by body sizes)“
implving that assimilation efficiency of carbon from the diet wasg
body size dependent. Since Burns (1969) and MecMahon (1965) have
demonstrated that Piltration rates on a per unit body welght basis
decline with increased body weight, as was also observed in the
vresent study, it may be that Schindler's results on ingestion
rate were in-errdr. The effect of body size on the rate. of uptake
of methylmercgry info the tissues reflects only the effect of body
size on ingestion rate since assimilation efficiency is independent
of body weight. If adeguate growth models exist for Daphnia in
which feeding rate and assimilation efficlency of calories are
defined as functions of énvironmental variables, the coupling of
estimates of methyimefcury concentrations in food to food
‘ingestion rate values éhould, while holding assimilation efficiency
for meﬁhyimercury constant, result in valid estimates of’

instantaneous dose rates of methylmercury from_food,

The data in Table i8 show that the uptake rate of methyl-
mercury into the ti;sues from food (ug Hg per gram éf body mass per
hour) by neonates weighing approximately .007 rig ary weight would
be about 1.6 times as ereat as that of adults weighing 0.15 mg.
Since the fractional clearance rates for ingested methylmercury
have been shown in the present studf to be almost independent of
body weight, these peonates should have higher concentrations of
methylmercury in their tissues than adults. However, the food

conversion efficiency for growth in immatures is so much greater

‘g _ .
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than for adults (Crabtree, 1975), that the more rapid growth

rate in.immAtures should more than compensate for their higher
mercury uptake:rates.- This question will be dealt with later in
the disqussion. Temperature had a pronounced effeqf on
assimilation efficiency, with values increasing from about 110% at
lOOC té about 75% at 20°C and then declining to about 60% at 28%C.
Feeding rate, which has already been shown to influence assimila-
tion efficiency, wag not ;eséonsible for these changes, s;nce' .
ingestion rates were the same at 10 and 20°C, while assimilation
efficiencies differed. Also, assimilation efficiency was lower at
28°C than at 20°C, when a higher assimilation efficiency at 23%¢
might have been expected based on the slower ingestion rate at

that temperature. Assimilation of substances from the diet depends
in part on chemical dige;tive processes which no doudt involve
enzymes. The rates of such pfocesses would be expected to increase
with temperature until the optimmm temperature is reached, then
further increases in temperature should cause a decline in reaction
rates, as observed between 20 and 28%. The results of the present

study appear to conform 1o this pattern.
-

The present data demonstrate that, unlike the variablesb
of boay size and ambient food density, which -influence the uptake
rate of methylmercury into the tissues by exerting control over
ingestion :até, the principle influence of temperature appears %o

be on assimilation efficiency although ingestion rate is also

—



influenced to a sig “_.icart desree. Attempts to estimzte methyl-

mercury dose rate from focd should take Into account hoth of these

tempefature-relatgg'effects. '

Since the 2ffects of temverature on inzestion rate and
assimilation efficiency combine +o couse 2 rate of med ﬁ"1“° cury
uptake into Jaa.“ 2 tissues that is aasroxinatzlr twice as Tast at
20% as at either 10°2 or 2803, and sinee fractional cleazrance at
call ; mperatures is gonstant, Daphnia can be expected to contain

higher concentrations of methylmercury at 20°C than at hi-h

lover temperatures. . :

With inorzanic mercury an assimilation efficiency of

- et

only zbout 37 was observed for adults feedinz in reast suspensions
6 e -
of 0.l x 107 cells per =l containing 1.8 mg Hg g™~. This low wvalue

has been observed for manr other s»ecies (Lloyd, 1979

et al, 157L). 2ur resulis also showed that incestion rates of food
3 o

contaminated with inorzanic Yg were consisiently lower than in the

food declined as the inor:afiic mercury ccncentirations in the food
increased from 0.5 mz to 5.0 mg Hg g'l dry weight (Table 21), .

Also asgimilatien efficiency inereaszed with increasing concentra-

vion of inorganic mercury in the food, due sresumably to he

observed recducticn in ingzstion rates, and hence the lonzer resi-

dence time in the gut. These apparent effects of inorzanic ' mereury
in'the diet on assimilation ef i cf of mercur: suzgest that the
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éssimilation efficiency‘values estimated here may be higher than
those ﬁhat occur under natural conditions, since the concen-

: tration of inorganic mercury in natural phytoalankton should be too
low to inhibit ingestion and cause the increase in assimilation

efficiency observed in these experiments.

L] .

Clearance of Ingested Mercury.

Two phases were observed in the clearance of both
ingested methylmercury and ingeste'af inorganic mercury, a fast ohase
recuir*ng from 5 to 8 hours to complete for both ‘orms of'per;ury
and-a slow phase with a biological half-time for me thylmercury of
about 100 hours and oily about 12 hours for inorganic mercury. The
fastfcleéring phase probably\represents mainly that vortion of the
ingested mercury that is not assimilated into the tissues of the
organism and is 1dst from thé éut with the feces. The slow-
clearing phase represents the mercury that is Qésimiiafé& into the
tissues. For b;th forms of mercury ail of the aésim;lateq mercury
appears to behav? as a single compa;tmenf, since no evidence of
slower clearing compartments was found even though mercury
clearance was followed until over 85% of the slow compartment had

been lost.

The fast-clearing phase took considerably longer to complete
(3 - 8 hours) than mizht have begp expected if mercury loss from

that compartment represented only egestion of unassimilated
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mércury; ;hich should have been completely voided in three hours or
fewer, as repor%ed by ﬁbMahqn (1970) and other workers (30urné;
1959; Hayward and Gallup, 1976;. Rigler, 1961;. The longer voidance )
times for both methyi and inorgarnic mercury suggest the ex1stence
of a fast-clearing tissue compartment with a clearance rate

" slishtly slower than, but indistinguishaq}e from,.the rate of
erestion of zut contents as measured in the vresent work. Althoush
this slightly slower-clearins compartment may be real, its turnover
time is so short, relative to that of the slow-clearing phase,

that it can be treatec as = non-aésimilhtéd’éraction from the point
of view of Sioabcumuiation.' Tt should be noted, however, that in
toxicologicai,terms fgst-cleariné tissue compartments ﬁgst be taken
into acdount since, regardless of their shor+ retention times,
these compartments cculd make ﬁp a large prcportionlof the total

assimilated dose.

In studies with methylmexcury, the content of slow-'
clearing compartments declined exponentizlly with time, demon-
strating that methylmercury clearance was a first order vrocess.

-

Fractional clearance rates of. ingested methylmercury under the

various tes:t cenditions used in this study ranged from 0.L to 0.7
per cent per hour for adilts at 20°C. This rate is slightly slower
thaﬁ for clearance of metﬁylﬁercury taken up via the water vector:

of 0.6 - 1.2 der cent ver hour, but both of these values are

consistent with the fractional clearance rate of 1.2% hr-t-

-
a-
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feported by Huckabee et al (1975) fB; methylmercury clearance from
2. pulex following prolonzed exposure to methylmercury via both

food and water vectors simultaneously.

The present results on clearance of methylmercury (Fig.

17) demonstrate that fractional clearance was independent of
temperature. This is rather remarkable, in view of the control
exerted by tem§erature over rates of many physiological functions,
including rates of me}cury uptake via both food and water vectors.
“These results suggest that the rate limiting step contrcllihg‘
metﬁyimercury-clearance is not related to metabolic rate. Sharpe
(1975) failed to find any effect of temﬁerature‘on a similar
situation with methylmercury clearahce‘in goldfish. Fowler et al
(1978) observed. a smail positive- correlation between Semperature
and the rate of met'hylmercury loss from the rmssel, Mytilus

galloprovincialis, but the interpretation of data is difficult

since their ®ata were gathered over too short a veriod of -
clearance and de noﬁ allow resolution of clearance compartments,
making it impossible ;o distinguish between effects of temperature
on_cormpartment size and fracticnal clearance rates. This problem
could be resolved by following clearan?e of mephyimercury from

mussels for a much longer period.

- There is a growing bod§ of information which suggests
that turnéver of several elements including arsenic and.selenium.

may .be temperature-dependent uhder certain conditions and
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temperature-independent under others. The effect_of température‘on_
turnover rate éppears‘to be species-specific (Fowler andrBenayoun,
1976); it is related to the route.dr entry of the nollutant ipto
the organism (Fdwler and Unlu, 1978); and in some ‘;:'as’es it
influences one compaétmentiand not another (Unly and Fowler,

1979). Fowler and Unlu (1978, 19%9) have suggested that
temperature-devendence vs temperature-independence may be related

- to chemical species, with fractional clearance of inorganic arsenic
being”temperature-dependent, while clearance of organoarsenic
metabolites is temperature-independent. Their data,.hoﬁever, do’
not comple?ely support this suggestion. The data from the present
study may support this suggestion, however, since fractional
clearance of methylmercury taken up by’?oth food and water vectors
was temperature—independenf. ‘A.étudy of-the effect of temperature

on the fractional clearance of inérganic mercury was not performed

in the »resent work, but may(iid in rescolving the problem.

Boé} weight had little effect on fractional clearance of
dietary methylme;cury and had no effect on clearancé of the slow-
clearing methylmercury accurulated from water. Since metabolic
rate is body weigﬁt-dependent.in Danhnia“(Richman, 1958), this
finding confirms thg earlier conclusion that methylmercury
clearance is not metabolic rate-related, There are no other
published studies of effect of body size or stage of méturity“in

invertebrétes, but in fish the fractional clearance rate of
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methylmercury is strongly negatively related to body weisht.

Sharpe (1975). found that in zoldfich the fractional clearance rate

Ky

for methylmercurs was inverselr srogortional to Lodr weicht, and

I

more imdorianily found that this same Sunction anolied acress

species lines in bonyr fishes, ,The sresent results show that not

[1:]

only coes the “racticnzl clearance rate of Zanhnia not vary with
P . -

pody weisht 2s was observed with fish, but the fractiongl'clearance

- o extrapolation of the fractioral clearance

acuatic poikilotherms, conirary to the eonclusion of Trudel et 21

{(1877). The sroslem of intérsoecific variation in “ractional

norganic mercury itaren up from food was cleared much
more cuickly than meth:lrmercurwy, The fractional clearance rate cf
inorganic mercurs, gbout 5 per cent per hour, was adcut 10 tives
faster than that of methylmercar:s.  Many authors have macde similar

observations for the relative clearance rates of methl and

inorganic mercury - Lloyd (19793 for Hyalella azecta, and

Jefreitas et al (197h), Pentreath (1976), and Sharpe {(1975) for

fish. There is some evidence that the rapid loss of inorganic -

+

mercury absorded from food is due 4o the fact that some inorganic
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-concentration of mercury in Danhnia‘by causing a decrease in the
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mercury becomes associated with the lining of the gut and does not

' benetf%te Into the other tissues of the test animal. Loss of .

: inorganic mercury is due to desorption of mercury from the gut

wall and/or to sloughing of gut epithelium (DeFrgitas et al,
l§7h); If.this is true .for inorganie mercury absorbed from the
diet by Daphnia in the presemt study, then estimates of assimila-
tion efficlency are actuilly overestimates. An assimilation
efficieﬁcy of about Si'may'be an overéstimate by as much ast2 or
3%, reducing the actual amount of iﬁorganic mercury that actually
reaches the internal tissues of Daphnia to 1ess.t£;n 2% of the

amount ingested.

> ‘ ) -

Growth Dilution of Tissue-bound Mercury.

L Growth, the elaboration of new tissue,_in{luéhqesjthé
uptake rate (on a per unit weight basis) through the increase in
body s:ze and by diluting the mercury already nresent 1n Daphnla.
If the growth rate is rapié relative to the speed at whlch the
slowest-clearing compartment approaches_steady.stipe, then the =
gfowth rate will play an important role in determining the
céncenfration of mercury in the tissueéi It is approoriate to

consider this effect here.

Few authors have studied the rate of growth in weight in

L]
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.Daphnia althouch many have _stt_zdieé the rate of growth in.length

(Anderson, 1932; Andérson and Jenkins, .19L2 ; Macirthur and

-

daillie, 1929; Richman, 1958). The rate of crowth of Daghnia is
. X ZEpas

clearly very rapid. MacArthur and Saillie (1929) found Dashnia

-

magna jrew from .8 to 3 mm in body length in 23 days. Using the
. R R ,
vody length-dry weight relationship of Schindler (1968) to
N . " . N 1 . -
estimale the weights of these animals, the meanddaily -~rowth rate

over this period was approximately 157 of mody weight :i}d vy. In
orcer to relate the accumlation of methyimercury by Daphnia to

the growth rate, consider {ihat with 2 fractional clearance rate of

« =L A . —_
005 hr™ for methylmeycury, Dachniz would recuire abeu

+

ck

13 -15
-

days to achieve 207 of its steady state Dody burden in the absence

of growth. Zowever; over this interval Daphnia would have increased’

in size by 2bout 2.5 times. . Therefore, even 2fter 12 - 15 davs of
- i - .

exposure itc methylmercury Dadhnia weuld still be far-from 2 stesd

-&\.

‘state condition with respect to methvlmercury in food. Growth

rate is, however, 2ge sgecific. Using the data of inderson (1932)

for growth in length during the firet 1? instars of 1ife, the data -
.5 5 3

-

of Anderson and Jenkins (19L2) for the cduration of instars, and the -~

work of Schindler (1988) for the length-dry weizht relationshio of
% 1] & =

D. magna, the age specific growth rate of Daphnia can g”e estimated.
- 2 & b = =z
N -

Daphnia grow from «0C7 mg at birth to approximately ,1 mg 2t sexual .

maturity in 7 - 12 days at 20°C, depending wpon the strain, for a

growth rate of approximately 2C - 407 ver day. Over the next
R

/

°
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20, days of lif.e NDavhnia, now an a.dult, devotes part of its energy
to reproduction and therefore érows at a sléwer rate, about 37

ner day. As aée increases the growth rate deplines fuarther
(Crabﬁree, 1975). * Srowth can therefore be expected to alay a ma jor
;ole in lowerins the concentration of methvimercury in young
Danhnia, »ut éhe effect becemes %gch smaller as the animals pass

maturity.
-

3icaccumulation Processes : Water Vector.

*

fhe present‘;tudies of direct uptake of “methylmercury
from water kave shown that methvlmercury accumulation kinetics in
Dashnia can be adequately described by a two compartment model.
Floaccumlation systems involvine two or more compartments are

common, (Ruzic, 1972) and.ttby are much more difficult to deal with,

from a computational doint of view, than single compartment
-

s¥sters.. To facilitate workine with these systems it is useful
. ~

to ignore small, unimportant comoariments by groupinz them with

major’comoariments if the end use of the model will sermit this

hd ~

simplification. In the case of methrlmercury uptake from water

into the, organism, both fast and slow compartments make significant

»

contributions to the total uptake rate of methylmercury, the fast

éompartf?nt making up 50 to 80% of th€ total methylmercury uptake

» v
" with the remainder being made up by the slow compartment. The

turnover rate of methvimercury in the fast compartment is so much

LY
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morelrapid than in the slq?-clearing compartment that the steady
state methylmercury coﬁtent of the fast-éiéaring ecompartrent i;

* very small and is achieved very ouickly relative to that of the
slow-clearing compartment. WAfter long term-continuous exposures to
methy;mercury in water, the fast-clearins Qompartmen; makes-ud a
very small proportion (£ 107) of the total-body Yurden of methyl-
mercury and can therefore be‘ignored from the point of wview of
methylmercury bioaqpumulatioA. For short exposures, in toxicity

- tests for example, both fast- and‘slow-clearing comoartments make
up important proportiohs of the body burden and therefore must be
considered. Also from the poiqt of view of toxicity testing
both the fast and slow compartment uptake rates afe'important

since both contribute sigmificantly to the methylmercury dose rate.
~ - ' :

No attempt was made to determine directly the tissuve-

’ £
distribution of accumglated methjlmercury. The finding that
moulting had no effect on the ;ate-of loss §f methylmercury from
the slow-clearine comsartment demonstrated that the slow-clearing
compgftment represénts methylmercury that istéund to internal
tissue and is not associated with that_part of the exoskeleton that
is lost during the moult. This is consistent with the observation’
of Fowler et al (1978) that in shriﬁp the slow compartment was
associated with ruscle {69%) and the inner, non-calcified part of
the exoskelét%n which is not“lost.during the moul1.:. (267). The

fast compartment represenis, in part, surface-bound methylmercury

but the mercury associated with exoskeletons shed during exposure
f
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pe%iods_cannot account completely for the methylmercury content of

-

KN

" the fast compartment.

Direct Uptake of Méthylmercqry from Water,

Smaller Daphnia accumulate metﬁyimercury ruch faster than
do large ones on a per.unit weight basis. The relationship of )
whole body transfer coefficient to hody wéight can be defined by
™ = 3304°°%7
where TC is the whole body transfer coefficient and w.is the dry
weight in grams. This result indicates that the ;hole body uptake
rate on a per unit weight basis of a neonate weighing .007 mg is
about 1.5 times greater than that of an adult weighing .15 ﬁg.
Juring an acute exposure of animals of different sizes to methyl-
mercury’in water the methylmercury concentration in the tissues
at the beginning of exposure will reflect this difference. The
effect of body size on uptgke into the slow coﬁpartmegt favours

uptake by the smaller animals even more strongly than the whole

body uptake rate as.indicated by ihe relationship
) A4

. . _--37
D TC, = 504

where TCS is the transfer coefficient for uptake into the slow

-

compartment, so that after just a few hours of exposure the
- mercury concentration in a neonate can be expected to be about
three times .as great as that of an adult as a result of only direct

uptake from water.
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This inverse relationship between pollutant uptake rate

and body size orohably accounts, at least in ‘nart, Tor the tendency

of younge; animals to he more sensitive than adults to manv water- '
borne poisons, as was firs? rePOrted.for Daphnia by Breukleman. 5:;/ﬁ\
(1932), The effect of body size on sensitivity of Dashnia to
methylmercury poisoning due to direct upﬁake of ﬁethylmercury

from water is not known, making it impossible to determine if

there is a direct guantitative relationship between pollutant

uptake rate and sensitivity in immatures and adwlts.

The results would sug?est that under conditions of con-
tinuous exposure for several days to methvlmercurv in water smaller
animals would have higher tissue concentrations of methyl- .;
mercury than adults.. The mathematical simlation of methylmercury
.accumulation presented below (page 15L) suggests that this will be
‘true when expoé#re veriods do not exceed 1C days (?ig. 23C). This
simlation also suggests that under cpntinuous exposure to constant
methylmercury concentrations in the water, concentrations of
rmethylmercury in the tissues of an immature Daphnia will be only
slightly lower than when the animal grows to adulthood. This
appears tc be due-mainly to the rapid growth of young Davhnia,
which functions to prevent the build-up of high concentrations of
methylmercury in immatures compared to adults, througB‘grcwth
dilution of the accurmlated mercury and by the depressing effect

that increasing the body size of the neonate has on the transfer

t,
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coefficient, Therefore, degpite the pronounced ef fect ‘of body

size on the uptake rate of methylmercury, the methylmercury concen=-
tration in Daphnia tissues, due to uotake from water, should vary
only slightly over the life span of Daphnia because of the rapid

growth dilution that takes plqcehin immature Daphnia.

L]

Temperature had a pronounced ;nfluénce on the uptake of
methyimeréury from water into both the whole body and into the slow
compariment. At temperatures beiween 10 and 20°C the influence on
whole body uptake was small, but for the slow-clearing compartment
the uptake rates at’ 15 and 20°C weré”more than doubl® the rates at
"10°C. The validity of the results at 5.5°C is queétionable, since
Daphnia tested at thgse temperatures may not have been as
‘thoroughly acclimated as they were at oﬁher temperaturgs. Thése
results suggest that under natural conditions differences in
arbient temperature can cause a two-fold variation in the'body

burden in adults due solely to an effect on the uptake rate.

Both slow compartment and whole. body methylmercury uptake
rates were not linearly related to temperature but increased with
increasing arbient temperature at lower temperatures and decreased
with increasing temperature at higher températures. This behaviour
'suggestf that methylmercury uptake is controiledgby a physiological
process. However, speculation on which processes might be
~ involved would not be constructive due to the lack of suitable

published information on the relationships of rates of
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physiological functions to temperature in Daphnia.’

It was shown below (page 1L2) that over a range of

species ¥arying in weight from the smallest Daphnia magna neonate

(0.75 mg) to a 350 g fish, the transfer coeffiqient-for-méthyl-
mercury uptake from water into the slow=clearing compartment was
related to body weight by the power funetion @
C_ = 6w +23 |

_where TC. is the trarsfer coefficient for uptake into the slow

compartment on a wet weight basis and W is wet weight in grams.
The slove of this function, -.23, is similar to the value that cne
would expect if the uptake rate was related to metabolic rate,

J..

since Hermmingsen (1960) has demonstrated a body weight-respiration

]

-rate relationship with a value for the exponent of approximately

) \
-.25 for animals ranging in size from protozoa to whales. The

transfer coefficient-body weight relationship for methylmercury
uptake into the slow compartment in D. magna in the present study
appears not to correlate well with the body weight-metabolic rate

relationship values of Richman (1958) and Sushchenya (1970}, whose

.body weight exnonents lie within the rangé -.1 to -.2. However,

the respiration rate-body weight relationship appears to vary
widely in Daphnia under the control of environmental factors, since
Buikema (1972) found that body weight exponents varied from

0 to -.5 when measured under different environmental conditions.

The effect of body size on the rate of methylmercury uptake may

L 3
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reflect the control of uptake by a"metadolic function not directly

- " J
related to ressiration rate. ' \\

Otrer explanations of this\ﬁptakg rate-bodv size
relationship are possihle, Tor eiample, if methylmercury uptake
from water was related to filtratior rate (feedinz rat®) or to the -
surface area of the body, then methylmercury uptake would be
related to body weight bty a power function with a body weight
exponent in the ranze of 0 to -.5. If uotake was related to either
filtration rate cor surface area alone, temperature would not bé
expected to influence uptake rate, but if uppake was related to 02
consumption, uptaks shouid double with an increase in temperature
from 10 to 20°C as does O, consumption in Daohnia (Schindler,
1968). As observed above (Table 13), methrimercury uptake rate
does 'increase br a factor of two between 10 and 20°C, suggesting
that uptake of methylmercurv is related to metabolic rate. In
ccncﬁﬁsicn,'the direct udtake of methylmercury from water by
Danhnia appears tc be reléted to respiration and as 2 result is
influenced by such variables as body size and temperature which

influence ‘respiration rate. .This will have important apnlications

. in both laboratory and field situations since respiration rate can

be used as a "driver" in modelling the bicaccumilation of methyl-

mercury and other pollutants.

Clearance of Methylmercury Taken Up from Water.

-

Fracticnal clearance rates for fast and slow compartments
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were, with one minor exception, céhsfant with only slight
v;riabilify'between exﬁériments. The absence of any effect of body
siquor temperature on fractional clearance rate from the slow
compaftment conf'irms that elimination of methylmercury is
Endependent of metabolic rate in Daphnia, as it may be in fish -
(Sharpe, 1975). The only important variation in fractionak
\_élearance rates occurred between the fast-clearing compartment
of animﬁls of different sizes. This effect is probably due‘to
allometric disproportionality or possibly to differences in the
condition of the'body surfacé between younger and older animals,
whicb might influence the rates of surface binding and release of
methylmercury. The small variatiqn betweeqiexperiments probably -
reflects differences in the condition of animals used in the
various studies, but this difference is véry small and can be

igpored.

'

The fractional clearance rate of the slowest-clearing N
mercury cbmpartment following the uptake of inorganic mercury
from water, .00S hr-l, was very similar to théhfractional clearance
.rate of the slow compartment of méthylmercury. This is rather
unusual, since most revorts in the literature indicate that
inorganic mercury is cleared more guickly than methylmercyry
(DeFreitas et al, 197L: Fowler et al, 1978; Sharpe, 1975). It

should be noted that these estimates of clearance rates reported in

the literature were all based on the first part of the slow
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cledrance curve, representing hsuallj less than LO% of the initial
body burden associated with the "slow" compartment. Xramer and
Néidhart (1975) observed a small slow-clearing compartment cof-
responding to about 20% of the in;;iéi body burden in guppies
fdllowing a brief exposure to inorganic mercury in water. -The
fractional clearance rate of this small slow compartment was
similar to that obseryed for methylmércury. Their data showed,
however, that the majority of the body burden (= 80%) was cleared
mzch faster than methvlmercury in agreement with other published
work with fish.t The similarity of the fractional clearance. rate
for this small, slow=clearing compartment in Daphnia to the
fractigggi clearance rate for methylmercury suggests that this
compaftment might represent organic mercury formed from inorganiq
mercury from Daphnia. If microcrustacea can methylate inorganic
mercury they would represent a very important source ‘of methyl-
mercury production in aguatic systems. It is important, therefore,
to deterwine if the small, slow-clearing compartment observed in
inorganic Eg—dosed Daphnia represents methylmercury and if ;he
rethylmercury was synthesized from inorganic mercury by Daphnia.
Héwever, no in vivo conversicn of inorganic mercury to meth}l-
mercury by ﬁetazoans has been demenstrated although this question
has geen examined by a number of workers, as reviewed in Jonasson

and 3oyle ‘1979). -

\}_
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Interspecific Variations in Mbthyine;*ury Accpmulation by Aguatie

Fauna.

Efforts at predicting accumulation of pollutants by
acuatic organismes have been hampered Sy a lack of realistic and
useful relationships between pollutant dynamics and measurable
bioleogical parameters. For example¥\:§lid-generalizations are
requirea to~permit the prediction oé uptake rates for a wide range
of oollutants by a\wide range of organisms. Afguments developed in
the nrevious discussion justify tﬁe realism of coupling pollu;ant
kinetic information to biological processes in gquantitative terms.
Prom the discussion of our results it can be concluded that both
food ancé water uptake vectors can be cuantitatively related to
metagolic rates in Daphnia. Metabolic rate can be quantitatively
related to body size, growth rate, andé environmental temperature.
Hence uptake rates of mercury and probabiy most aquatic pollutants
-should, éherefore, fall within limits set by factors controlling
metabolic‘}ate and g}owth: "Modifying environmental factors such
as water temperature and food availability are of necessity

important as measurable control factors in real environments and

in the laboratory.’,L

As demonstrated in the early part of the discussion,
mereury uptake via the food vector is predictable on the basis of

the energetic demands of the organism, availability of food,
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" feeding habits, ané_tﬂe éoncéntration;of rercury in the food. The
vresent results *or assimilaﬁion_efficiency of methylmercury and
inorganic mercury from the diet show that assimii;£ion:effic£éncy}
of mercyry by Davhnia is similar to that of fish (De?reitas et al,

1°?h‘ ané other Crustacea (Lloyd, 1979), so that a551m_latﬂon via

the food vector can be asquned to he 1noenendent of soeczes.'

The grash in Fig; 21 shows_that the transfér coefficient
for the direct uptake.of methylmercury from water in a wide variety
of species is inversely relaxedlto body size. The felaticnship is
defined by the power fuﬁction

TC = 7.3w*23
where TC is the transfer coefficient in terﬁs of zrams of water
cleared of pollutant ver gram of aﬁimal per hour and W is;the Qét
weizht in grams. The value of the body weight exoonen% -.23{ is
s*m1’ar to the value that one would expect if uptake rate was
related to 0; consumntion (Hemm;ngsen, 1960). The similarity of
this relatlonshlo to the methylmercurv uptake-body weizht relation-
ship for fiskh, ‘

TC = 5.‘91\'-.30 ’

as cdetermined by DeFreitas and Hart (2975), sasoorts the contentlon

that this relationship*&if some general applicability to aquatie

fauna.

If the reliabilit- and generality of the relation between

methylrercury uptake and body size of different species aré€ as good
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Fig. 21. The effect of body size on the transfer coefficient for
- .
uptake of methylmercury from water into the slow-clearing

compartment in Crustacez and fish.

QO Daphniz magna (present study)

W Daphnia pulex (Huckabee et al, 1975)

A Hyalella azecta (Lloyd, 1§79)

w~

e Lysmata seticaudata (Fowler et al, 1978)

~

" [J several species of fresh water fish (DeFreitas and Hart, 1975)

Solid line in upper left fits data for body size experiment in the

oresent siudy. Solid line in lower right fits cata from
DeFreitas and Hart (1975). Regression lines fitted by method of ' : \

least .squares. _ (
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w@&;?b@?:d?peaq to be, it could be a very useful tool in making-

vﬁlia“predictions of parameter values for mercury uptake from
water. As shown by Norstrom et al (1976), the ability to use body
size as 4 control factor in bioaccumulation-pnocesses greatly‘

—

sihplifies the mathematical simulation Bf a process that is
actually under -the coﬁ§§5i of a number of biological processes
all of which are mich more difficult to define and measure than
body weight. In this connection it has been necessary tq reduce
the complexity qf the’ two compartmeht model for'methylmercury

accumulatiog by Daphnia develdped from our results, since

Y ‘ ‘.-
‘ §impliééty of snd use is particularly important in :gﬁa type of

applied research. In the case of Daphnia, as in all other methyl-
mercury accumulation studies cited, the fast-clearing comparthment
can account for only a small (< 10%) fraction of the total mercury

body burden due to uptake via the water vector under prolonged

‘exposure. Thus bicaccumlation kineticg of a wide variéty of

. [ 4 . N
- animals can be approximated by-ysing a one compartment two-~

parameter model dé;cribing bicaccumlation kinetics of the slow-

-

clearing compartment. . :

El

-

ce from the slow-clearing compartment shows an

inverse relationshiy to body weight which appears to have an
important element of gegerality in pollutant bicacewmlation.

[ -t ’ . . I
In Fié» 22 the values for metﬁyimercury fractional clearince from

the slow comparﬁment in Daphnia are plotted azainst body weight in

- .

i

I



Tig. 22. Relationship between body weicht and fractional clearance

rate of methylmercury in severa’i species of Crustacea and fish.

A Dathniz magna, water vector (oresent study)

/\ Daphnia mama, food vedtor (present study)

@ Daphnia pulex, corbined water and food (Euckabee et al, 1975)
A

. Hyalella azteca, water vector {Lloyd, 1979)

‘

d Hyalella azteca, food wvector (Lloyd, 1979) . \

L]

V Lysmata seticaudata,”water vector (Fowler et al, 1978)

The best fitting regression line was determined by method of least
squares. The line in the lower right 'is the body size fractional
clearance rate for the slow compartment in fish from Sharpe (1975).

-

%
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\ grams, along with the eguivalent values for D. pulex (Huckabee et

~al, 19254; the amphipod Hyalella azteca (Lloyd, 1979); and the

shrimp Lysmata seticaudata (Fowler et al, 1978). Fractional

rclgarance rates vary consicderably but there is a clear trend

towgrd-a negative correlation with bodv size, which is defined by
" Keg = 000678

where Kcl is the fractional clearance rate in hr'l and ¥ is the

wel weirht in rrams.

{ - .
This body weight-clearance rate relaticnship for

Crustacea has a similar slope to that for fish, -.58 (Sharve,
1975), but mercury clearance for z cfusta;ean appears to be mch
slower, by at least a factor of 1C, than that of fish. If the
trénd suggested by these data accurately reflects a significant |
difference in clearance be/txjeen crustaceans ancé fish and the t;xic '
: . .
respoﬂée to tissue levels of mercury is similar in both, then
crustaceans apbear to be ét a clear disadvantaze in deéling with
exposudes tﬁ methylmercury,léince uptake of mercury is simi%ar in
the two groups, but clearance in-Crustacea is much slower than in
: . :
fish. Tt is important o @thér additiopal data to confirm this

.trend, and t6 establish whether other chemicals are handled in a

similar fashion bv crustaceans and fish.

Cne 1rportant aspect of this relatiqnship of uptake and

clearance rate corstants to body weight is that the fractional



\
T ;
clearance rate relatié:nship declines ‘mo're steenly with 'increa.sing
body weight than does the transferlcoefficient for methylmercury
uptake. This means that—larger, older animals can generally be
expected to accumulate higher concentrations of methylmercury from
[w%er than smaller, younger animals. The same relationship is true

foy food.

J
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A Model of Tethylmercury 3ioaccumulation in Daphnia magma.

In this final section of the discussion 2 pollutant
accwnlation model is developed. cm\the basis of information on
methylmercury dynQpics from the pregent work counled ito existing

information on Daghnia biocenergeticg. The zoal of this eXxercise
————— .

. \
in.simulation is to predict the aze-specific methylmercury ‘
concentration in Daphnia tissue over its lifespan.’

’

Fethylmercury intake via food and water vectors, as well

as the ingestion rate for food in Daphnia, are all ériven by the
filtration rate associated with the feeding process. Crowth, is
simulated using 2 modified version of the Sinko and Streifer (194¢)

Lo

model in which energy flow is calewlated using body size-specific

. and ‘age-gpecific parameter values. The ingestion rate of food.is

cdevernined by filiration rate and arbient food density according

~

I = CorowW™

vhere I is the ingestidn rate in grams of food per animal per
* -~

hour, C; is ambient food Zdemsity in grams of food per litre,

oo

£ is the filtration rate coefficient in ml per animal of one gran
body weight per hour, W is the dry weizght in grams, and e’ is the
body weight exponent for ingesticn rate which was aSsigned a valug
of C.8. tﬁe oresent case Cp =, .002 g 171 ang

£ = 3800 ml animal™t heol.

)
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Imméturé Daahnié are assumed to grow‘at a rate ﬁhat is
determined by tﬁe ingestion rate and the food conversion effibiency
" for growth, gs» 35 in N ) .
‘. Gi = gi'eF'I
- where .G; is the'growtﬁ‘rate in.grams per animal per.hogr and ex
is the assimilation efficiency for food. In QEFS case e; = ,5
and gi-- .8. At maturity the fraction of asszmilated food devoted
to. growth declines to ;O in the ’1rst adult instar and decllnes
further with lncreasinF age., An empirical relationship_betwgen
food conversion efficiepcy and age w3s determined from the data of
Crabtree (1975) in which “‘\w’jﬁ
gy = c-e'é(ﬂ'ﬁmat)
:here A and A . are attained age and age at‘matufity in days, and
¢ and a are empiricél constants with values of 0.2 and 0.1,
respectively. Age at maturity, Amat’ is éésumed to be 10 days

after Anderson (1932).

The uptake of ﬁéthyihefcury from food and water were
calculated separately.. The methyimercury content of Danhnia at
the end”of ‘the nth gday, In, due to methylmercury untake from food
"is the amount of mercury present at the end of the previous day,
Yn - 1, plus the amount accwrmlated during the nth day, less the

amount lost during the nth day, -
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) b . I'P-:-‘e F
Yn - Yn-l'e-k;l 2 + ] . Hg'(lfe.k°1.2h)
cl
~where ki is the _ract,iona.l cleara.nce rate for ingested methyl-

_mercury, Y L and ¥ 3 reoresent t.he mercury content of Daphnia in

I
ug Hg Daghnia'l s P is the methylmercury concentration in food
- -.1 - y

in ug Hg ¢~ and éqg is the assimilation efficiency of methyl-
mercury from the diet. Daphnia are assumed to feed constantly.
From the oresent work K= .005 hr"l, and.e.. = .8. The

_ cl _ Hg _
concentration of methylmercury in the diet, Pp, is related to

methylmercury ‘concentration in the water by
»';. ‘ e —~ . AN
. L P‘F =~ Fppy Py
“here W -is the nethylmércury concentration in water in wg mL and .
CF. T/ is the corxcentratlon £ ac‘.or for methylmarcuw hetween food
)

and wate?. This “constant was a.ss;_Lgned 2 value of 50,000 after

Flooschenko (196%).

g ~ The methylmercury concentration in Daphnia at, th&(/ end"

o“ the nth day, ¥ n? due to }ptake from water can be ca.lculated
in a manner similar to that for mercury taken up from food using

the “ollowm'r expression
¥, = 4 e e 4 (3,/1) 7, -u-e‘ c12h) 4

—xb_.2L Kb, .2l
3671 & (U/KQ) P, s (1-eT ™)
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wheré'An and 3, are the mercury content in fast-and slow-c}earing o~
compartments, respectively, in ug Hg Daphnia™l, k2; and kgl are
the fractional clearance rates for fast- and slow-clearing
compartments in h;'l, Uz and [ are thé upt;ke ra%es into fast-
and slow-clegring comparfmenté in ml Daphnia~l hr'l, and P
. is the methylmercury cbncgntéation in the water in ug Hg m}"l.
The fractiohal clearance réte of the slow-clearinz compértment,
kgl; is a constant with a value of ,CO7 hr'l. The fractional
clearance rate for thelfast c&mpartment'is related to body size

by the following

a .

where W is the dry weight in.grams. )
The whole body methylmercury uptake rate from water, U,
is the sum of rates of uptake of the fast, Uy, and slow, U, 3‘
compartments
T=U, + T .
The whcle body udtake rate from water was shown above to be
related to body size with a body wemghtlgfoonent that is smmllar R

to that of the filtration rate, . *

U= (I/C )'ehg,w
where is the ass*wzlation efficiency of methylmercury from
i
the filtered water. The value of this constant is set at .3

based on empirical measurements of filtration rate andmthole

body methylmercury uptake rates from the present study. The
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sropertion of the whole body mercury uptake that reaches the

fast-clearing comparpﬁent is defined by

. U =5 °U
\ a a .

where S, is an empirical coefficient based on data from the

~

.oresent work.

F

The methylmercury content of anhnga due to uptake via
food “and water, as well as growth, were calculated daily beginning
at birth. The methylmercyry concentration in Daphnia was
calculated daily from the estimates of methylmercury content of

¢

Daphnia and body ﬁeight.

L2

For the sake of simplieity the environﬁ;ntal conditions
of food densif} {.002 g l'l) and methylmercury concentration
in water (.00L x 1073 ug Hg ml'l) were held éonstant throgghdut
the lifespan of Daphnia. Since the oresent study failed’to show
any éetectable transfer of methylmercury.fzom methylmercury la@en

adults to offspring, it was assumed that heonates contained no -

- methylmercury at birth, ot
. : {
ﬁqi The simlated growth of Daphnia was' in close agreement

with puwblished information on growth in Dashnia magna. The

validity of model predictions of rethyimercury conceﬁtrations

in Daphnia tissue was tested by comparing estimated Daphnia/water .

concentration factors for 21 day old animals azaigst concentraiﬁﬁn

factor values estimated from the data of 3eisinger et al (1950).
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The léiter exsosed Daphnia ﬁgéna to methylmercury under feeding.
conditions f:om bi{th to age 21 days at‘concentrations of methyl—
mercury in thé medium of .04 to .26 x 1073 ug Hg'ml'l and

observed concentration factors hetween Daphnia and water of
4CC,C00 te 700,000 after él dayé of expgsure. The modelagenerated
concentration factor wvalve, 3LC,CC0, agreed well with these

valuves (Fig. 23C).

3y age LC days (= LO days of exposure) the simulated

methylmercury concentraticn in Daphnia is within 107 of the

maxirum theoretical concentration. The concentration factor at

this age is slightly greater than L00,0C00., Due to the very radid

rate of methylmercury uptake in immatures, young Daphnia achieve

3??TOXiEQEfl? 707 of the theoretical maximum methylmercury
concentration by the age of § days. If the critical tissue
concentrations for toxic resdonses are *the same for 31l ages of

Daphnia, then animals can be expected to succwmd as adulis to

ambient methyl:hercur;f‘cncentraticns which were innocuous to them
' b S

as immatures.
. \ o :
To a2ssesg the relative importance of foed and water

vectors in methylmercury uptake, methylmercury tissue concentira--
.

tions due to udtake by foeod and waterWere estimated separately

33). This result su-gests that both*focd and water vectors

.

AS)

(Fiz.

contribute zdpreciadl:r te methylmercury upiake in DJaphnia.

- . - v

DeFreitas et al (1977) meacned a similar conclusion for methyl-

-

mercury dynamics in fish. Since the food vector apsears to plav
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-

Tig. 23. Simulated tissue comcentrations of methylmercury in
Daphnia. A. Methylmercury is accumulated from only water when

e:gposu}e is begun at birth and at age 1C days. 3. Methylmercury

-
']

is accurmlated via food and water vectors considered separately.
s C. Yethvlimercury is accumlated via food and water vectors
b
corbined. For equations and param‘eter values used in this

similation see text on pages 1L7 - 151.
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an important role in methylmercury uptake, it is important that

the toxicity of methrlmercury in the diet be considered in the

-

hazard ascsessment contert as well as the toxicity of water-horn
I .

mercury.

ig. 23C shows the zccu-wlation of nethrlrmercury in

—
1
-

DJaphnia when exposure is startaed at different ages. when exposure

is begun at birth animals exgerience far Zreater ccncentrations of
-

methvlmercury in the tissues during the firet five days of

exposure than when exposure is commenced at 272 10 da

the simulated tissue concentrations are roughly esual br the tenth
day of exposure. It is not surprising, therelore, that irmatures
are more sensitive to polsons than adults in ifoxicity tests

invelving acute exposures oF less than five days Suration

(Breukleman, 1932).
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SUIDARY ' | ’

The results on mercury dyna.lcs in Dashnla magna

define rethrlmercury bioaccumu;ation

of mercury

in this thesis

in terms of uptake ané retention from water

Changes in these processes with temperature and with

results 'en Tercury

§mfn

1 used in conjunction with published informaticn

ia bioenergetics in the development of a pollutant

desimmed tc be apdlicable in

ecosystems ag well as laboratory test situations.

re suTmar g welow.

Accurmlation ¢of methylrmercury via the water vector could be

descrined mathematically 2s z two-compartment system with’

no apparent exchiange vEuWGEﬂ com ﬁartments. 3iological
o

o
half

-times for methylmercur:r clearance from the two com-

sartmenis were 2.5 hours ind four days, respectively.

of Lnorgaric mercury from water was a2 multi-

arceess. -Clearance of inorganic mercury was

hat of methylmercury. -

Methylmercury uwoiake followeé first order mass action

k)

kineties. The cbserved values for whole body transfer

coefficients, f.e., the sum of fast and slow compariment

were variable, rans

o
ln(_', rom

A

H
(8]
O
O
ct
Lo}

-~
5

transfer coeflicients,
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about 8000 grams .ef water per gram of Dashniz per hour.
Slow compartment transfer coefficient values ranged from

~
- . - T o +
50C to 15CC grams of water per grarm of Daphnia per hour.

]

“he uptake rate of methylmercury increased odroperticnaiely

with the .83 nower of hody weisht. This relationshin of

uptake rate tg body weiz

ht would have been expected if the

e in »rozortion to

(4]

methylmercury uptake rate nad ingrea
metabolic rate. Tﬁe inérease in methylrmercury uauake rate
with increasing temperature over the temperature rang

S - EOOC suzports the relgtionship befweeﬁ resoiration rate
and methyimerc:ry uptake rate. The upiake rate of
incréa:ic mercury Irom water was similar to that of
methylmercury.
Assimilation efficiency Trom food St;c;rl" favours the
orelerential uptake of methrlmercury over inorganic
mercury. Assimilaticn ranged from 8C - 207 for methyl-
mercury and € - 2C° for inorcanic mercury. The rate of
uptake of methvlrmercury into the ftissues was posifively
related to ambierit food density due to a strons nositive
effect of fo;d density on ingesézzz\}ate, degoiie 2 =zmall
reduction in assimilation effigiency with increased

oy

ingestion rate. The uptake rate of methylrmercury into the

tissues varied oroportiscnatel: wiih the .52 pow

[19]

r of body

welght. This reflect

w
ct
S ]
[
o
- a?.
. =
)
pars
|J

nshis of ingestion rate

with body welghi since assimilaticn efficiency is
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independent of body welght. Temperature has 2 pronounced

‘effect on the rate of methylmercury uptake into the tissues

throuzh a small effect on ingésticn rate and a much larger
effect on aseimMilation efficiency with an optimun o

temperature of about 20°C.
Talues of the fracticnal clearance raie of =ethvlmercury
assimilated feom food were similar to those of slow com-

-—
M

ractional

ooC

14

clearance rates of nethylmercury taken up from ooth
and water were indevendent of bodr size and temperature.
Clearance of methrlrercury was unaffected oF noulting.
norzanic mercury 2ggimilated from food wés clearsd zhout
1C times. faster than methylmercury.

dver 2 wide range of acuatic species ranging in size fron

1 x lc’h.to 10C grams wet weight, transfer coefficients

£

for methylmercury uptake fron water decline with an
increase in body weight. The transfer coefficient of
methylmercury uptake (TC) and wei weiznt in gravs (W)

. : . =25
can be related by the power function TC = 7.347° 2.
{learance of methrlmercury from several crustacean species

gclines

.
"

also

¥

fith body weight. Tre frzetionzl clearance

(L

rate (¥q1) was related to »ody weight by the power function

- T8 mn Aanldime £ :
Ke1 = »CO08H .78, The decline in clearance rate with

-

-

bodyr size in Crustacea is similzr in slope to that
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for fish, but the fractional clearance rate of fish
appears to be aporoximately 50 times faster than for a

crustacean of the same weight.'

) Animdls exposed to inorganic mercury via the water vector

displayed a very small compartment with‘q fractional
ciearance rate similar to that of the slow-clearing
compartment of methylmercury. This small compartrment in
the inorganic mercury-exposed Daphnia méy be methyl-
mercury, raising the possibility that Daphnia may be
ecapable of in vivo conversion of inorganic mercury to
methylmercury.

The information on methylmercury upta?e ancd clearance
geveloped here has been counled to published information on

Daphnia enerzetics to produce a bioenergetic based methyl-

‘mercury bloaccumulation model for Daphnia. This model was

.used to estimate the concentration of methvlmercury in an -

individual Daphnia'exﬁbsed continuously from birth to
constant cpnditions of methylmercury contaminated food and
water. The resulﬁz of’this simdation suggest that food
ané water mercury upEake vectors may be important in
accounting for the mércury body burden in Daphnia. Also,
Daphnia may achieve almosi 70% of the maximum body burden
by age five days, so that the concentration of methyl -
mercury in the tissues will change little in the remaining

LO davys of life.
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’ Many géps still exist in oun understanding of methyl-
mercury biocaccurmlation in microcrustéceans. Several obviousr
areas requiring further work are the possibility of in vivo
methylation of.inorgénic\gfrcury in Daochnia; the effect of water
qualitf on mercury uptake %q;ough influenceiﬁn the chemical .

N . :
speciation of mercury and on.%he physiological function of Daphnia;

and the possibilit of transfer\of mercury from the adult female

tc the egg. ) !
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