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ABSTRACT . -~
Uptake from both food and water of organic (metﬁyl-
mercuric chloride) and inorganic {mercuric chloride) mercury

and its subsequent retention by the fresh water amphipod,

Hyalella azteca (Saussure) were estimated by radiotracer
techniques. To study uptak® of mercury from food, the
natural food 1tems used were three specles of algae,

Scenedesmus guadricauda, Anabaena flos-aquae, and Navicula

pelliculésa, and pulveriged autumn maple leaves, as well as
the- artificial food, trout cifow. The net assimilation. of
meﬁhylmefcuric¢chlofide ranged from 77 to 87% of the amount
present In the iggesﬁéd diet, compared to 3 to 17% for ﬁercuric

. N 4 .
chloridé. Clearance of methylmercuric chloride-from the body

-tissues of Hyalella azteca wa$s a first order process with a
half 1ife of 30 to 50 days, while that for mercuric chloride.

" was 6 to 12 days. A positive relatiof was observed between '

dose rate and whqle'body retenti Clearance rate does not
increase with temperature, ovpr a range in femperature from
10 to 20°C. - . _ \

An‘uﬁ%ake rate of ~0.lUx ug Hg per amphipod per .

hour was obtained at 20°€ when the amphigo 5" were exposed

to watér Qontaining‘methylmeréﬁric'éhioride at a concentration
of 0.8x%1073 pg Hg/ml. A Similaf rate was observed for uptake
of inerganic merguric chioride.. The uptake efficiency or bio-
availébility of mercury for transfer from water to the amphipocd
was Independent of mercury concentration over the ranges A

0.0008 to 0.014 pg Hg/ml for CH3HEC1, and 0.0005 to 0.005

vg Hg/ml for HgCl,. The uptake of mercury from the water
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decreased by abQut 60% as temperature decreased from-2( to
10°C. Water quality_affected direct uptake of methyl ercuric
chloride and mercuric chloride with uptake rates for Noth

L mercury compounds-ﬁeing lewer in Qttawa.River water than

- \",’
dechlorinated tap water.

The experimental values for assimi%ation.efficienc,-

. »
uptake rate and elimination rate of both methyl

chloride and mercuric chloride, are'dsed'to explalin levels

of mercury found in amphipods in their natural environment.

.
.
/ : .
N
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" RESUME

L;absorption du mgrcure organique (chlorure de
'mé%cure.méthylé) et?inorganique (chlorure de mercure)
.contenu dans la nourriture et l'eau et sa rétention
'-ulterleure par 1'amphipode d'eau douce, Hyalella azteca

‘(saussure), bnt &té estimées.par deplstage radioactif.

'Pour permettre l &tude de 1° absorptlon du mercure contenu '

dans la nourriture, les aliments naturels utlllses furent
trois espéces d'algues, Scenedesmus quadrzcauda, Anabaena
flos- aquae, et Navicula pelltculosa, des feuilles d'érable,
collectionnées en “automne et pulvérisées, ainsi qu'un
mélanée de nourriture'déséchée'préparée spécialement pour
.les truites ("ﬁrout chow"). L'assimilation nette ae
chlorure de mercury méthylé a vari& dans une proportion

de 77 a 87% de la quantité présente dans la diate ingérée,
et de 3 & 17% pour le chlorure de mercure. L'élimination

du chlorure de mercure méthylé des tissus de Hyalella >
liazteca a 8té un processus de premier ordre avec une demi-
vie de 30 a 50 jours alors que celle du chlorure de mercure
a 6té de 6 a 12 jours. Un rapport positif a &té observé
entre le taux de la dose et la rétention par le corps
entier. Le taux d'élimination n'a pas augmenté& avec la
températurg entre 10° et 20°C. _ '

Un taux d'absorption de ~ 0.4 x 10" % yg Hg par

amphipode par’ heure a até ébtenu 3 20°c, quand les

_amphipodes furent placés dans de 1'eau contenant du chlorure

’

de mercure méthylé a une concentration de 0.8 x 10 "3 yug

Hg/ml. Un taux 1nfer1eur de 50% a 8té observé pour

— il il ..‘"- e ‘_._i‘
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1'absorption du chlorure de mercure inoxganique; L'
efficacité de 1l'absorption ou la disponihilité hiologique
du mercure pour le trangfert entre l'eag et l'amphipodg'
Stait indépendante de la concentration du mercure_vériant .

de 0.0008 3 0.014 ug Hg/ml pour CH,; HgCl et 0.0005 &
f 3 -

0.005 pg Hg/ml pour HgCl,. -L'absorption du mercure de
l'eau a diminué d'environ 60% lorsque la température .
‘passait de 20°C a 10°C. ILa gualité de l'eau a affecté
l'abéorption directe du chlorure de mercure méthylé etd '
du chlorure de:mercure. Les taux d'absorption pour les
deux gdmposésrde mercure ont étéiinférieurs poﬁf l'eau de
la rivigre des Outaouais, comparativement 3 celui de l'eau
d'aqueduc déchlorinée. , o

Les valeurs expérimentales pour l'efficacité

i
d’'assimilation, les taux d'absorption et d'élimination
du chlorure de mercure mé&thylé et du chlorure de mercure—
ont &té utilisés pour expliquer les niveaux de mercure

trouvés chez les amphipodes dans leur environnement

naturel.

S h ]
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INTRdDUCTION
The general tendency for. lake and river sediments
to act as a major sink for chemical pollutants is_well
documented. The-processes of pollutant absorption/desorption
indicate that most heavy metels, metaloids} and many organic
zenob{ctic compounds‘are tightly bound to sediments., The
organlc detritalrmateriai is usually associated Qith a .
disproportionateIY large frac%ion of the toxic coﬁpounds,
particularly in the case of mercury pollutants.’ In this
sense, sediments and the natural processes of floc formapibn
and its ‘aggregation and deposition act as an efficient
&gecontamination mechanism for: reducing the concentration of
water born mercury and hence its availabillity for direct
uptake from water,by biota. Despite the fact that mercury
s 1arge1ycimmobi£ized in the sediment and does not often
exlst in-hazardous concentrations in solution, such 'locking
- up' of ﬁollutants by sediment material may be less secure
than the observed desorption rates indicaté. Fish are able
to obtain and to concentrate enough mercury to render them
hazardous for food consumption in places where mercury has
beeg'released into the environment The mercury found. in
fish 1is predomindtely methylmercury, whereas the mercury //,/
found in detritus is less than 1% methylmercury (Jernelov aﬁé
Lann, 1971; Zitko et al., 1971). The contaminating methyl-
mercury origiﬁates in the sediments by bacteriel conversion

of inorganic mercury to methylmercury. This methylmercury

then finds its wayuinto the water phase for uptake by aquatic -
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organisms, resulting in a food chain biomagnifiéation_process.
Sediment bacteria and fungi ag well as benthic invertebrate
6rganism§ derive a major part of thelr calories from sedliment
assoclated nutrltive materialz Benthle feeders have been
shown tb have a high mercury body burden, often hlgher than
the sédiment which they inﬁabit, {(Hannerz, 1968; Jernelov and
Lann, 1571; Bissongette, 1977). Since such sediment-bound
*h\‘H\’mercury could continue to be avallable for several years
\s (Jernelov, 1969) it is very important to define the role of
organisms dwelliné in or upon the sediment, in mediating
mercury flux. . : ' .

The role of aquatic invertebrates iq mercury
ecodynamics 1is not _at all well undepstood, particularly the
benthlc invertebrate community, which should be of paramount
importahce, since this commudity accounts for most of the

.anlmal biomass production 1n aguatic ecosystems. To help

i i

define the role of benthlic lnvertebrates 1n ﬁediating mercury
flux, the following questlons need to be investigated: in
what form is mercgry present In the blotic and abiotic
détritus; how 1s mercury made avallable from the sediment for
concentration by aquatic‘organisms; what forms of mercury do‘
the organlsms accumuiaté and suﬁsequently concentrate; and at
what rates do mercury uptake and depuration occur by the
aquatic organilsms.

Since mercury 1s a ngﬁural component element in
aduatic environments, it can be éssumed that 1ts naturally

synthesized derivative, methylmercury; has been present in
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aguatic ecosystems for many millioﬁs of'years, ;nd it‘is
fa£her surprising that its ub%quitous presence 1n aquatic
biotawas rot established -until the'late 1960's {Westoo, 1967).
Mercury is able to exist 1n the natural environment ;n
contact with water in three oxidation states: as the metai

" itself, in the 1+ (mercurous) state, and in the 2+ (mercuric)
state. The mixture of forms which will occur in & given
assemblage, or predominate in solution, depequ upon the
redo¥ potentiél and pH of the ehvironment and upon the

nature of the anions and other groups present with which
hercury could form stable ccomplexes. The ggiubility of
metallic mercury in water had been determined as long agoe as
1934 by Stock and is about 25 ug 171 at 25°C. In oxygenated
water the sclubility of mercury lncreases as Hg(OH)2 forms
in sqlution, and in chloride-ricﬁ\écidic water it lncreases
markedly as Wundissoclated ch;g/forms. In most surface
waters Hg(OH)é and HgCl, are the predominant specles. At
low redox potentials observed 1ln reduclng sediments, mercury
1s effectively 1mmobilized by sulfide ion, due to 1ts 1low
solubllity.

Mefcury in the zero oxldatlon state in solution
exhibits the property of being more soluble 1n hydrocarbons
than in water (Reichardt and Bonhoeffer, 1930). Thus this
form of mercury in solution is preferentially soluble in
the lipld-rich cell membranes of living organisms. Hem (1570)
has suggzested that this faéilitates rem&val of mercury from

water by aquatic organisms and leads to more rapid accumulafion

!
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in their tissues.: HgCl2 is also soluble in oréaniq solveﬁts,
although its solubility in aliphatic hydrocarbons 1s lower
than that in water (Sidgewick, 1950). .

When considering the chemistry of mercury, an-
important factor is its 'high affinity for sulfide sulfur.
Many of the substances that constitute protoplasm contain
sulfhydryl groups (e.g. proteins contaln available free
sulfh&gryl groups through incorporation of the amino acid
cysteine in their structures). The binding of mercury to .
sulfhydryl groups 1s érobably basic to the tbxicity of .-
mercury compounds, since the result‘would be inhibifion of
enzyme action (Webb, 1966). Mercury alsd has a high affinity
for other functional groups incorporated in proteins, such
as the amino group (—ﬁﬁg). The large number of these groups
increases the cabacity of proteinaceous orggnic matter to
bind mercury and may also increase the strength with which
mercury 1s hela. . I

A reaction of importance in the aquaﬁiﬁ chemistry
of mercury 1s that In whlch mercury becomes attached to
organlc groups through covalent bonds to ca;bon atoms. One
example is methyl mercuric chloride (CH3Hg+Cl_). T?is
cempound rapidl& penetrates animal membranes due td its
‘ high lipid s&lubility. Methylmercury'also binds tightly to
éissues,particularly proteinacecous tissue (Brown and
Kulkarni, ;967). Its bioaccumulation potentlal has led to
levels ip fish dangerous té man as well as to other pilscivorous

mammals and birds. Recent investigations have shown that
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mono-me€hylmercury and di-methylmercury compounds can be
synthesized from metallic, 1aorgan1c, and organo-mercuriala,
by sediment dwelling bacteria (Wood"ét al., 1968- Jensen and
Jdernelov, 1969; Jernelov, 1969; Fagerstrom and Jernelov, 1971;
Landner, 1971; and Spangler et al » 1973). Methylmeqcury is .
therefore available:for concentration by the biota regardless
of the chemical form of mercury introduced to the aquatilce
system. Shin and Krenkel (1976) reported that microorganisms
capable of methylating ﬁercury do not seem to be rare, in the
natural environment because methylatlion is apparently a
‘detoxification procedure. 'Hoqever, there_are many speciles
that are capable of degrading methylmercury. Such species
may be very abundant, surpressing the accumulation of
methylmercury in sediments (Spangler et al.'1973). High -
levels of methylmercury reported in fish have drawn attention
to mercury biomagnification‘via the food chain: mlcrobilal
flora - benthos - small benthophagous fish - predafory fish
(Jarvenpaa et al., 1970). This food: chain becomes contaminated
by the methylmercury originating by bacterial conversicn of
inorganic mercury. . .

In general terms, benthic invertebrates can be
expected to take up both inorganic and organic forms of
mercury directly from the water and by ingestion of mercury’
contaminated detrital material and other food items. The
avallability of either form of mercury, from food and by direct

uptake from the water, may be similar for different specles,

but the absolute rates of uptake should vary according to
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~physlological differences among species, and also on the type

and amount bf.fpod eaten (de Freitas et al., 1977, Davies,
1978). One problem complicating mercury uptake, 15 the
differences 1in membrané bermeability that probably occurs
émong taxa. Luoma (1977% studylng a polychaete worm and a
shrimp, suggested that-interspecies diffefences in biocon-
centration and toxicity are strongly -Influenced by éifferences
in physiological permeability. In field sémples of

various aquatic organisms, it islexpected that the level of

mercury 1n the orgahisms will vary from spécies tec speciles,

. due to the differences in physlological structure and conditlon

of the organisms. Thus for any given taxon the folibw;ng
need to be défined: the amount of mercury ingested as
contaminated food, and 1ts chemical form; the efficiency of
assimllation of ingested mercury; the‘émount of mercury
absorbed frgm the water; and the elimination rate for organilc
and inorganic mercury from tissues into the environment.
Uptaké rate constants for inorganlc and organic forms
of mercury and whole body clearance rates have been reported
for varlous specles of fish (Jarvenpaa et al., 1970; Sharpe
et al., 1977; de Freitas et al., 1977) and have beenvused to
explain 1) the levels of mercury observed in wild populatiqn
of organisms.(Fagerstrom and Asell, 1973; Norstrom et al., )
1975) and 2) the relative magnitude of the focd and water
vector (de Freitas et al., 197h;-Fagerstrom et al., 1974;
Norstrom et al., 1976). For example, for fish, water

concentrapions below presently detectable levels of
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0.01 x 1073 ug Hg/ml. ﬁater,.can account far methylmercury
levels in fish tilssue in excess of 0.5 ppm (de Freitas and
Hart, 1977), a %pncentration that is often observed in nature
(Lockhart et al.(1972). Benthic crganisms also contain
methylmercury, and the question arises -ﬁhen as to the
simllarity between invertebrates and fish in their ability
to assimilate and ellminate mercury.
There are many factors that affect the availabllity
of mercury for bioassimilation-from_water, clearance and'food
'chaip transfer. These control- factors can be divided into
two groups: biologlcal factors intrinsic to the organism,
and physical factors external to the organism (de Freitas, 1977).
Mercury uptake.from food can bewaffected by external factors
such as mercury concentration in the foéd, chemlcal form of
mefcury in the @ood, food type, food availabillty and water
temperature. Intrinslc factors would include food consumption,
assimllatilon efficiency of the 1ngested mercury, metabolilec
rate and voidance time. External factors controlling mercury
uptake from water would be the assimilation efficiency of -
mercury from water, pollutant concentration 1n the water,
chemical form of mercury in the water, and water quallty
parameters such as pH, hardness, suspended or dlssolved
material, énd temperature related factors which affect the
organism's growth and metabeollc rate. ’
One important taxdnomic graup of benthle invertebrates
1s the Class Crustacea. Corner and Sparrow (1957) and

Hannerz (196ﬁ) have shown that mercury ccmpounds do enter a
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crustacean and ‘that merylmercury enters faster than 1norganic
mercury. The cuticle (exoskeleton) of crthaceans has many -
propertiles in common with insects, belng basically a chitin—
.protein structure, stiffened and hardenéd by deposition of

. calcium salts (Guarino et al. 1976). This cutlcle 1s
lipophilic and readily allows methylmgrcuric chloride to cross
the bilologlcal membrane (Hughes, 1957). In.addition, Corner
and Sparrow (1957) showed methylmercuric chloride to be 4 to
15 times more toxic than mercuric chloride 1n’crust;cea, due
at least 1n part tothe higher assimilation efficliency of
methylmercury compound relative to that of inorganic mercury.

This study examlines the role of the benthle crustacean,

Hyalella azteca (Order Amphipoda) in the mobllizatlon and

transport of mercury from sediments. Hyalella azteca 1s

widely found in.shallow, freshwater lakes and rivers throughout
North and Central America (Pennak, 1953;’EBE§;¢e1d, 1973).
;t 1s most abundant in shallow-water sediment; living on
aquatic vegetatlion or buried in organic debris to a depth of

2 em. (Jackson, 1912; Bovee, 1949; Cooper, 1965; Hargrave,
1970). Laboratory experiments have shown that Hgaiella ls a
discriminate particle feeder, digesting bacteria and algae
from ingested sediment particles (Hargrave, 1970).

Hyalella azteca is 6 to 8 mm. in length with a dry

welght of approximately 700 ug. The head bears two palr of
antennae, a pair of mandlbles, two pair of maxillae and one
pair -of maxillipeds. Epiphytic algae are scraped off aquatic.

plants and other surfaces, and transferred via mandibles and
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maxllllpeds to thé mouth. The digestive systemjié composed

pf a foregut, midgut, and hindgut. The fbregut consists of

a cardiac‘or chewing stomach located in the anterior peraeon

connected to the mouth by a shbrt esophagus. From the anterior

end of the midgut, directed posteriorly, are two elongate, <w

tube shaped digestfve caeca and a short anteriorly direcfed

caecum. The hindgut is a short straight tube emptylng via

phe anus (Bousfield 1973). Resplration takes place partly

through the body surface but mainly through the thin walls

of the coxal gills located on the inner bases of the walking v-ﬁ

limbs. Action of the pleopods maintains a steady clrculation

of oxygenated watér over the gills.

Thg iife cycle of:Hyalella can be divided 1ﬂ£o an

,1mT9ture sﬁéée (consisting of 5 instars), a Juvenlle stage

(including instars 6 and 7) and an adult stage (the eighth
o'instar and older). Adult females are capable of producing
broods of young {(ranging from 1‘to 50 amphipods at every
moult fcllowing the oﬁset of reproductio@} Eggs are carried
in a thoracic brood pouch. Newly hatched amphipods resemble
the parents and do not undergd a larval metamorphosis.
Duration of deveiopment and hatching of eggs. varies, but
largely depends on temperatufe. '

This study attempts to quantify the assimilation

efficiency of mercury (organic and inorganic).ingested as
contaminated food, the rate. of uptake of:grganic and lnorganic

mercury from the water and elimination rates for organic and

inorganic mercury from the tissues of Hyalella into the
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environment. The effect of some control factors such as
temperature and water, quality are also examlned. With such
parameter;:definea, attempts can be made:to quantitatively
define the bioaccumulation potential of both methyl and
inorganic mercury by the amphipod in 1ts natural envircnment.

4 Thé experimental protocols involve the’ﬁse of 203Hg
labelled mercury compounds. Mercury-203 1s a gamma emltting
iscdtope and thls allows easy measurements of the amount of
mercury taken up by the amphlipod from coﬁtaminated food and
water and the ampunt retained in subsequent perlcds is
estimated by deing whole body 203Hg counts of live_amphipods.
The 1live amphilipod can be quickly radioassayéd and then
replaced lpto the exposu.e or clearance situation for
subsequent assay. The }adioisotope also gllows the use of
low experimental levels of mercury, apﬁroéching those

]

encountered 1n the environment.
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s MATERIALS AND METHODS

General Procedures

Maintenance of experimental animals

The amphipo@s,Hyalella azteca, were obtained from
Carolina Bilologlcal Suppliesl. They were maintalned in a
10 gallon agquarium half—filledﬁwith dechlorinated tap water.
This constantly aerated aquarium contained sediment o

(approximately 1 cm. deep) from the Ottawa Rlver and the aquatic plants

!

oF the genera Myriophyllum, Elodea, and Lemna. Appreximately
half of the water 1n the aquarium was\removed every 2 weeks
and fresh dechlorinated tap water added. The system was
maintained on a 14:10 hour light:dark cycle at a water
temperature of 19x1°C. In ell of the experiments the head
1ength of the amphipods was measured to minimize differences
in results due to body size, but amphipcds were not separated
by their stage of intermoult. Wildish and Zitko (1971) found

that the stage of intermoult made. no difference to uptake
-

rate of PCB 1n amphipods.

Handling of mergury-203 labelled compounds

Mercury-203 labelled compounds were purchased from
New England'Nuclear? as aqueous solutions of methylmercuric
chloride and mercurlc chloride, ﬁith specific activities-at
time of purchase of 2.7 to 5.2 mC/mg\and 4 mC/mg mercury .

réspectively.
~ , - P

1Carolina Bioldgical Supply Company, Burling, North Carolina

2575 Albany Street, Boston, Massachusetts, 02118, U.S.A. .

USSR
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Immediately following delivery, the mercury-203
labelled material was diluted with distilled water. The
diluted N.E.N. stock was stored {n 10 ml volumes, in 15 ml
vacutalner tubesl, for easy subsampling with aisposgble
"syringes when required for experimentation

The initial concentration of radiocactivity in the
10‘m1 volumes of diluted N.E.N. stock was usually 20 uC/ml.
At this dillution of the original radioactivi%y, methylmercury
does not undergo radiation induced chemical breakdown. The
diluted N.E.N. stock of methylmercuric chloride can be used
for up to six moﬂths after purchase without a significant

increasé in the level of mercury-203 labelled impurifies

" (Sharpe et al., 1977).

4

o

Sténdardizatiqq Qf radicactivity measurements

The codﬁting efficiency of the deep wlll scintidlation
counter? ‘was determinéd by the use of a standard consisting
of an accunately measured quantity of a mercury-203 labelled
mercuric chloride soyption In a sealed glass ampoule within

a standard scintillatfon vial. Thils standard was used to”

. determlne the day to day varlations in counting efficiency

observed during the extended periods of measurements.

lEvaciiated glass tubes, 127x16 mm., Becton-Dickinson, Division

of Becton, Dickinson and Company, Rutherford, New Jersey.
2

Nal doughnut crystal detection unit. Counting efficiency for
Hg-203 was. approximately 40%.

.

{m

Ino-tech 5100 multichannel analyzer coupled to a 2 in. diameter

a3
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Chemlcal fractionation of mercury

The purity of the dilﬁ%ed N.E.N. stock of methyl-
mercuric chloride was tested from time to time using a
: modification of the Westoo Procedure for rapid determination

of methylmercury salts in fish tissue’ .and other samples
(Westoo 1967, 1968). .

For a 10 ml sample of daqueous exposure medium, the
following procedure was used for fractionation of organic
(methyl) nMercury and lnorganic mercury. The iO ml sample
was placed in a 50 ml stoppered graduated cylinder. An
'aliquot (0.25 ml) of each of 1000 Hg/ml solutions of
methylmercuric chloride and mercuric chlorlde were added as
carrier material. Sodium chloride (2.0 g), cohcentrated
hydrochloric acid (3.5 ml), and benzene f20 ml) were then
added and the mixture was stoppered and shaken for 30 sec.
The mixture was then allowed to stand until the phases
separated. The benzene layer was removed and placed in e
100 ml graduated cylinder. The benzene extraction was
'repeated two more times. Each time the benzene fraction was

transferred to the 100 ml graduated cylinder. The final

volumes of the aqueous phase (1norganic mercury) and benzene

phase (organic mercury) were then recorded. Filve ml of each’

phase were then placed in Separate scintillation vials and

the radiocactivity levels in‘each\yere assayed using a deep

well seintlillation counter. The relative amounts of organic |

and inorganic mercury in the sample were then calculated,
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. A similar procedure was used for fractionating the
organic and inorganic mercury 1in the amphipods.or mercury-—
d@ntaminated food used. The amphipod was{first homogehnized
in a modified 15 ml glass centrifuge tube. The bottom of‘fhe
tube had been ground and a glasé red ground to fit 1t. If
the foods were belng analyzed, approximately 10 mg wet welght
of the food was added directly to the centrifuge tube, but
the food was nbt ground or homogenized. To the centrifuge
tube the followlng were added: 2 ml diétilled water, 2 ml
benzene, 0.25 ml each of methylmercurlc chloride (1000 pg Hg/ml)
and mercuric chloride (1000 ug ﬁg/ml), 0.7 ml concentrated
HC1 and 0.4 g NaCl. The contents were mixed on a vortex
mixer’for 30 sec, then centrifuged. The benzene layer was
_removed and placed in a.scintlillation vial and the benzené
extraction repeatedktwice. The entire benzene frgction and
agueous fractlon (egch iﬁ separate scintillation vials) were

then assayed for their radioacfivity.

Mercury dosing'procedures.
Uptaké from food

Two-forms of mercury .were Esed in the feed ng
experiments: the organic form, methylmercuric chlo de, and

the inorganic form, mercuric chloride. Foods contaminated

with mercury were the green alga, Scenedesmus quadricauda

" (Indiana University Collectionl #77), the bluegreen alga,
j B .

’1Culture Collection of Algae, Dept. of Botany, Indiana
University, Bloomington, Indlana. In the body of the thesis and

in tables and figures, only the generic names for the algae
and diatoms are used.
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Anabaena flos-aquae, (I.U. #1444), the diatom, Navicula

pelliculosa, (I.V. #668), air dried maple leaves and Purina
4

- trout chowe. Trout chow has been used in other experiments
to feed Daphnia, mussels and minnows (Terhaér et'al. 1977)5
Prior to addition of the mercury-203 labelied |
solutions, the food was found to cﬁﬁtain approxlmately the
following levels of total mercury (on a dry ﬁeight basis):

algae (consisting of a mixture of Scenedesmus, Anabaena and

Navicula) 315 ppb; trout chow 49.5.ppb,; and maple leaves 298
ppb. An adaﬁtation of the Magos (1971) procédure for
selectibe'atomic absorption determination of mercury, as
described gy‘Norstrom and Peter (1972), was used for this
analysis. These background levels are less than 5% of the
mercury levels 1n the contaminated foods used in the feeding
:eXpérimenfs (see Results), -

To prepare the amphipods for a‘feeding exper}menf,
twenty-four hours prior to an experiment, 15 to 30 amphipbds-
were removed from their aquarium and Placed in a 2 1. glass
beaker containing 1800 ml dechlorinated tap water and the
uncontaminated version of the diet to be used in the
experiment. After this twent&-four hour acclimation period,

‘the amphipods were placed in another 2 1. glass beaker

containing'IBOO ml dechlon{zﬁ}ed tap wéfer and were- starved

!
for 2 hours.

2Ralston Purina Co., General Offices; St. Louis, Mo. 63188,
Analysis of Purina Trout Chow fish feed size #3, guaranteed
by Purina: ecrude protein 40%, crude fat 8%, crude fiber 5%,
ash 10%, added mfnerals 1%, carbohydrate (by difference)
30-35%.
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-‘washing; An excess of food (approximately 30
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Mercury céntaminéfed food was prepared by adding
approximately*35 mg (dry weight) of the food .(1live algae,
finely ground trout chow (15 um to 75 um) or pulverlzed
leaves) to a 20 ml glass test tube containing dechlorinated
tap water and the mercury-203 labelled methylmercuric chloride
or mercuric chloride. The tube was then shaken_for 2 hours,
centrifuged, the water laf;}_éécanted off, and fresh _
dechlorinated tap water added. ‘The tybe Qas then. mixed for .
30 sec on a vortex mixer and centrifuged again. Several
siﬁilar washegbwere performed-un?il stabllity of the mercury

malning on the food was established (see Results). The

od égg final rinse water were then filtered on Whatman #1

filter paper, the food -scraped off and added in clumps to the
beaker containing.the amphipods.‘ Samples of all foods useqd
were examined mié oscopicaf&y for any qbnormalities Br
rup&ufiqg Egﬁt/ggz haﬁe cccurred during contfiinétion or

, /imes'the
amount required) was added. Thé concentration of mercury in
the algae was gstimated by radioactive assay of 203Hg before
addition of‘;he contaminated ‘food to the feeding beaker.

In order to correct for any uptake of mercury by
the amphipocds from the water, a 200 ml sample of water in
the feeding exposure Beaker was removed by pipet halfway
through the eprsdgg period and was centri%uged to remove
any food particles. Three amphipods which had been acclimated
with the amphipods used in the feeding experiment, were then

added to it for the same length of time as exposure to the

'food.
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Depehding on the particuiar experiment , exposure
to the food varied from 40 min. to 24 hours. At the end of
bhe-exposure‘period the amphipods were removed from the
feeding beaker by a_modified 5 ml pipet, which had the tip
removed allowlng an opening large enough'through whiph an'
amphipod could easily pass. . The amphipods were rinsed by
trénsfer;él through three separate beakers containing 150 ,ml
dechlorinated tap water {(total time: 30 sec.) and then
placed in separate beakers each containing another 150 ml
dechlorinated tap.water fér a.period of 6 1/2 min. At the
end of this time the amphipods were transferred to individual
glass counting vials along with 1 ml of watgr and Qere then
assayed for their whole body content of Hg-203 in a deep
well scintillation counter. For the study of subsequent
whole body clearance of the mercury, the amphipods were tfemw.
transferred to™2 1. beakens containing 1800 ml dechlorinated
tap water, with 2 amphipods per Eeaker. Measurements of the
Hg-203 in the amphipods wWere taken dhring clearance at post-
exposure times of 2, 4, 8, 24 hours and-then once dally for
a maximum of & weeks. Water was changéd in‘the clearance
beakers each time the amphipods wgre assayed. - Any moults
found during clearance were also assayed for theilr Hg-203
content. During the clearance_périod, the amphipods were
fed the same diet (but uncontaminated with Hg-203) as used
in thé experiment. Water temperature during all feeding
experiments and~subséquent clearance perlods was maintained

at 19+1°cC ekcépt when the effect of temperature on clearance

"of methylmercuric chloride was being Investigated.



. Uptake from water v

Dechlorinateé tép water was used in all water uptéke
experiments, except for the study on the effect of waﬁer
quality\where npgai;;?éd Ottawa River water was also used.
Mercury.}ontamin t$d wgier was prepared by adding a‘measuEed
portion'of th&\stdck solution of mercury-203 labelled

- S~
methylmercuric chlcoride (approximately 4 ug Hg/ml) or mercuric
chleride (approximately 5 pg Hg/ml) to a glass beaker
containing 1800 ml dechlorinated fEﬁ water. The water was
stilrred by a magnetic stirrer for 60 sec.; and tnqn left to

stand for 2 hours before addition of the amphipods. All

amphipods were removed from their culture tank just prior to
<

‘their addition to the bealcer' containing contaminated water.

Eight to ten amphipods were added to each exposure beaker

and were exposed for 2 hours %o the water, except when uptake
over long perlods of time nns belng studiéd. - Throyghout this
exposure period the concentration of total mercury in the
exposure wafer was .monitored by measuring the amount of
radio;ctivity in aliquots of the exposure water, using the
Inotech 5100 multichannel analyzer system. To each of these
aliquots (usually 10ml), 0.25 ml each of methylmercuric
%hlbride-(looo ug 'Hg/ml) and mercuric chloride (1000 pg Hg/ml)
was added immediétely after removal from the .exposure beaker.
The samples were c@unted, 1 ml of benzene was‘added, and tﬁe
samples were then frozen and later fracticnated to determine

the éhemical form of mercury present.' At the end of the A

exposure perilod, the amphipdds were removed from the



~19-

contaminated water by a modified 5 ml glass plpet, rinsed
and assayed for their whole bpdy content of-ﬁercury—203 as
dgscribed in detall for the feeding éxperiments. Water
temperatu;e was maintained at \19£1°C during the uptake
-experiments and subsequent cleakance perilods -except when
studying %he effect of temperatuye on uptake and clearance.
Calculatigh of mercury concentf;tion per gram dry welght ofr
food '

'A small sémple of the contaminated food was assayed
for its Hg-203 content immediately before each feeding
experiment. It was then placed on a small, tqred piece of

aluminum foil, placed for 24 hours in a 40°C oven, then

welghed on a Cahn Electrobalance Model G2.

Data processing ) ’
All of the 1ndifidua1 whole boa; meaﬁurements of
livg organisms taken during the post-exposure clearance
@period of elther water or food upﬁéke were expressed as
percent activity-remaining. First order kinetics i1n the

elearance of mercury from amphipod tissue was assumed, and

the dafa for the second slow clearing part of the curve was

treated &s an exponential curve described by the general

equation y=ae“bt, where y 1s the body burden of ingested
mercury, a is compartment size, t is the time, in days of
clearance, and b 1is the fractional clearance rate per day.
The biological half life, or the time réﬁﬁired for half of -
the accumulated tissue mercury to be lost from the organism

as a gesult of bilological processes, was determined By l%%
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with the unité being days. The data polnts were fitted to

. a straight line by least squares linear regressioh ' ‘\\—’//
.(Cunningham and Tripp, 1975) For a specific example of

these calculations, see Table 1 and Fig. 1. These numbers

represent clearance of CH3Hg01 from one amphipod, followlng

a 40 min. ingestion period of CH32D3Hg01 contaminated

Scenedesmus . .

Calculations involving the second, slow clearing
compartment start at 1.2 hours post-exposure. The correlation
coefficlient of the least squares 1ine that best fits the

data 1s given by the equation: r = IXY - SXI¥/n_

(Ex2-(2X)2/n1[2¥2 - (2Y)°/n]
where'X i1s the time, post-exposure, 1n hours, and Y 1s the
1n corrected cpm. r for this specific example 1s 0.901. The

silope, or fractional clearance rate, is calculated by:

. (Ve
xy - 2RE | 1 1
= and 1s 0.00105 h or 0.0252 day ~. T
IX2-(£X)°/n 3

1n 2 G. 693

calculated by B is 0.0252 = 27.5 days. The size of the

slow clearing compartment 1s given by the y-intercept, and
is defined by the equatf%n a = EX:QE& and is 1380.7 cpm.
Assimilation efficlency of the lngested CH3Hg01 is
calculated by: = x 100 where a 1s the size of the slow
clearing compartment (cpm), and ¢ 1s the mercury body burden
at the end of the e;posure pericd. In this case, assimilation
efficiency of CH3HgCI is'%%%f% x 100 = 81.8%.

In studying uptake of CH3HgC1 and Hg012 from water

by the amphipod, the term transfer coefficient 1s used. As
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Table 1. An example to demonstrate the calculation of T& for
CH_HgC1 following a 40 minute ingestion perlod of

CH3203Hg01 - contaminated Scenedesmus; by Hyalella
azteca.l -
Time Amphipod Body Burden
Post-exposure of Hg-203
{hours) measured cpm cpm corrected in
. for radioactive corrected
decay cpm
0.0 465.2 6.14236
1.2 436.7 6.07925
2.3 yiz.2 6.02151
5.1 y12.2 6.02151
- 9.6 395.4 5.9799
24.0 324.3 329.1 5.79636
45,6 335:0 345.0 5.84354
101.4 297.2 315.0 5.75257
148.1 253.2 276.8 5.6233
193.2 - 272.4 306.5 5.72522
244.3 249.0 288.6 5.66504
289.8 245.6 297.3 5.69474
336.8 211.4 259.7 5.55953
367.3 204.6 259.0 5.55683
439.8 174.6 231.0 5.44242
489.8 187.5 255.6 5.54361

b o .
lWater temperature during ingestion and clearance was

19£1°C. Specific activity of CH,°CSHgCl was 2.0x10°

3
epm/ug Hg. :
]
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Flg. 1. An example illustrating clearance of CH ;HgCl f‘rom
Hyalella azteca, followlng a 40 minute.ingestion
perlod of CH;*Y3HgCl. contaminated Scenedesmus.
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used in this text, transfer coefficient, (T,), 1s defined

as fhe amount of water (g) cleared of its .mercury content -
by 1 g of amphipods'in 1 hour. The following is an example

| of the calculatién of the trahsfer coefficlent for'CH3HgCl
from the water to the amphipods at 19;1°C following a 2 hour

exposure period (see Table 2).

T o= 1400 .cpm/amphipod

¢ ~ I3000 cpm/g water x 200 amphipods/g * 2 hours

10.8 h~t

All_gransfer coefficient values reported in the text (Tables
14, 15 and 16) were calculated 6n the basis of mercury body
burden values obtained by extrapolating the clearance curve
for mercury, measured during.the post exposure peried, béck
to zero time post exposure. - This procedure for determining
the mercury body burden resﬁlts in the correct correspon-
dence of uptake and clgarance rate coefficlents for use in
determining the amQunt of mercury passing through the
organism and the concentrétion of mercury in the body

pissﬁes of the organlsm.
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Table 2. An example to demonstrate the calculation of /”'
“transfer coefficient of CH3Hg01, from the water
te the amphlpod.

5

Amphipod Amphipod Body Burdent

Number of CH;HgCl at end of
exposure period?
(cpm)/Amphipod

1533
1500 |
1258
1727
1112
1848
a2
792 .
% * S.E., 1400 t 120

CO~1 W =l

lSpecific activity of CH3Hg01 was
2.7MXI06 cpm/ug Hg, and the level
of radioactivity In exposure medium
was 13000 ¢cpm/ml dechlorinatéd tap
water. . e

2Amphipods were exposed for a period

of 2 h,
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Specific Procedures

1. Determination of voidance time

The voldance time of Hyalella azteca has been

estimated to be approximately 30.min. (Hargrave, 1970). To
determine voildance time under the experimental conditions
being used here, a feeding experiment using methylmercuric
chloride contaminéted trout chow was performed using 20, k40
and 60 min. exposre periods. fhe amount of contaminated
food ingested by the amphipods, based on total body content
of 203Hg, was found to bé linear between 20 and 40 min., but
dropped off between 40 and 60 min., indicating that some of '
the mercury contaminafed food was belng egested during this
period (see Results). 1In all of the following feeding
experiments, exposure periods of 40 minf or less afeiused

to estimate acéurétely assimilation efficiency of thé

mercury compqunds.

2. The effect of food Lype on CﬁgHgCI and HgCl; assimilation

effieciency from the gastrointestinal tract of Hyalella
azteca

Table 3 shows the, exposure periods used, the number

" of amphlpods per posure situation, and the concentration

LY

of CH3HgCI or HgCll per ug dry weight of food, used in each

feeding experiment.

»

-

3. The effect of temperature on clearance'of CH3HegCl
following ingestion of CH32%3HgCl contaminated autumn
maple leaves. 4 :

Thirty-flve amphipods were removed from the.
¥

culture aguarium and _ placed in three 2 l.fglass beakers

Vo
LY

-
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‘Table 3. Mercury concentration in food types used to determine
the effect of chemleal form of mercury and food type
on the assimilatlion efficiency of mercury from the
gastrointestinal tract of Hyalella azté€eca.l

-

Chemlcal Experiment Food | Mercury Number of amphilpods
Form of Number Type . Concentratlion In each exposure

Mercury ‘° in'Fdod " period

(ng Hg/ug dry 20 ho
welght food) min. min. 4h 24h

CH3HgCI 2 1 Scenedesmus 0.34 10 10
- "2 Anabaena 0.34 12 10
3 Navicula 0.75 11 11

. L Trout chow 0.003 C:> 10 12 12

5 Maple leaves 0.003 7 7 5
Hg012 3 6 Scenedesmus 0.09 . 15
7 ‘Anabaena 0:27 ° 15
8 Navicula 0.16 15
9 Trout chow 0.01 14

1a11 experiments were performed at 19+1°C.

2Specific activity of CH;?°?Hg€l was approximately 2.0x10° cpm/ug Hg
for experiments lg 2 and 3. For experiments 4 and 5 the specific
ractivity was 6x10° cpm/ug Hg.

3Specific activity of 203HgC1l, was approximately 2.4x10° cpm/ug Hg.
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containing 1800 ml dechlorinated tap water, as follows:
beaker 1 and 3 - 10 amphipoﬁs each, beaker 2 - 15 amphipods.
Qeékqs/i~was left at room temperature (19:1°C), Beakers 2
and 3 were placed in water baths and the water temperature

* in each was lowered 1°C per day until beaker 2 was at 15°C
and beaker 3 at 10°C. The beakers were then held at these
temperatures for 1 week before the feeding experimént was
performed. Dufing this acclimation period, pileces of

Myriophyllum wére placed in each beaker as well as pulverize#

autumn maple leaves. Water was changed once daily.

The fi?ding experiment was performed as described
bPreviously. As ingestion rate decreases with decreasing
temperature a 3 hour exposure period was used to allow the
amphipods to accumulate enough Hg-203 to be assayed,

Subsequent clearance was followed at the same water temperature
. &8s used in the exposure. A’ feeding experiment was also
performed at 5°C, but the ingestion rate of the anphipods was

too low to allow accumulation of measurable amounts of Hg-203.

4, Effect of temperature on uptake of CH3HgCI from
dechlorinated tap water.

Thirty amphipods were removed from the culture
faquarium, placed in three 2 1, glass beakers (10 amphipoas/
beaker), and  acclimated to 5, 10 and.20°C as described
in th; previous éection;' To prepare the exposure media, a
'i i. beaker containing 500 ml dechlorinated tap water .was
pladed in each water bath (5 -and 10°C) and at room temperature

(19£1°C). "To each beaker 1 ml of diluted N.E.N. CH._HgCl

3
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stock (2.7><106 cpm/ug Hg) was added. The resulting

concentration of mercury in each beaker was as follows:

5°C - 0.047 pg Hg/ml; 10°C — 0.045 pg Hg/ml; and 20°C -

0.053 ug Hg/ml. The amphipods'were exposed for 2 hours,
. ) b I

5. Effect of water guality on direct uptake of CH3HgCl .
~and HgCl by Hyalella azteca from water.

Dechlorinated tap water and unfiltered Ottawa River
water were used in this experiment. Surface water from the
Ottawa River was collected 24 hours prior to the experiment
from the middle of the channel formed between kettle Island
’énd the Ontario shore. Tﬁo different concentrations of each
mercury form weré used to study uptake from each water type.
All amphipods were exposed for 2 hours with 10 amphlpods per
exposure beaker. Water temperature was 19+1°C. Mercury
clearance was followed for 24 hours post-exposure. This
clearance was performed in the same type of water as used in
the exposure, with the water being replaced at 2, 4 and 8

hours post-exposure.

6. Effect of different concentrations of CH3HgCl and HgCl:
on uptake from dechlorinated tap water by Hyalella azteca.

Three different.concentrations of eagh mercury form
were used (see Results). All amﬁhipods were exposed for
2 hours with 10 amphipods per each CH3HgCI concentration and
8 amphipods per each HgCl2 concentration. Water temperature
was mainpained at 19ti°C. Subsequent clearance of mercury

was followed for 24 hours.
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RESULTS AND DISCUSSION

Uptake of mercury from food

When contaminating the various food types, stability
of the CH32O3HgCl and 203HgCl2 on each was determined. Each
focd type was rinsed until only 2% or less of the total cpm
added, were being removed from the food. The
number of rinsee required to achieve fhis level.are shown in
Table 4. Samples of each aigal type'were examiﬁed'microsco-
pically aftef the final rinse. Algél cells were found to be
intact, and clear supernatants were obtained in all of the
final washes with each food type, ‘

. All whele body retention data from amphipods eiposed
fo a single dese of ingested merCury,'eithef organic or
inorganic, demonstrated two eempartﬁent clearance. Two
compartment clearance has alsoc been shown for several species
of fish by many oiher.ﬁorkers (Jarvenpaa et al. 1970; éiblin
and Mae;gro, 1973; Welsbart, 1973; and Suzuki and Hatanaka,
1975), for the oyster (Cunningham and Tripp, 1973); and for
the shrimp and polychaete worm (Luoma, 1977). Figure 2
represents a pypical result from a, single ingested aose
(40 min. dosing period) of food (Scenedesmus) contaminated
With' either methylmercuric chloride or mercurlw chloride.

The initial post dose series of whole body ﬁeasuremente
defining the first, fast ciearing compartment coincides"
with the voildance %1me of the gastrointestinal tract and

represents clearance of that portion of the ingested dose
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Table 4. Stability of mercury on the'differgnt food types following
exposure of the foods to CH3HgCl and HgCl2. ’ .

[

Chemical . Food Type Exposure % of Total Counts Remaining on the food
Form of o ' Time of - : Atem .
Mercury . Food Types

to Mercury . '
: ‘ After After After After
' {hours) Expos._Rinse Rinse Rinse Rinse Rinsel

Period® #1  #2 #3 #4 #5
CH3HgCl Scenedesmus " 1.5z”J 90.4 88,8 88.0 87.4 86.9 86.3
T 3.0 91.1 88.7 87.2 86.0 844 82.7
Anabaena 1.5 i 89.4 87.0 85.7. 85,1 B4 .2 83.3

' 3.9 90.3 88.9 88.3 88.0 ' 87.2 86.7

Navicula 1.0 85.3  73.7 67.9 63.8 60.8 57.9

2.0 73.8 69 1 '65.0 62.1 59.2 55,3

‘Trout chow 0.5 - 82,8 72.8 69.0  66.6 63.9 "61.7

1.0 x 87.4- 8ovs 77.2 75.1 73,3 T1.7

\.l

Maple leaves 2.9 94.1 92.9 92.3 91.9 91.5 91,2

HgCl, Scenedesmus. 1.5 77.0 66.7 59.5 55.6 52.7 50.6
3.0 7-2.9 £9.8 63.2 59.0 53.7 50.5

Anabaena 1.5 73.84  69.4 66,9 65.0 63.3 62.7

— 3.0 83.6 79.9 79.0- 77.7 77.1/\/’256.7

Navicula 1.5 54.3°° 43,3 37.5 35,0 31.67 29.7

3.0 .~53.9 JA5.9 2.5 4o.0 38.3 ) 36.7
Trout chow 1.0 88.5 83.2 78.2 74,4 70.1 68.3

. 2.0 87.7 80,0 76.3 73.4- 70.1 68.3

Maple leaves 270 be.h " 41,3  36.6 34,7 32.9 31.9

<

<

1After the final rinse, all food type;\Were examined with a microscope.

Cells were intact and clear supernatants were obtained after the final rinse.

®Values for the filtered food items before”the food was rinsed with
., dechlorinated tap water, . Y

~
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of mercﬁry not absorbed by the 1ﬁtestine. The second, slew
clearing compartmeq# represents the proportion of the -
ingested dosé that remains associated with body tissues and
thus its size relgtive to the size of the 1ngested dose is
an effective megsﬁre of net assimilgEEon‘efficigncy. As
stated earller, this nef assimilation efficlency can be
calculated by extrapolating the y—-intercept of the slow

curve back to zero clearance time. In.the case of methyl-
mercurlc chloride, ‘the clearance curye (Fig. 2) demonstrates
that- about 25% of thé ingested dose 1s rapidly lost and the
remaining 75% of tﬁe ingested material becomes assoclated
wlth body tissues and 1is lost at a very slow rate.
Contr;stingly,rinorganic mercury 1ls assimilated with only
about 10% efficiency. These results seem:to be independent
of food type (Table 5). -One exception to this is trout chow.
A possible explanation for this low assimilation -efficlency
may be the high content g;/;nimal protein compared to the
other natural pIaﬁt foods used: {see footnote p. 15). The |
mercury in Epe trout chow was fractionated prior to the
feeding expoéure and was found to be 97% organic mercury
(Table 6). The natural levels of mercury occurring in thé
Idifferent~food types weré less than 2% of the levels ﬁsed
in the experimehts {(Table 7) and thus should not affect the
'results significantly.

 Fractionation of the mercury in four amphipods

froh the trout chow feeding experiment gave only a 51.4%

organic mercury content after 8 days in clearance (Table 8§).
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Table 6. Chemical fractionation of the mercury frongﬁAHgCl
and HgCl, contaminated foods, used in the feeding

experiments.
Chemical Number of % of Mercury % of Mercury
Form of Food in Benzene in Water
Mercury Food Type . Samples Layer Layer
gdded to Fractionated

Foad (% organic) . (% inorganic)
CHBHg01' Scenedesmus 2 97.610.51
: (97.1-58.0)2
Anabaena 2 98.1+0,05
(98.0-98.1)
Trout chow 2 97.0£0.1 £
(96.8-97.1) .
HgCl2 Scenedesmus 3 ’ 99 ,5+0.,1
(99.3-99.6)
Trout Chow 2 | 99 ,3+0.0
) ; ' |
lValues are presented as mean * S.E. ,
A
2Values in parentheses represent the range of values obtained.
’-—-—./
¢
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These samhles had been frozen for 2 months prior to their
fractionation. Some demethylation ﬁay have occurred during

‘the freezing pefiod, however, fractionation of the mercury

in the amphipods from other feeding experiments reported here

showed that the chemical form of mercury in amphipod tissue remained
unchanged during ingestion and subsequerit tissue retention

(Table 8). This ‘agrees with several studies by Jernelov

(1968, 1972), Pennacchioni et al. (1976) and Pentreath (1976).
In-contrast to this, Guarino et al. (1976) reﬁérted bio-

transformation rates < 3% per day 1n lobsters and as much as
6% per day in rats.

Similar assimilation efficiencies for methylmercuric
chloride and mercuric chloride have been shown using many
other sp€cies of animals and foods (fish - Hannerz, 1968 ;
Matlida et al. 1971; de Ffeites et al, 1974; de Freitas, 1976;
aquatic invertebrates - Huckabee et al. 1975; Man - Miettinen
et al. 1971). Thus there seems to be no major variation in
the assimilation efficiency of either of these two mercury
cempounds due to food type or species of animal studied.

Table 9 shows the amount of mercury taﬁen up
directly from the water during 1ngestion of mercury'contaminated
diets. Since the mercury body burden resulting from the i
concurrent direct uptake of mercury-ﬁnnm’ﬁﬁ%er was less t@an
3% of the total body burden the mercury body bufdens resulting
from the feeding experiments reporteq in this study were not

corrected for uptake from the water.
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With continuous feeding organisms like Hxalella
azteca, tﬁe time of exposure to the contaminated diet is
important 1n determining net assimilation efficiency, Since
an ingestion period of shorter duration than the voldance
time should be used. Table 10 shows the results of\the

experiment to estimate Hyalells azteca's gut clearance time

(voidance time) using trout chow contaminated with CH3203HgCI,
The amphipod's mercury body burden after a 40 min. ingestionl
period is approximately twice that aechieved after a 20 min.
ingestion period. However, there is a smaller increase in
the amphipod's body burden of mercury from the 40 min.
ingestion period to the 60 min. ingestion period, indicating
that somewhere between 40 and 60 minutes of ingestion the
amphipod begins to egest a portion of the ingested mercury
not absorbed by its gastrointestinal tract. This I'epresents
the fast clearing compartment. if we assume that the leveiiing
off between 40 and 60 minutes of the mercury. body burden does
not represent a decrease in ingestion rate, as the amphipods-
had been starved for several hours before the experiment was
‘performed then these resultsg demonstrate that the voidance °
time 1s > 40 min. Therefore to measure the entire sigze of
the fast ¢learing compartment, and hence net assimilation
efficiency an ingestion period less than the voidance time
should be used (1.e. 4o min.,).

The results bresented in Fig. 3 demonstrate that as
exposure time inereases, the Mmeasured size_of the fast clearing

compartment becomes less. After a 40 min. ingestion period,
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Tabiq 10. Estimation of gut clearance time in Hzalellal
azteca, using CH3HgCI contaminated trout chow.

Exposure .Amphipod Body Burden Number of"

Time of Mercury at end Amphipods
of Exposure Perliod - Used
(minutes) (cpm/amphipod)li
20 699.3+108.6. 4
40 1388.0+143.,0 b
60 - 1481.7+.91.9. . 5
lspecific activity of CH3203Hg01 was 5x10°
cpm/ug Hg.
v



Fig. 3._

, 41—

Assimilation efflciency.of CH3HgCl from the gastro-
intestinal tract and whole body clearance of CHyHgCl
following lngestion of CH;?%’HgCl contaminated autumn

maple leaves. Specific actifity of CHs?%%HgCl was
5.9x10°% cpm/ug Hg. - —
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the fast compartment represented 17% of the ingested methyl-
mercuric chloride,whereas after 24 hours ingestion, it b
represented only 11%. This is as expected since as the body
burden increases with length of exposure time, the_propottion
of the body\burden associated with-the gut contents.becomes
less. On this- basis, after about 4 to 5 days of continuous
exposure to methylmercury, the size of the fast clearing
compartment relative the total body burden will be un-
detectable; being abdut 1 to 2% of the total body burden and
hence lost in the scdtter of the data, .

) Feeding'fate may also affect assimilation efficiency
of a compound as indicated by a model‘ecosyséiz&&tgdy by .
‘Huckabee et al. (1975) and de Freitas.et al. (19?7). In-Fig.

4 the effect of feeding rate on assimilattion efficiency-of
nethylmercnric chloride contaminated Scenedesmus.and Anabaena
isl$hown. With both foods there seems to be an increase of
about 10% in assimilation efficiency with feeding rate ranging
from 1 to approxfnately 14 ug food(dry weilght) per hour per
amphipon. These feeding rates represent only a moderate rate
of feeding as Hyalella has shown a feeding rate in other i
feeding experiments (e;g._trout chow) of 60 'ug food per hour,
Hargrave (1971) found Hyalella to ingest 5 to 30 ug sediment
per heur per amphipod{ and 25 ug bacteria per hour per amphipod,
Feeding rate as shown‘in.Fig. 4 is based on the body burden
of mercury in the amphipod and hence‘body burden could have

been used as the x-axis instead of feeding rate.. In the case

of mercuric chloride contaminated foods, the assimilation



Fig. U, Effect of feeding rate and type of food on assimilation .

efficiency‘-of'CHgﬂgCI, from the gastrointestinal tract
of Hyalella azteeca.-

—aan i p
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efficiencles were so low that even if they were affected by
feéding rates, we were unaEle to detect an effect. Huckabee

et al. (1975) studying fish also found assimilation efficiency -
of mercury to increase as ingestion rate increased. As
ingestion rate increases, so does the residence time of the
larger fcod mass in the gut, and the longer residence time

may allow more complete digestion of mercury as well as
lngested caloriles.

The effect of temperature on cleafance of ingested
methylmercuric chloride is preséﬁted in Table 11. Clearartce
rate decreases slightly (by about 25%) with increasing
temperature over a range of 10 to 20°C. Other studies with
many ofganisms including fish (Ruohtula and Miettenen, 1975)
_demonstrate that temperature is an;imggizfnt control factor
in clearance of mercury compounds presum%bly resulting from
the direct relationship between metabolic rate and temperature.
However, no temperature effect was observed with megﬁylmercurj
clearance from goldfish (Sharpe et al; 1977) on a maintenance
dieﬁ; although rapidly growing trout are reported to clear
mercury faster at higher temperatures than at lower temperatures

(Ruohtula and Miettenen, 1975). Cunningham and Tripp (1975)
also found that clearance rate of me;cury increased as
temper;ture increased with the oyster. The apparent reduction
of ciearance rate with temperature, ghown by cur results on
amphipods may not be a temperature effect,but result from the

much larger dose of ingested mercury acquired by the amphipods

at 20°C (0.5 to 1.4 ng Hg/amphipod) compared to those at 10°¢
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(0.03 to 0.24 ng Hg/amphipod). This may suggest that the
rate limiting step in clearance may be related to mercury
tlssue levels, particularly when hi%? levels of mercury are

acquired over a short period of tiﬁéz\\\

~. .
-,

-

.
A comparison of the clearance times at /a constant temperature for

both methylmercuric chioride and mercuric chloride consumed with mercury

~

contaminated foods of different types are shown in Table li‘ The ingestiopor
: e
feeding period used was considerably longer, 40 minutes, compared

to 3 h in the previous experiment on the effect of temperature
on'cleapanée. The half-1ife of methylmercuric chloride ranged
from 40 to 55 days for amphipods on algal diets, and 30 days for
organisms_fe%ding on maple leaves. Mercuric chloride was cleared”
much more raﬁidly with only 6 to 14 days. These results agree
wiﬁh other studies that have found that methylmercuric chloride
is excreted more slowly than mercuric chloride (Berlin and -
Ulberg, 1963i Jarvenpaa et al. 1970; Miettinen et;al. 1972;
Smith et al. 1975). Clearance time of ch;g for crabs has

been found to be 25 days (Sloan et al. 1974) and for molluscs,

5 to 10 days (Unlu et al. 1972). |

In most of these experlments there are large

vériations in fobd ingestion rate in®animals of the same

weight class that a;e comparably treated (as indicated by the
“large S.E.) This has also been found in studlies of bivalves
(Cunningham and Tripp, 1975) anq fish (Fagerstrom et al. 1974;
Huckabee et al. 1975). Such differences may result from the
physlological state of the organism which maj vary with sex

or stage of intermoult,»thus resulting in feeding rate

variations.
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Mercury uptake from water
?hé ﬁaintenance of essgntially steady state condltions

with respect to both organic and inorganic mercury cqncentrdtion
in perfyéate solution during an exposure period of 2 hours is
shoﬁﬁf;& the data in Table 13. 'The observed reduction in the
mercury céﬁcent;ation of only 2 to 3% after 24 hours in the
case of methylmercuric¢ chloride was in sharp contrast to the
much greater concentration reduction of approximatelj 20%

éfter 24 hoqu in the case of mercuric chloride. Such loss
could have occurred due to adsorpticn on the.walls of the

. glass beakers, mercury binding to ligands excreted by the
amphﬁpods, brecipitation, and the reduction of ionic mercury

yto Hg® and 1ts release €0 the atmosphere (Huckabee et al.
1975). The low concentratlon of mercury used in these
experiments 1is iikely'an‘importgnb factor also. Newton and
Ellis (1974) found substantial amounts were lost at a |
_concentration of{0.2 mg Hg/l and lower. Dokiya et al. (1974)
showed similar results. The results in Table 13 also show

the chemical stability of both mercury forms 1n the perfusate

—

solution, as checked by the benzene fractlonation procedure
(see Methods). No significant methylation or demethylation
of mercury was detected. )

. In studying uptake of mercury from water, the term
transfer‘coeffic}ent (TC) was ﬁsed-by de Freitas and Hart
(1975). As used here, this term is defined as the weight of
water in grams completely cleared of its mercury content by

1 gram wet wt, of amphipods in 1 hour. In calculating these

results, 1t 1s assumed that there are 200 amphipods/gram on

e

p
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a wet welght basis. When transfer coefficient values are
similar (e T, values independent of concentrations) it cah
be assumed that uptake rate of mercury- is directly dependent
upon mercury concentration in the water and thdat uptake 1s a
l1st order process. The results in Table 14, illustrate that
the measured'transfef coefficients for methylmercuric chloride
were lndependent of concentration over a 20-fold range. The
'I'c values for methylmercuric concentrations of 0.8><10"3

ug Heg/ml, GXIO“3 ug Hg/ml and l.MX10'3 ug Hg/ml were 13.3,
11.9 and 12.0 h™}, respectively. Studies with fish of the

" same welight class also showed Tc to be 1ndépendent of mercury

concentration. For 2 gram .fish (Notemigonuw crysoleucus;,
-1

T, values are 3.8, 4.2 and 4.1 h™", at methylmercury

-3

concentrations of 0.01x1075 ug Hg/ml, 0.1x1075 ug Hg/ml, and

l><10—3 ug Hg/ml, respectively (de Freitas, 1977). For mercuric

chloride, the transfer coefficients, over the range of

4

5x10™" pg Heg/ml to 5x10™S ug Hg/ml were similar (11.2 and 10.1),

but when the concentration of mercuric chloride was as high

2

as 5x107° ug Hg/ﬁl the value of the transfer coefficient

dropped to 5.9 h'}. A mercury concentration of 1x10~" to

3

1x107” ug Hg/ml is a realistic range for many contaminated

.waters, with a Foncentration of éXIO'3 ug Hg/ml being an
extreﬁely polluted-situation {Gavis and Ferguson, 1972). Thus
the highest concentration of Hgll, (5><lO"2 ug Hg/ml) is
unrealistic for the natural-environment. Such a high -~

concentration would very Iikely be lethal over a longer period -

of time than used in this experiment. After 2 hours of uptake}
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of HgCl2 the mean body burden of the amphipods was 1 pg Hg/g-

wet wt. at a concentration of 5x10i?

ug Hg/ml in the water. b
This concentration,galthough 1t did not result in death:of.
any of the amphipﬁds during the exposure period, may have ‘
affected the amphipods, thus resulting'in a lower uptake rate
by the amphipods. Many studies have resulted in" 24 hour
HgCl, LC50 for crustaceans of 1l><10_3 ug’Hg}El fo? the grass
shrimp (Ray and Tripp, 1976), 6XID'3 ug Hg/ml in éhe cbpebod
(B;}nes and Stanburg, 1948) and M.SX1O'3 LE Hg/ml‘in Artemia
(Wisely and Blick, 1967).

In all of the uptake of mercury from water expefimen@s,
the'amouﬁt of mercury taken up was too high to be a.result of
drinking ﬁercury contaminated water. Lockwood and Andrew$

(1969) found thetﬁ?inking rgte of Gammarus duebeni ' to be.less

than 1 pl/hour. Hyalella azteca is a much smaller amphipod

than Gammarus duebeni, but even_if‘itsl drinking rate was

as pigh as i pl/hour;, at a methylmercurj concentration of
8x10” Yyg Hg/ml, thé resulting uptaﬁe %éte would be SXlO“7
ug Hg/amphipod/h. " The experimental gptéke rate however was -°
fMUch higher, being MXIO"B e Hg/amphipod/hour (Tabie 14y,
'Aqforption of mercury is very };kely toc occur over the
;mphipod‘s géneral integument but uptake into tissues may
oqcur predominately through the brgnchia, as was found with
pptake'oflpcas'(W11dish and éitko,41971), Wildish-and Zitko
(1971) also;found uptéke to be unaffected by the- amphipod's
stage of intermoult. Although this was not investigated in

the present study, moults occurring during clearante‘wére
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eseayed for their 203Hg content. No mercury was found in the

>

moults.
The results of the effect of temperature on uptake
of mercury from water are shown 1n Table 15. Pringle et al.

ve reported that temperature 1s clesely related to

- uptake ratq of a given metal. Our results support this

A1 h™

»

observétiona The transfer-coefficlient decreased from about
1

to 4 h"1 as temperature dropped from 20°C to 10°C, '
and uptake rate is thus likely to be directly related to the
metabolism of the orgapism; At 5°C however, the transfer
coefficient increases. Organ‘specific tempereture dependence
has been suggested by Vernberg and O'Hara (1972). They have
shown that the gllls of Uca Eugilator concentrate lnorganle
mercury to a greater ertent et‘a low temperature (5°C) but at
higher temperaturee? mercury 1s transferree from.the gills

to the hepatopancreas. The lncrease in mercury toxlecity to
the fiddler crabs at low temperatures may be due to the

diminished ability to transport the unbound mercury compound

from the gills. Smith et al (1975) found that over a

temperature range of 10°C to 20°C, temperature had no effect

on uptake rate of*CH3Hg01 or HgCl2 by the clem, euggesting

£hat uptake rate was not related to metabolic rate. However
several stugnes with fish have shown that uptake rate increases
with increasing temperature (Murphy and Murphy, 1971; MacLeod
and Pessah, 1973; Reinert et al. 1974 and Ruohtula and
Miettinen, 1975}« The extent of an increase in uptake rate

from water”with increasing temperature depend on such factors
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as the effects of water temperature on the organism's v
metabolic rate and uptake efficiency of mercury or its
bioavallability. Because of seasonal influences on water
quality parameters and their éffect‘on bloavailability
(de Freltas l977),,1f 1s diffilcult to accurately predlct the
effect of water temperaturé on the amount of mercury accumuléfed
by aquatic organisms in naturgl systems,

Water quality has been found to influence accﬁmulation
of mercﬁry in aquatic organisms., Johnels et al. (1967),
studying pike, found higher accumulationlrates.in oligotrophic
lakes than in more eutrophic ones with the same degree of
" mercury pollution. Similar resulfs were obtained.by Nuorteva
and Hasanen (1971). Water quality was also found to affect
mercury accumulation in areas upstream and downstream of
Hamburg in different specles of mussels {(Karbe et al. 1975).
de Freitas (1977), studying fish, found an enhancement of two
to three fold in assimilation efficiency of methylmercury
from Ottawa River water compared to tap or reconstituted water.
Using filtered river water, the transfer coefficlent from
water to fish for methylmepcury was increased by 10 to 40%
compared to unfiltered water. In the present study, two
sources of water were used; dechlorinated tap watef, and
unfiltered, surface'Ottawa.River water. For both methylmercuric
chloﬁigg and mercuri lorlde, the transfer coefflelent for
meréury from water to the amphipod, was lower in the unfiltered
'river water (Tgbfé 16). One possible éxplanaéion for this "is

-~
that the mercury 1n unfiltered river water is not as” available

-
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for uptake by the amphipods because some of the-me{cury may

be bound to soluble thiol ligands (Huckabee et al. 1975).
There may be also more particulate organlc materlial 1n river
water, which, acting as strong chelators, makes mercury
unavallable for uptake by the amphipod. The results presented
in Table 16 also demonstrate that very high methylmercury.
concentrations havethe effect of reducing the efficiency of
mercury uptake from water. This was shown earlier‘for HgCl2,
put not'for dH3H501 over the>concentration-rénée étudied
(Table 14). Mercurie chlofide and methylmercuriec chloride
concentrations in thevrange of (0.05-0.5 ug Hg/ml) are much
higher than that encountered in the environment. Thus for
levels of mercury encountered‘in\natura% systems, transfer
céefficient.values can be assumeé to fall 1n the range of

1 to T n=1 ror methylmercury chloride and about 50% lower

25 h™
for mercuric chloride. Transfer coeffitient values probably
flﬁctuate to an even greater extent in natural environments
due to the combined effects of seasonal changes in water .
quality parameters and temperature relaéed changes in metabelic
rate.

//////jﬁ ﬁesults on uptake from water and release of mercur&
by Hyalella szfeda are in close agreement with corresponding

values for Daphnia magna and various fish species, when

differences 1n-body welght are taken into account, For example,

transfer coefficient values, using CH3Hg01,.for Daphnla magna

(wet weight 0.1 mg) range from 100 to 300 h“l (Huckabee et al.

1975; Trudel, 1979). Hyalella azteca (wet weight 5.0 mg) has

~
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T, values ranging from 8 to 25 h™. Studies on fish,

Notemigonus crysoleucus, and Catosomius commensoni show Tc

values of 4.4 h~1 1

1

for a 2 g fish, 3.0 h™" for a 10 g fish

and 1.7 h™ for a 100 g fish (de Freitas, 1977). |
It is useful to compare the efficiency of mercury upt&ke

from water with that of 0, uptake by tﬁé organism. Hyalella
azteca requires approximately 1.2 mg Oa/g/wet welght/hour,

as reviewed by Schindler (19%67). Assuming 0, uptake from

water is 100% efficient, at an oxygen concentration of 9 ng/ml

to remove the O2 from 133 ml

0, of 133 h™%). With a

water, Hyalella would be requir

wéter/g wet welght/hour
transfer coefficient for methylmercury of 20 n—1 (20 m1
water/g wet welght/hour) uptake of mercﬁry from water would

be 15% (20/133) as efficlent as oxygen uptake. This value
agrees with other studies as reviewed by Norstrom et al. (1976)
and more recently by de Freitas.(1977) and‘Phillips and Buhler
(1978) who found mercury uptake by fish to be lS.to 30% as
efficient as 6Xygen uptake. Fractional clearance rates of

CH3Hg01 plotted against whole body weights are given in

‘Flg. 5, for Daphnia magna, Hyalella azteca and several fish

species of vafious body‘weights, ranging from 1 g to 500 g.
. A1l species fit a common relationship described by the _
following equation orlginally developed by Sharpe et al. (1975)

for mercury clearance from goldfish:

where Roe1 18 the rate of clearance of mercury; k_. 1is the

cl
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Fig. 5. Relation between elimination rate of methy‘lmercury

and body weight of aquatic organisms. Daphnia magna O ;
Hyalella azteca & ; Carassius auratus @, B , [ ; Esox lucius 4 .
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>

clearance constant, for an organism welghling 1 g 0.029 &
P is the body burden of. methylmercury; and W the weight of,

the organism (g). The value for Hyalella azteca falls below

the regression line for fiéh and Daphnia magna but within the

general scatter of the relationship. This result éuggests
that metabolic4rate, although an important control factor in
mercury clearance, operates in conjunctlon with other factors
affecting clearance related functions; |

Fractional clearance rates of CH3Hg01 and Hg012

after uptake from water and food, by-Hyalella azteca are

presented in Table 17. The clearance times established for
HgClz, following uptake from water were longer than those
established following uptake from food 1n ggreement with other
studies on fish reported by de Freitas et al. (1974).
Ellmination rates for CH3H501 are-r simllar regardless of route of
uptake, as was also found by Huckabee et al. (1975) and

) /
Trudel (1979) using Daphnla magna,

Applications to wild populatlons of Hyalella azﬁecé

-

" Mercury dynamics of an lnvertebrate in the. broadest
general sense 1s relatively simple to understand. Mercury 1s
taken up by individuals from the diet or by direct absofption

from the aqueous environment. Some of the mercury taken up
by tissues 1s excreted and the remainder 1s retained 1in the
tissues to be (1) returned to the sediment upon therdeath of
the individual or {(2) removed from the population by predators
which assimilate a portlon of the mercury content of their

r

pr ey..

J
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At the outset it is necessary to impose a simplified
status on the compfgxity of-;eal systems, A simplifying and
probably 'valid generalization 1s sthat uptake from both Ffood
and water should be quantitatively related to metabolic rate,
and should therefore fall within 1imits set by species-specific
factors controlliﬁé metabolic rate and growth és_modified by
environmenta% factors such és water temperature and food
availability. A knowledgé of the concentration of megcury in
water and its chemical speclation is therefore of central
importance, but this information is seldom documenteé,walthough
a md#ssive literature exlsts on mercury levels In fish and
other organisms. This lack of documentation of wéter
concentration of methylmercury or the abllity to prediet it
from sediment levels, imposes severe limitations 05 the |
quantitative application of uptake raée constants and other
kinetic parameters to mercury bioaccumulation phenomena in the
field. Our results quantitatively-define the bloaccumulation
potential of Both methylmercury and inorganic mercury in terms
of three parameters; (1) efficiency of uptake from food, (2)
gfficiency of uptake from waten“ and (3) elimination or

fractional clearance from the whole body, but many gaps still

g¢xlst in understanding the detall of the effects of many poten-

tially important controlling factors such as seasonal Variations in

water quality and its effect on the bioavailability of mercury present in

the water. It is Important, nevertheless, to determine
whether the experimqqﬁﬁl results obtained in this study can

be used to .predict mercury levels in wild populations of
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Hyalella aéteca. The following example 1s presented to

“illustrate the use of these laboratory results in predicting

the probable magnitude of the food and water in the real

‘world of Hyalella azteca,

The magnitude of the water vector and food vector

_can be calculated as follows: At a methylmercury concentration

in water of 5 ng Hgtl (20% of total Hg cone. in water of
~ )

25 ng/l) and a T, value of 20 h™t, Hyalella azteca would

accumulate 2.4 ng CHyHg/g/amphipod/day at 20°C by direct
uptake from water. The concentration of total mercury in
sediments from shallow areas of the Ottawa River in 1976 was
0.024 ppm g/wet weight of sediment of which 0. 0024 pPpm was
probably methylmercury (Miller et al.\19 7). At- an ingestion
rate of 0.003 g wet weight of sediment per day per ®nphipod,
(50% Body wt/day) and an assimilation efficiency from the G. 1.
tract;of ~0.8, uptake of methylmercury via the food’ vector -
should be ~1.0 ng CH Hg/g amphipod/day. Under these condltions,
the food vector would account for consideraoly less than 50%

df the total uptake of meahylmercury ~3.4 ng Heg/q amphipod/day

A continuous uptake of methylmercury at a constant rate of

~3 4 ng Heg/g amphipod/day (value for food and water uptake) will
equal loss rate from the orggnism when its' mercury body

burden is ~230 ng Hé)g amphiéod* based on'a fractional clearance
rate of methylmercury from body tissueg of 1.5% per day.

Thls means that the concentration of.methylmercury in

'Hyalella azteca should approach an equilibrium value of about

0.23 ug/g wet weight of tissue after about four months of

exposure,
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- during this period. Amphipod mercury body burdens would thus

i d
-

—t. . . ._-—65— oo '..‘."._

aﬁdrrespondipg caleulations for uptake of inorganic
mercury results in water and food vectors of about 5.0 ng Hg"

and l ng Hg per g organism per day respectively. Inorganic

£

mercury is cleared from bo%y tissues at about 4% per day,a. much

faster rate than that for methylmercuryl and the ooncentration

-

of inorganic. mercury on Hyalella azteca should approach an

equilibrium value-of_about 150 ng Hg/g amphipod after about

two months of exposure. ‘& N
These ¢ lations do not take into account growth

be somewhat lower than calculated above due to growth

dilution. Table 18 shows act al field values er ‘the mercury

content in amphipods, and--other enthic invertebrates, on a

<«
ppm dry welght basis and.the above predlctions agree quite \\\

well with these field samples. It should be noted that the

- * . .
values £0r methylmercury in water and -sediments used in the

above example are close’tollevels ohserved in the Ottawa River

‘and many other areas of Canada, (Miller, 1977). It should

also bhe stressed that this simple treatment of the upt%ke

- ~
process can be used to distinguﬂsh between food and water

- Lt

uptake cnly when the cohcentration of mercury ina' the water or

- L

diet 1s known. The amphipod example used here clearly
demonstrates that the water Vector is probably of equal or
greater magnitude than the food vector, particularly 1n areas
with low. background type contamination levels., One ¢can
speculate that the relative magnitude of the water vector

bl
will decrease during<§eriods of decreasing mercury pollution

° g - o
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and conversely, in areas of increasing pollution, the
reiative magnitude of the water vector will increase. If the

water vector does in fact account for 50% or more of the

mercury taken up by Hyalella azteca, then the hypothesis that
blological magnification in aquatic environments is controlled

by mass transfer of trace substances through the food web

may have only limited application to the problem of high

mercury levels 1n aquatic organisms. However, some degree

of blomagnifdication in the benthle food web 1s virtually

assured in the transfer of methylmercury from prey to

predator Solely on the basis of its high assimilation

egfficlency of 80%,*even in the case of a rapldly growing

” Y
predator in which 10-20% of 1ingested calories are deposited

as new tissue. In this context, it is obvious that. a food

conversion -efficiency for growth of 10%, for example

precludes the food chain biomagnification of any compound

including inorganic mercury whose assimilation efficiency
L 4

is <10%, regardless of how slowly it is eliminated from body

tissues.

Frqm this treatment ofﬁnercury bicaccumulation it
‘ : ;

' should be possible to make some abstractions to the mercury

problem in particular if hot to pollutants in general. The
Important abstraction that emerges is that bioaccumulatiOn

of trace substances can be usefully consider;d a "growth
driven" process in which bcth uptake and clearance is defined.
by bioenergetic related parameters. This abstraction has
been successfully aﬁplied to mathematical models for mercury

\

* &
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.and PCB's in yellow perch (Norstrom et al. 1976). ‘In splte
of the level of soph;stication built into thils model, it i1s
relatively ﬁimplistic in an ecologlecal context, hence

' meaningful speclfic conclusicons that are not in error
because they exclude important relations are’very difficult

to make.

v

ol

s

e
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GENERAL CONCLUSIONS

The results on mercury dynamics obfainéd in this
study quantitgtively défine the bicaccumulation potenfial Pf
ﬁethyimercury and divalent inorganic mercﬁry in téerms of
three parémeters: 1) efficieﬁcy of uptake from food; 2)
efficiency of uptake from water; and 3) elimination or
fractional clearance from the whoie body: Many gapé exist
in und;rstanding the detail, eépeciaily as appllied to real
eéosystems, particularly the effect of seasonal variation in
water quality factors on the bioavailability of'methylmercur§

present in the water. Our results on mercury dynamics in the

amphipod Hyalella azteca are presented 1in the following

summary :
Item 1

Qy Assimilation from J%tér fayours'thg&
;%gferentialrbiﬁéccumglation of metﬁylmerqury compared to
divalent mércuric ion. The efficieﬁcy of removal of methyl-
meréury from-water is equivalent to apprbximately 15-20% of

the efficiency of oxygen uptake from water: ‘Inorganid mercury

1s taken up from the water by Hyalella azteca at a slower
rate (2-3 times moite slowly) than ﬁethylmercﬁry, depending on :,
water composition; ' )
Item 2

Assimilation efficiency from food also strongly
. favours the ﬁreferential bioac?umulétion of methylmercury «
cbmpared to lnorganlc mercuric ionlf Assimilation from tgffT'

gastrointestinal tract ranged from 60% to 80% of the amount
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of methylmercury ingested. The variation in assimilation
efficiency was not assoclated with type of food including
varlous specles of algae and. leaf material from terrestiél plants,
’Unlike organic mercury, most of the absorbed inorganic
mercury (5-15% of ingested amount) 1is cleared at a much faster

rate than methylmercury.
Item 3-
Data on elimination rate of methylmercnry (whole
body clearance) 1s 1in general agreement with the relationship -
originally developed for mercury clearance from fish (Sharpe
et al, 1977). This ' relationship is define‘d by the equation

R

= KclPWC, when P 1s the body content of’mercury, K ., is

pcl cl

the clearance ooefficient and the clearance rate,_RpcI, is
related‘to the body weight W raised to a negative poner
exponent r It may be reasonable-to conclude that the value
for ¢ of about -0. 6 is applicable to invertebrates as well as
fish, since it may be related to the well established
relationship between body size and metabolic rate, However,
"although the value for the clearance ooefiicient, Kcl’ of
about'0.03 a~! for various specles of fish appears to-be also

" applicable to Hyaiella'azteca it may'not.apply to other

' invertebreteataxa and its‘ value can certalnly be expected to

‘vary'widely with Aifferences in ohemical structbre of pollutant.

Item U- ' f
Conversion of ingested inorganic mercury to organic’

Amercury and 1ts subsequent absorption from the gastrointestinal

tract into body tissues wa%%yot observed nor.was there any

*
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eviden;;;zf an appreclable "in vivo" conversion of inorganic
ALY

mercuric ion, present in tissues, to or nic forms of mercury.

However, Slow "in vivo" convers ercury to 1n0rganic
mercury may. be an important factor in eliminatiOn of methyl-

mercury from the whole body.

 Values for uptake rates from food and water - (Z:;//”
; i

estimated on the basis of mercury concentrations in river ‘-

Item §

water and in the natural diet of Hyalella azteca in the-Ottawa

river, coupled to assimilation efficiency facyors, demonstrate

that the water vector may be as important or even more important

’ a

than the‘fOPd vector in accounting for the mercury body burden
in amphipoag. . Under these: circumstances biomagnification along
a food chain could be anﬁgver—simplif;cation,‘since tissue
levelé of methylmercury may dépend as much on the longevity
of the organism and its growth rate,as on its position in the
fo;d web, The maghitude'of each Xector theréfore, will be
markedly time dependent in a-seasbnal environment. Hoﬁever, ~
on an annual or "lifetime" basis, the water vector is probably
——

as large or larger thanjthe food _Vector especlally at the

" lower trophic 1evels of the food web. ) -
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