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. POPULATIONS OF BRACHYDANIO RERIO EXPOSED TO COPPER,
b " CADMIUM AND MERCURY IN PURE SOLUTIONS AND IN
 BINARY MIXTURES.

‘
1

L.A. HEWITT

Dose and time-respénse aﬁalyseslwere conducted to quantify
the lethal toxicity of copper (Cu), cadmium (Cd) and mercury (Hg),

individually, and in certain binary mixtures to zebrafish,

Brachydanio rerio. Both forms of analysis indicated the following
Cu>Cd (240 hr

.order of patency for discrete metal solutions; Hg
LCsp=0.15, 0.26, 5.82.mg/1, respect.ivle1y). ,Furthermore, an
incipient lethal 14621 was observed for copper (0.26 mg/l) and
cadmium (5.82 mg/]) but not for mercury within the 10 dqy period
studied.

| - Lethal bioassays conducted with CuSO4 and CdClp'in pure
so]utigns and mixtures indicated that the combined effect of these°

metals was more than-additive (2.01 x). An incipient lethaE level
was observed for the mixtures of Cu and Cd as with their pure
solutions. ‘ >

'Preliminary bioaccumulation studies;of copper and/or
cadmium, into fish, indicated a rec1procal enhancement of uptake
rates into gill tissue. This may exp]a1n the greater than

additive effect observed at the letha] level \
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The interactive effect of mixtures containing HgCl, qn¢
CdCly varied from less-than-additive (48 hr) through additive (96

hr) to more-than-additive (2.03x, 240 hr). Theré was no evidence

of .an incipient lethal levgl,fsr these mixtures.

‘The results of ‘a sequential exposure study suggested that

" the more-than-additive effect of Cd-Hg mixtures may result from a

Cd induced sensitivity to Hg toxicity.

The results are discussed with reference to the usefulness

of various approaches for as;essing criteria to safeguard aquatic

organisms against the hazard of multiple toxicity.
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/ ) . 'INTRODUCTION ;

' The exposure of cell surface membranes to heavy. metals! is -

"known to result in protein denaturation and a subsequent loss of

i n

structural and or functional capacity (Pas;ow et al., 1961).
Because of this, heavy metals pose a pékticu1ar hazard to fish

through their ability, as waterborne contaminants, to react

ldirecf]y with the respiratory epithelium of gill surface

membranes. In fact, many authors have suggested that the toxicity
of vﬁrious heavy metals is mediated through a common capacéity to
interfere with gill function (Lloyd, 1960, 1§62; Matthiessen and
Brafield, 1973). Therefore it is not surp;ising that some inves-
tigators (Sprague, 1970; Seba, 1975) have concluded that ‘the
principle of strict addition, which implies similar action (Biiss,
1939), adequately describes the lethal toxicity of heavy méta]
mixture; i.e., each constituent of a mixture contributes to the
toxicity in proportion to its respective poténcy. Howéver, while
strict additidh has often proved suitablelfor predicting median
letﬁgl ﬁolerance limits exceptions have been reported (Sprague,

1970; Calamari and Marchetti, 1973; Eaton, 1973; Anderson and
Weber, 1975). -

i
A

1 Heavy metals are defined as those with a specific gravity ~

greater than 5 (Passow et al. 1961).

!
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He}bert'a;d Sﬁurben (1964) reported thqt‘survival time was ) .
unpredictable in mixtures which were éapidly lethal despite the
fact thaé the lethal thresholds were strictly additive. Sprague " . ' !
an& Ramsay (1965) noted a similar non additive effect i.e. shorter . ]

than predicted survival times for sdlmonid fish exposed to rapidly ‘ ’

lethal mixtures of heavy'meta1s. This finding confirmed the
earlier work of Doudoroff-and Katz (1953) ‘who éxbosed minnows to
miﬁtures of certain heavy'metals. These reports would suggest .
that the form of interaction between fish and heavy metal mixtures.
may be different at various points in time. , k
The purpose of this fhesis is to determine rhether the
combined lethal effect om fish of binary mixtures cohta%ning )
Copper (Cu), Cadmium (Cd) or Mercury-(Hg) varies th;ough exposure
time. Furthermore, if the form of interaction does cﬁangg is it-a
function of differences in the time-response patterns of the(

constituents (accumulative-non accumulative) or a consequence of

the methodology employed to analyze the data.

Back ground _ ‘ L,

] -
In recent years it has becomg increasingly apparent that

-

mans' vqfious industrial, municipal and agricultural activities
discﬁarge a ;ﬁde:range of waste products into aquatic

environments. This "at the- pipe" or point sourcé dumping ﬁas lead -
to the situation where aquatic organisms inhabiting poliuted

waters encdunter an array of chemical contaminants (Anderson and

D'Appolonia, 1978). Pollutants may also enter aq@atic habitates

throudh indirect means i.e. rain, snow, fallout, ground water

-
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.confirmed the virtual ubiquit§ of péj]utant mixtures within both

Rationale ' G .

o

2

leachings and surface water runoff. Barton (1978) has est1mated
that these. latter :Bn point sources contrlbute more than flfty per
cent of the toxicants which contaminate natural waterways.
Furthermore if has beeé_shown that pollutants which enter the
aquatic envir&nment frbm various point and non point sources are
mébi]e, resulting in the formation of "coincidental" mixtures. In
fact, %he in situ chemical monitoring of aquatic ecosystems has
the ambient environment and the tissues of organisms (FAO, 1972;
Kerr and Vass, 1973; Larkin, 1974). With respect to the toxicity
of mixtures the evidence gathered to date indicates that unique
forms of to*icity can be ascribed té the concurrent or sequential
exposure of organisms to two or mére pollutants (Sprague, 1970).~
The significange'of these facts becomes appareﬁz whbﬁ it is
real1zed that- operating discretely and at prevailing levels, each
const1tuent within a mixture may be harmless yet co]lect1ve1y
these pollutants may cause toxic effects.

In view of this inform;tion it would a#pear that a need
¢learly exists for the development of adequate procedures.forvihe

toxicity testing of mixtures.

/

¢ ' .
Various models have been proposed for predicting the

toxicity of mixtures from the individual: toxicities of the

- . ' N o
separate contdminants. However, two methodo]ogiestpredominate in
the literature aqd will be used in this study to examine additive;

greater than and or lesser than addjtive interactions between

b}

i ~

*
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constituents of mixtures. Utilizing these methodologies, will , ‘
allow for the identification of any changes in the form of the -
interaction throughout the .exposure period.

The simplest approach has been prom&ted by researchers at
: ' I . .

the British Water Pollution Research Laboratory in Stevenage B

o 4 T
-

L " (Lloyd, 1961; Herbert 1962; Herbert and Shurban, 1964; Herbert and = °

PN

Van Ryke, 1964; Brown, 1968; Brown and Dalton, 1970). In -

practical terms this approach computes the toxicity of a mixturey

W T e .

by adding the toxicity of each component. Each contaminant's ' .

»

P ‘ ~contribution to the toxicity of the mixture is expressed as a

fraction of its lethal threshold concentration (incipient LC501)  ‘

or more coﬁmonly an approximation such as the 96.hour LCgp2.
Sprague and Ramsay (1965) proposed that this fraction be called a

i “toxic unit:

- s -l; . , -
——— s ‘ ‘ : ‘actual concentration in solution (1)
‘.\\’—‘;\—' v - _I \
L. T Toxieunit— =~ 96-Hr LCsg-
| '
.
1 The incipient LC5q is that concentration of toxicant below which
W . ‘ . ' — N
\ ) . 50% of a test population will not respond.

., 2 The 96 hour LCgp is that concentration which will result in 50%

response in a test population 'at 96 hours of exposure.

-t
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Thus, if the sum of the toxic unit values calcdlated for -each
component of a mixture equals 1.0 then the predicted joiht .
toxicity will result in 50% mortality at 96 hours. Should the
"toxic unit" Valdé of a mixture be greater than 1.0 thgn more than
50% morta]ity‘ﬁs preqi:ted. If less than 1.0, then less than 50%
mortality isvpredicted. ‘

Anderson and:Weber (1975) utilizing the concepts of Bliss

! .
(1939) have promoted a slightly more involved system of predicting

the toxicity of mixtures. They suggest that two additive
manifeétatibns of pollutant interdction exist.
(A) Cohcentration Addition- This form of interaction is

~

predicted for constltuents of a po]]utant m1xture which presumab]y

. have qualitatively similar toxic effects. The similarity of toxic

\effects is determined by: '

Xﬁ) " the structural similarity of ‘toxicants and presumed modes of

action_and‘

N

(110 parallelism between the dose-response curves developed for’

'ch toxicant and their mixture.

\Thus, each similarly acting cons

0 .

contribute. to the toxicity of the mixture in an amount equal to
\ '

its concentration multiplied by its relative potency. To

calculate\thé toxicity of a mixture the respective contribution§
[

in dosage ﬁ( each contaminant are added. It shou]d be noted that

this method\of calculating joint toxicity is bas1ca11y the same as

' the toxic unfy method. The essential difference being that the

toxic unit meghod only identifies increases or decreases in the
\ i

toxicity of a mixture relative to a single predicted level of

R

!
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response i.e. 50%. The method of Anderson and Weber will identify
; lncreases or decreases in the toxicity of a mixture relatwe to the

" entire range‘ of responses i.e. 0 to 100%.

»

- -
RG-S R

o #oe

(B) Response Addition: This form of interaction is predicted
for 'con‘st1:tuents of a pollutant mixture which have quaiitative]y. e
. dissimilar toxic effects. The dissimilarity of toxic effects is |
det.erminéd bs': 1
) (1) | stru'ctura1 dissimilarity of toxicafts and presumed different
modes of actwn and : .
(ii) non para]lehsm between the dose-response curves defined for _
each toxicant. ,
Such toxicants are presumed to act throu@h different
v . physiological systems yet contribute to a common response. In its
simplest terms the toxicity of a mixture is~computed to be the sum
of the relative contributions of each toxicant above 1ts nespectlve v

' - thresho1d~ value. (A more detailed descmptlon in whlch the:

correlation of susceptabﬂity of the organisms to eac!rl toxicant

7~

: , js taken into account appears in the materials and methods).
|

The use of the preceeding methodologies will allow for ﬁ\\

identification of ény‘ changes in the interactive effect of the
mixtures through t¥me. In addition a comparison may be - made of

each models' ability to define the hazard presented by the

-y,
s

mixtures.

T
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Stuqies have shown that freshwater fish can concentrate cadmium 10

Selection of Toxicants » ' ! e
7 .

Cadmiuﬁ, copper and mercury have been selected for ‘the
present study because the salts of these Heayy metals’ are prevé]ent
pollutants of aquatic environments. - (U.S. Council  of Envifonment _
Quality, 1971).  Furthermore, -it has been‘deférminéd that eaéh'ﬁf-
these t&xicants are often mobilized within natural waterways in
amounts which approach toxic.levels (éhapﬁéh, 1978).

‘ fCadmium salts are considered to be signfficant water

pollutants not only because of iheir toxicity inﬁthe 0.01 mg/liter

K range but also because of their ability to be incorporated into the

food chain by aquaiic orgénisms and plants (Cearly et al, 1973).

to 1000 times higher than the ‘concentration within- the ambient

. environment (Fleischer et al, 1974). A]thOughifhe toxic effects of
~ cadmium in man have been described (Friberg et d1., 1971) little-is

- known about the biochemical and physiological effects of this metal

-in aquitic vertebrates.
' N . -iﬁ (A
Large amounts of cadmium are used by indqstria]ized countries -~

for electroplating, production of batteries and many other

techﬁo]ogic purposes. ,Tﬁe production of the metal is principally

‘derived from the byproducts of refining z1nc,”1é§d;‘3nd*coppeﬁ~

ores. Both Canada and the United States are §ignificant prodd;ers
of‘cadmiuﬁ (Simons, 1967).

| Copper salts generally enter aquatic environments through
ground water erosion of mineral deposites. However; there are
§ignificant localized anthropogenic inputs as a byproduct of such

industrialized processes as tanning, dyeing, and pigment -

manufacture. (Mckee and Wolf, 1963; Spear and Pierce, 1979).
, \ ,
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. organisms (Jaakkola et al.,1972). In addition to the extreme

A ' N ]
- B - Q :

~Another‘§9urce of copper pollution arises from its use as an -«
algicide in reservoiré and streams. It has been detegrmined that in
Canadian surface waters ;opper.levels, while wide spread, rarely

exceed 5 ug/liter (Spear and Pierce, 1979). - ‘ i

Mercury is the most toxic heavy metal for many aquatic . ; i

toxicity of mercury which resdlts from assimilation directly from
b

the ambient environment it has also been shown that mercury can be

accumulated through the food chain (Hannerz, 1968; Jernelov and

.

Lann, 1971; FSgérstrom et al, 1974).
Overall 5000 tonsvof mercury are di§char§ed each year into .
the atmosphere by fossil fuel combustion (Krenke]; 1970). A ‘ .
further 800 tons per year come from the natural weathering of rock ‘
(Gravis et al, ]972); Recent sur&qys have identified ' |
concentrations of mercury in certain aquatic ecosystems as high as

20 ppm (Krenkel, 1971). Significant concentrations of mercury have

beeﬁﬁreported in Canadian fish from the Saskatchewan river system

“rny

(wobéger et al, 1970) as well as other areas (Bligh, 1970, 1971; -
Uthe et al., 1971; Fimreti, 1970),

As previously stated each of the individual heavy metals, -
copper, cadmium and mercury, is mobilized in the ambient
environment in.amounts which approach their respective toxic.leﬁqk
(Chapman, 1978). Thus it is apparent that physiological
iﬁteraq&ionsgwhich would enhance their toxicities when encountered
as constituents of a mixture may well create a hazard to aquatic
organisms. Therefore, it wouid'seem that the form of inte;actidn .
exhibited by mixtures co;taining these specific heavy metals should .

.be carefully examined. ° ° ‘ | ~ -
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A further advantage to the choice of these metals relates to

. - ¢ .
. their modes of accumulation. Evidence gathered in the literature

) would{sugggst that accumu1ation of metal resulting in an acutely

lethal response i limited to the jnitialigﬁ hou;s of exposure’ for
copper énd‘cadmium while accumulation continues Fhrohgh to and
beyond 240 hours for mercury. (Lloyd, 1960; Sprague and Ramsay,
1955i Macleod and Pessah, 1973). The length of tﬁe.exposure timgl

for this study was 240 hours hence copper and cadmium are termed

- non-accumulative while mercury is termed accumulative. Therefore,

the selection of these heavy metals allows for the testing of two
types of binary combinations i.e. non-accumulative plus noﬁ-
accumulative and non accumu]afive plus acéumulative. This will
offer an opportunity to examine whether these properties are

déterminants of the toxicity exhibited by the mixtures during the

-
v o

exposure time. \ ' ) ' .

Selection of Test Organism A

. \
The zebrafish, Brachydanio rerio, (Hamilton-Buchanan, -1822-

1823) is a small tropical fish of the family Cyprinidae (Laale, .

1977), and was chosen for the present study. Fogels and Sprague

'(1976) proposed that the zebrafish 'be selected as a standard test

species of the Internationa] Standards Organization. At present
rainbow trout are the most popular biocassay species in Canada. °
While zebrafish are not native to cold water areas-such as Canéda

it is of note that neither are‘rainbow trout indigenous to all

. areas. In bomparatiVe testing:zebfafish were found to be on”

average 2.6 times more tolerant than rainbow trout to certain
toxicants (Fogels and Sprague, 1976). These facts plus the
relative ease of laboratory maintenance favoured the use of the

zebrafish in this study.

e
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The objectives of this study are: R

e (15”;~HT0 determine if the form of the combined lethal effect

e «on)fish of binary mixtures containing certain heavy f

= metals-changes through the exposure time. .

L
v

To determine whether changes in the interactions;‘if S

t

present, are a function of . \
(a). differences in the accumulation patterns of the
B * . 9 ’
" constituents i.e. accumulative or
" non-accumulative or ;
(b) a consequence of the methodology employed to
- . analyze the data.
The results will be discussed in relation to pdsggble :
. . . e ‘- L
. mechanisms of interaction. Conclusions will.be drawn with respect
to the applicability and usefulness of the various approaches to °
access the hazard of mixtures. ,
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" (<0.02 ppm C1”) and aerated tap water.

-

“MATERIALS AND METHODS -

‘Test Organisms -

o . -

Adult zebraf{sh, Brachydanio; rerio, (Hamilton-Buchanan,

1822;1823) (Figuie 1); were purchased, when requifed, from

‘Riverview Water Gardens in Sebastian, Florida. .The fish' were
niver \ 4

quarantined for two yeeks an& any found with visible signs of
disease Qere rejectea. A]l’acceﬁ%ed f%sh were allowed to
acclimate tqulabofatony conditions for a minimum of three weeks.
During the acclimation périod the fish were held in largé4350
liéer aquaria of either polyethy]ene or fiberglass. Acclimation

tanks were supplied with a contihuous.f1ow of dechlorinated

=
~

Periodic monitoring of certain chemicalggharacteristics of

" the water was' conducted (Table 1). The water was 85-95% saturated

with oxygen and the temperature was maintained at 27°C * 10cC.
The fish were fed twice déily with Tetramin Staple tropical
fisnlfobd. Wastes and unconsumed foodowere removed regularly. A

photoperiod of 12 hours (8:30 - 20:30) was provided by fluorescent

light fixtures. . .

Dosing Apparatus S ' -
B . ° ) .

Stock solutions of copper were prepared by dissolving

-

reagent grade CuSO4. 5Hp0 (Fisher) in an acetate buffer (APHA et

/

al., 1965). Stock solutions}of cadmium and mercury were prepared

*
-

- 11 -
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Table'1. "+ Water Quality Data

ANALYSLS OF LABORATORY WATER USED IN EXPERIMENTS

. D1ssolved Oxygen % SAT . g 8815
pH : 7.65%0.11
Temperature oc 21h1 &
.Total Hardness -mg/1 as CaC03 12513

. ANALYSIS OF SOURCE WATER PERFORMED AT THE CITY OF MONTREAL -
FILTRATION PLANT.

. Aed

Colour ST ° SR
Turbidity ‘ JTU (formazin) 0.4
Total residue 1039C, mg/1- . 190
Less on ignition 5500C, mg/1 \ 92
SiNca : mg/1 smz S 37.4
Calg¢ium ;o mg/] Cat ' 37.4
Maghes ium mg/1Mgtt . © 8.4
Ulfates mg/1504=" : 26 _ -
Chlorides . mg/1 C? 27
. Sodium " mg/1 Na* . 12.3
Potassium . mg/1 K+ . 1.4 »
Fluorides mg/1- ‘ 5 .
Iron ) mg/1 Fe“" - .3
Detergents . LAS ., 0. 0]7
l 1Y
o _ \ - .’ .

le
|
i
!




A v
by mixing reagent grade CdClg. 2% Hp0 (Fisher) and HgCl, (Fisher) -

4

with de-iohized, glass (distilled Hp0. Stock solutions made. for
N8 each exper1ment were placed into 1nd1v1dua] Marlotte bottles ‘ :
(Gren1er, 1960).

~

e The stock solutions Were released at a rate of 1 ml per . ' )

minute into a serial dilution apparatus: Figure 2 is a schematic
- diagham indicating the physical arrangement of the di]u&or.

A constant drip of stock solution was achieved by

. Tamd OB o RaiA e, 2

maintaining a fi;ed veﬁg%éal displacement between the point of
.outflow, a rotatory feucet, and the surface of the solution withid
fhe Mariotte bottle. The constant hydraulic head within the
' Mar1otte bottle was created by 1nsert1ng a stand pipe which would
allow air. to enter the bottle. When the s¥stem was functioning
‘the solution/air interface at the Tower ehd of fthe stand pipe
was the “functional surface® within the haribtte bottle (Figure'

3). .As toxicant solution dripped from the bottle a partial

) : ‘vacuum was created causing air to enter through the stand pipe to
" replace the fluid losh. The "functional surface" was unaffected
by this and therefore, a constant hydraulic heed has maintained.
The flow rate out of the mariotte could be adjusted by -
rotating the glass faueet (Figure 4 ),Cthereby changing the
&—ANT> - vertical displacement‘between the surface of tHe stock solution
| and the point of outflow. ' |
’ ; . Stock solution so released entered a multiple stage 'serial
. o dilutor designed to supply test: solutions to“twelve exposure tanks -
. (Figure S')., The initial dilution was collected in a‘lahge mixing
- _ chamber bene;th the mariotte. The once diluted toxicant was

i
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‘a==m Standpipe to let air enter
” ™y g Surface of toxicant solution
\ c
P
. . L
"Functional™surface of the
) | toxicant solution
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- -~ Rotatory glass
‘ - faucet
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! Figure 3. Diagram showing the design of a Mariotte .
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Faucet rotated
upwards for a -
- slower flow

\ Glass

: Faucet

Rubber’ . .
Stopper ‘

Faycet rotated
- downwards"
. for a faster .
flow

Water
Level

. ) - | /

v
f ’

I-‘J.gure 4.l Diagram showing method used for cbtaining various

flow rates from the rotatory glass faucets.
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(Sprague, 1973).

" transferred via a p.v.c. pipe to a distribution phanber (Figure 2,

5 and 6). . _

In each chamber an overflow standpipe was used to drain
excess toxicant soiutjon theréby maintaining a constant hydraulic
head. Rotétorj\glass faucets, located in series at the front of
each chamber, controlled the flow of the ‘toxicant into the
collecting chamber.(Figure 2 ). The relative proportions of
toxicant solution and water entering simu1t§neous]y from'a
separate chamber determined the final concentrations obtainedlﬁn
iﬁe collecting chambers. Each of the 12 collecting chambers were
connecteq-via tygon and glass tubing to their respective exposure
tanks. .

when‘more than one to*idant was mixed, the procedure was
.identical to that previously d;cribed, however, each toxicant was
diluted by the total vo]ﬁme of all other toxicants entering the
collecting chambgr and not just water.

V The flow rate for each exposure tang during the lethal dose
respoﬁse gxperiments was 300 ml per minute resulting in a 90%
replacement within 2 hours (Spragﬁe, 1973). The flow rate for

each exposure tank during the tissue uptéke experiment was 650 ml
N |

per minute‘resulting in a 90% replacement within one hour

!

 Laboratory Conduct of Lethal Response Experiment

‘Fish from the holding tanks were sorted into lots of 14
individuals, three days prior to an experiment. Each lot of 14 .

fish represented a discrete weight class i.e. 0.10 } 0.05 grams.

+ -
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Feeding was suspended 24 hours pfior to exposure and resumed on

day 5 of .the exposure period following which time they were fed at

two day intervals e.g. day 7 and 9. This feeding sqhedule was
adopted as a balance petween continuous feéding, which might have
lead to significant toxicant assimilation via the)ingestion'of
food, and no feeding, which miéht have lead to adverse effects
resu]tingufrom starvation.

The flow of toxic solutions through the exposure tanks was

~established 24 hours prior to the introduction of the test

|

“organisms. This was done in order that an equilibrium between

heavy metal ions in solution and those adsorbed to the walls of
the exposure tanks could be established. Each lot of 14 test fish
was transferred to a separate exposure tank between 2100 hours and

2200 hours. A random number table was used to ensure that weight

.class groups were distributed to exposure tanks in an unbiased

manner. Each tank was considered -as a separate experiment which
commenced the moment it received its full complement of 14 fish.

Each test lasted exactly 240 hours during thch time |

‘observations were made every four hours throughout the initial 96

hours and every six hours throughout the subsequent 144 hours.
Fish were examinéd for visible evidence of toxicity. The toxic

end point measurement for these experiments was death as

“"EEE;fmined by é 10 minute observation period during which no

visible.signs of gill or heart movement were noted. Fish were

removed from the exposure tank upon death and discarded.

' \
Temperature, pH and dissolved oxygen measurements were made

on days 1, 3, 5, 7 and 9. Water samples were removed on days

N

1, 2, 3, 4, 6, 8 and 10 for metal content analysis.

<
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Analysis of Water Samples from Lethal Response ﬁxperimehts
] Water samples for déterﬁinations of totél metal content were -
! collected in 60 ml polyprapylene tubes, acidified with 0.5 ml \
concentrateg HC1 and refrigerated until analysis could be
conducted.’ ‘ ‘ ‘ ’ -

The total metal content of each Qample was determined using
a Perkin-ElmeQ 503 atomic absorption spectrophotometer, ~Cadmium
was assayed Jging a flame atomize;, mercury was measured by a
flameless Eechpique and copper content was détermined using a .
graphite furﬁace method. The operating procedures used for
measuring metal content are detailed in the operation ‘manual for.
the Perkin-Elmer 503.. _.* )

Dissolved oxygen content was measured,using an azide modifi-
cation of the Winkler method (APHA et. al.,1965). Hydrogen ion
concentration’was assayed using é Corning Scientific pH meter
model # 10 and following standard operating procedures. \.
Laboratory Conduct of the Tissue Uptake Experiment

. N
The tissue uptake experiment involved the exposure of fish

to.various pure solutions of copper and éédmiumland théiﬁ
mixtures. All méthods #nd pfocedures were identicéf to those
outlined for the 1ethél dose-response study. However, only ;ne
weight class of test fish (0.35 } 0.05°grams) was used. -
| Fish were introduced to‘éach of the eprsuée regimens in
groups of thifty. Randomly selected groups of five fish were
removed from each tank at 4, 5, 6,.8, 12 and 20 hours post

k)

exposure and allowed to swim in a toxicant free tank for 10

‘minutes. The swim in contaminant free water was necéssary to

PITIETIW oL R e e W
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to remove non-absorbed metal from the external body surfaces and
the opercular cavity. SuBsequent]y the test organisms were
sacrificed and the comp]ete set of 9111 arches and respiratory

filaments (Hughes and Shelton, 1962) were removed.

‘Analysis of Water Samples from the Tissue Uptake Experiment

A water sample was obtained from each'exposure tank at the
end of the experiment. The same procedure as previously

described was employed in the handling of samples and

determination of metal content, pH and temperature: ] |

Tissue Metal Content Analysis

Al g1assware employed in the determ1nat1on was washed"for

2 weeks in reagent grade nitric acid mixed 1:5 with g]ass

distilled water. This was followed)by five rinses,with glass

-distilled waters

.Gi11 and body tissue was prepared separately for analysis
of metal content %ol]owing the same procedure. Initially .
tissues were placed in a drying oven at 370 for seveﬁ day;.
Subsequently, tissues were mascerated with a giass peét]e and
placed in a tarred 50 m1 beaker and weighed. The beakers were
placed in a muffle furnace preheated. to 50°C in increménts of

500C eyery 30 minutes. The tissues were left at 500°C for 12

- hours™ after which the beaker were p]aced in a desiccator Jh§\§
in

co&]. To each beaker was added 10 ml of a-éfTution containi

2/3 nifric'acid and 1)3 perchioric acid. The beakers weré then
heated and the liquid a1lowed to evaporate. The fine powder
remainlng was dissolved in 10 ml o% distilled Hp0 and stored in q

polypropylene tube pending analysis.

et 2 e s,
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~«gener‘a] mathematical defin3tion of the linear function is given‘by the

The cadmium and copper content of each sample, including

" control b]anksv(i.e. no fjssue), was detenmined‘using a..

Perkin-Elmer 503 abéorption spectrophotometer and employing o
graphite furnace technique.

Methods of Analysing Lethal Resppnse~$tudy.Déta

(I) * Derivation of Linear regressiens. representing the lethal

e

response to individual metals.

The data collected from the Tethal response experiments for

., cadmium, copper and mercury. were f{tted to linear functions following

the probit analysis method of Finney (1971). This method fits a

. regression to coordinates which represent response in terms of probits

-and stimulus in terms of log concentration.

Data are systematically weighted to give the h1ghest degree of

confidence to those points arising in the 50% response region, The

L 4

equation: .
Y =a+b (x) . (2) )
Y . . "
-where Y = % mortality as probits’ <
_ © a = the Y intercept
A "b- = the slope of the regression:
X = concentration in log un]ts. K

The assumptlon that the dose-~ reSponse data were adequate]y e

described by a linear function was tested us1ng a chi- square test for

- heterogeneity (Flnney, 1971)

. (1I) Analysis of data represénting_the.letha] response to .

. comhinations of metals. o .

.
) «
<
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Bliss (1939) proposed that cehta1n forms of mu1t1ple toxicity
rESulted from the 1nteraction of tox1cants at or through target sites,
in an ordﬁnash. He defined two add1t1ve forms of mu1t1p]e toxicity
which were termed "independent" and "similar joint'actton"a

Indeoendent joiht action’ is exhib%tedaby those mixtures whose

constituents act at dif?e#éht target sites yet~contribute to a

- common response. Similar joint action is exhibited by those mixtures

whose constituents act at the same or similar target ;jtes,and thereby’
contribute to a common response.

; It has been assumed by meny authore ineiuding.Bliss that if two
toxicants have bqra]]el'dose-response curves they are similarly ’
act%ng.‘ This premise is- based on the assumptioh that;the variation in
susceptibility of individual orgénisms»te compTetely and positive1y
corre]ated for similarly acting tox1cantslv While this has been shown
to be true for some toxicant mixtures, Plackett and Hewlett (1952)
presented dose-response data for structurally related (and. presumably
similarly acting) oesticides;whicﬁ wece‘nonfpérallel. They have
therefore pointed out that comp1ete cor}elation of individual
susceptab1]1t1es and hence parallelism is not a necessary prerequ1site
for similar Jo1nt action. ‘

Bliss (1939) did however, offer ah empiracle criterion by which
the two models could be dtfferentiated. B]lSS suggested that only

similar joint action could explain add1t1ve responses elicited when

both constituents of a mixture were below threshold.

5

Despite the tenuous the association between similar joint action.

and parallelism of dose-reSpohse lines,. it doeseprovidE“a useful

starting point for data analysis. Where the dpse-response lines are

.
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parallel 2 dose response curve for the ‘mixture’ can be calcu]ated
employmg the equation (Fimiey, 1971)

» v .
Ym = aj +b‘1n (111+m'r2) +b ln “(3) .

% response in- probit umts

X
-
1]
.
=
‘l

é
! S =Y mtercept of the reference tox1cant

———

I A Y common slope o ) L
: s _m = ‘proport‘ion of - the f1rst tox1cant *
> T = proportion of the second toxicant "
, ‘ " p = potency ‘of the\sec“ond toxicant relative
o

.” to the first ] : "

X = fc(:,oncentration of the mixture.

- b L . L] . -

» 0 - \

" To. avoi}i' the assumptions which imply‘ a kn'owledge‘of sites and

mechanisms of tox1cant act1on Anderson and Weber (1975) mtroduced the

terms concentrat1on -and response addition wh1ch aré mathematrca]ly

s

analogoys‘ to similar and independent joint actlon.f In this respect

their terminology is superior to that ‘of Bliss and will be adOpted

2 0

o ~

<
A chi-square test for heterogenelty was used to determme

whether the observed dose -response for the m1xtures s1gn1f1caqt1y

<

differed from the predicted dose-response (P<D 05) If the predicted

regressiqn adequate]y described the response to thg mixture then the

<

concentration addiffion model was accepted.
In those cases vmere the dose-response lines are not parallel or
when baralle] but theoretical reasons suggest constituents of a

by

mixture will have differént modes of action, response addition may be

In order determine the proportion of worgamisms which

B
e - . R

" il
el RN
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will respond it is not only necessary to know how many would respond
to eaeﬁ toxicant alone, but also to what degree the susceptability of
the organism to one tox1cant is correlated to the other toxicant.
‘Plackett.and Hgy]ett (1948) develo;ed mathematical models which-:
take into aEcouht the correlation of indjvidua] tolerances. If the
correlation is co pletely negative, r = -1, then thé proportion of
individuals resppnding can be determined using the following equation:

Py + Pp (if Py + PR<1) (4)

Pm

where Pm = The~proportion of individuals responding

Pa = The proportion of individuals résponding to
.toxicant A
Pp = The proportion of individuals responding to

o toxicant B.

<

where no correlation in tolerances exi;ts, R = 0; the proportion

i

.1”respondiﬁg may be determined by equation:
‘ Pp = Py + Pp (1- ;a) (5)
‘C%;jj ‘wﬁeﬁe a completely positive correlation in tolerances exists, ~
‘R £ +1, the proportion responding may be determined by equation:
= Pp=P, (1f Pa2Pp) (6)

“ - o T~
- ) . e h

LT PM‘\ Pp (if Pp2=Pa)

A chi- -square test for heterogene1ty was used to determine if the -

o'predlcted and observed responsei_were significantly different (P<0.05).
. Nhe;‘there were no significanf departures from the expected responses
- the- response addition model was accepted. . .
When dose re%ﬁonsé patterns observedlaﬁe not adequately described
by either response or Eoncentration addit+en models we assume non-
additive- interactions have occurred at the biokinetic or biodynamic‘

Tevel. .

i
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Biokinetic processes are those which‘1nyolve the uptake, distribution

and elimination of the toxicant i.e. those factors which determine the
biological availability of the toxicant at the critical target site.
Biodynamig processes are those which modulate the induction of the
effect in the tafget tissue. (Figure 7).

In the case of non-additive responses it is impo;;1b1e to
predict, from a knowledge of the toxicity of the individﬁa]
constituents, what the potency of tﬁe mixfuré will be. Following the
terminology of Anderson and Weber (1975), a mixture which is less
toxic than additivity would predict fis referred-to as Infra-additive
and by dnalogy a mixture which is more toxic thaq additivety would

predict is referred to as Supra-additive. ' °

Method of Analysing Heavy Metal Accumulation Kinetics into Fish

Tissue. A ﬁ} '

{

[ L]

Accumulation kinetics of coppér} cadmium‘and.their mixture into‘
the gills and body during a 20 hour e%posure'period were dgtermined. '
Logaﬁjthmic linear regressions were fitted to da;a represeﬁting the
change in metal conﬁfgg\:uring the 4 to 20 hour period by the method

of least squares.
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TOXICANT ENTERS ECOSYSTEM AND '
IS AVAILABLE FOR UPTAKE DIRECTLY
OR VIA FOOD CHAIN.

BIOKINETIC PHASE: /o
; TION
EZ; DISTRIBUTION
3

METABDL ISM o
(4) . ELIMINATION ,
N

TOXICANT AVAILABLE FOR ACTION IN
IN TARGET TISSUE(S)

BIODYNAMIC PHASE :

The sequence of biochemical
events which follow from the toxi-
cants' effect at the target site.

L]

* . ;
RESPONSE

FIGURE 7. PHASES OF INTERACTIONS
BETWEEN CHEMICAL CONSTITUENTS OF
POLLUTANT MIXTURES (MODIFIED FROM
ANDERSON AND D'APPOLONIA, 1978).
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RESULTS

Lethal Response Studies-Discrete Heavy Metal Solutions

 Dose-response data from the lethal bioassays in which
zebrafish were exposed to pure solutions of either c0pper,-cadmipm
or mercury are presented in tables 2,3,4 end 5. The§é tables

détail mean concentrations of each metal to which fish were ‘

"exposed and the per cent of the test population which responded at .
R i

each of these concentrations. The tables also 1ist the number of
fish exposed and the mean weight class va]ge for each test lot.
The duration of each experiment'was 240 hours and aﬁalysis of dose
response was conducted for 96 and 240 hours. The dose response
data for cadmium and copper are presented only for 96 hours

eibosure as no moftality was recorded after that time. Linear

. functions were fitted to each set of.data following the probit

s

analysis method (Finney, 1971). The probit regression equations
describing each of the dose-re§bonse relationships are presented-
in table 6. A graphic representation of the dose response data
and associated linear regfession lines are presented in fjgureé

8,9,10 and 11. /

" The results of a student t-test indicated that none of
the dose-response regressioﬁnébefficienfs were significantly |
different (p>0,05). - ‘ e

Time to Response-Discrete Heavy Metal Solutions

‘ \ o
‘Cummulative mortality (in probit units) was plotted relative

. to log time for fish exposed to copper, cadmium or mercury.

Median mortality times (LTsq).were computed for each exposure con-
centration and these are presented in tables 7,8 and 9. The ’
distribution of LT50 versus concentration of each toxicant is

N [

N
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Lethal response data for zebrafish exposed to coppef

for 96 hours.

Table 2.

’

Megn Wet

ObserQed

+ # of

Mean Assayed

% Mortality

in 96 Hours.
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Table 4.
for 96 hours.

- 135 -

4

Lethal response data for zebraﬁsh ex

J

Posed to mercury

" # of

Observed

Mean Assayed Mean Wet
Concentration of Fish wei‘ght of Fish % Mortality
Mercury ‘Tested - S.D.) in 96 Hours.
fng/L I S.D.) ’
'0.017 * 0.002 14 0.35 ¥ 0.03 0.0
-0.085 } 0.029 14 0.35 ¥ 0.03 0.0
0.138 } 0.021 14 0.35 * 0.03 0.0
0.193 ¥ 0.018 14 0.35 ¥ 0.03 7.1 .
0.303 ¥ 0.036 144 0.35 ¥ 0.03 7.1
0.317 * 0.025 14 0.45 * 0.03 42.9
0.383 ¥ 0.031 14 0.35 ¥ 0.03 50.0
0.447 * 0.020 14 0.45 *'0.03 - 100.0
0.512 * 0.027 14 0.45 ¥ 0.03 -100.0
0.543 * 0.035 " 14 0.54 * 0.03-. 100.0
0.585 * 0.042 14 0.54 * 0.03 100.0
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Flgure 10 The lethal req:mse curye for zebrafish ecposed

to mercury for 96 hours.
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Table 5.

~-'37 ~

s

for 240 hours.

Lethal response. data for zebrafish exposed to mercur_y

Observed

Mean Assayed # of 'Jean Wet

Concentration of Fish Me‘ight of Fish % Mortality
Mercurx "Tested g T s.0.) in 240 Hrs.
fmg/L T S.D.) ‘

'0.018 * 0.002 14 0.35 * 0.03 , 0.0
0.088 t 0.046° 14 0.35 ¥ 0.03 0.0
0.152 * 0.019 14 0.35 * 0.03 57.1
0.200 * 0.010 14 0.35 ¥ 0.03 7.4
0.303 * 0.004 14 0.35 * 0.03 92.9
0.317 ¥ 0.035 14 0.45 * 0.03 100.0
0.392 t 0.026 14 0.35 ¥ 0.03 100.0
0.447 * 0.004 14 0.45 * 0.03 100.0
0.503 * 0.013 14 0.45 t 0.03 100.0
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;ﬁbwn in table 10, The toxicity curves for Log LTgp versus
concentration are shown, in figures 12/’}3 and 14. Linear regreSSIOns

and their respective correlation coeffic1ents were derived to

represent Log LT50 versus Log concentration and are listed in table ’

11, figures 15, 16 and 17.

Lethal Response Studies - Mixtures of Heavy Metal Selutions

/ !
Cadmium- and ngper Iest for Concentration Addition

The linear functions describing the response of zebrafish

exposed to cqpper or cadmium were‘tested for parallelism.

- The regression coefficients for the two sets of data were not found .

to be significantly different. The similarity of the regression
coefficients suggests that the metalﬁ, as constituents of mixtures,
may be similerly acting and therefore the effect of their mixtares
may be predicted by the empirical model of concentration addition

(Anders,}fgﬁeber, 1975).

_ The concentration'addition‘hxpothesis was tested and the

lethal response data for the mixtune are presented in table 12 and

figure 18.  The results of chi-square tests 1nd1cates that the

\]

:discrepancy between expected and observed.responses are not ,

attributable to random fluctuations about thé@?ﬁedicted relation
1

(P>0.05). Therefore, the hyppthesis that these metals are

Q

concentration additive is rejected. \ S

Cadmium and Copper: Test for Response Addition

%
The concentration additive mode] does not adequateiy describe

'the interaction of cadmium and copper. Therefore, the dose-response -

,data were tested to detenmine the suitability of modeling according

to response addition thed!y Table 13 lists the effective ‘ &;f

. concentr&tion of each mixture along uith the observed responses and

those’ predicted on the assuuption that the metals are response '
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Table 10.  Median mortality times (LTgg) of zebrafish exposed to

copper, cadmium or mércury.:

Metal Concentration (mg/L) LT5q (Minutes)

Copper. 0.27 3077
: 0.27 4055
0.31 3029
0.35 - 2600
- 0.38 2124
, 0.65 2007
¢ 0.68 1990
Cadmium- 5.83 5146
7.60 4063
9.79 2822
13.19 2401
17.22 1905
19.19 ¢ 1830
Mercury 0.15 11773

$0.20 A 8527

0.30 7573 '
0.32 6104
0.39 . 3863

0.45 3258 ) ‘
0.50 1353 .

,. 0.53 . . 1274
0.58 1036
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_Linear regression representing the relationship between

Table 11,
. log LTgg and log concentration.for zebrafish exposed to

copper, cadmium, or mercury.

Metal - Eqﬁation of Regression Correlation Coefficient

Copper A Y =3.19 - 0.60 (x) - 0.925*

Cadmium B Y =4,37 - 0.88 (x) ' - 0.990* '

Mercury C Y =2.73 -1.82 (x) - 0.921*
Where Y = Log LTgQ

X

* Corr. Coef. significant

Log concentration of metal.

t

at P<0.01 ,

*
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The predicted responses are clearly not consistent with

‘the observed responses (P >0.05).

Therefore, the hypothesis that

these(metals;are response additive is rejected.

°

Cadmium and Copper: Supra-AdditiQe Synergism

The lethal respoﬁse data for zebrafish exposgg to mixtures of
cadmium and copper ingicates the toxicity is greater than predicted
assuming additi.vity. Respohsés" which ‘are significantly greater th;n
predicted are referred to as supra-additi:e. The magnit:ae of the

increased. response, relative to that predicted for concentration

. additfqn, can be appreciated through the calculation of a relative

In this case.it was

potency factor (Anderson and Weber, 1975).
,-are 2.011 *

determined that copper and cadmium, when in combinati

0.488 times more potent thaﬁ'predicted. The computdtlon of the .

‘ nelative potency factor .is found in table 14. g L

Cadmium and Mercury: Test for Concentration Addition

1he tolerance distribut1on Gescr1b1ng the response of —-
zebraflsh exposed\to cadm1um or mercury were tested for parallelism.
The regression coefficients for the two'setSJnf data were not -found
to be sigtificantly.different for either 96 or 240 hours expoﬁure.
The similarity-of the regression cogffictents suggests that these

umetaﬁs, when in cbmbination, wi]l’be concentration‘additive“thrOugh-

out the 240 hour exposure peridd.

;he concentration addition hypothesis was tested for 96 hours

Oexposure and the Iethal response data are presented in table 15 and

figure 19. The results of chi square tests indicated that there
were no significant difrferences between observed and predicted

A .
responses. Therefore, the concentration addition model adequately




Table 14. Computation of the relative potency factor,
for copper and cadmium mixture versus discrete toxicants.
!
" Observed ‘
% Mortality A B A/B
(probits)
4.82 5,562 2,797 1.989
6.47 . 8.429 3.004 2.806
6.47 8.429 3.596 2.344 .
6.47 8.429 3.770 2.236 \
5.79, 7.101 4.483 1.584
5.57 6.719 4.763 1.411
6.47 © 8.429 ‘4,942 1.706
= 22011 * 0.488
A = the antilog of the abscissal value determined
r from the lethal dose response regression line

B =

for Cadmium \corresponding to the observed

mortality.

the total.
of cadmluuu_ﬁ

concentration of the m1xture 1n terms
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describes the dose response of zebrafish exposed to mixtures of

cadmium and mercury at 96 hours. The graphica1 relationship of the -

observed and predicted regression line is presented 1in fiqure;IQ.

‘ Lethal response data for the mixture at 240 hours are
presented in table~16‘and-figure 20. The'hypothepis that these data
are representative of a concentretion addition model was tested and
thé hypothesis rejected. (P>0.05).

Cadmium and Mércury 240 hours: Test for Response Addition

_response additive. The predicted responses are clearly not

i

The-cohceptration addition model does not adequately describe
the interaction of cadmium and mercury' at 240 hours exposure.

Therefore the dose response data was tested to determine the

_suitability of modeling according to response addition theory.

Table 17 1ists the effective concentration of eEChvmixture'alon '
‘

with the observed and predicted responses presuming the metals to be

consistent with the observed responses (P>0.05). Thereforé, qte
hypothesis that response addition will predict the interaction:

: |
oetween cadmium and mercury, at 240 hours'exposure, is rejected.

Cadmium and Mefcury, 240 Hours: Supra-Additive\Synergism

The response of zebrafish exposed o mixtirres of cadmium and
mercury is supra-additive at 240 hours./ A relative potency factor
can be computed comparing the toxicity of the mixture to that
predicted for concentration addition (Anderson and Weber, 1975).

The potency of the mixture of cadmium and mercury, relative to that
predicted, was found to be 2.030 * 0.227 times greeter. The compu-
tation of the relative potency factor is found in tabie'18. '

- s
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Table 18. . Computation of the relative potency factor,
for cadmium and mercury mixture versus discrete toxicants. .,

AY

Observed

% Mortality A B A/B
\ (Probits) ooy
\ 4.63 5.302 2.597 2.082° °
, 5.00 5.820 3.179 1.831
' . 6.07 7.621 - 3.289 . 2.317
6.07 7.621 ~  3.495 2.181
5.37. ~ 6.389 -3.751 1.703 -
6.47°. . -8.429 3,998 2.108 o ik
L] . - - i . \
x = 2.030  0.227

‘ S A = the antilog ‘of the abscissal’value -determined
from the lethal ddse response regression line
for cadmium corresponding to the -pbserved
mortality. i

B = the total concentration of the mixture in terms
of cadmium.

.




e

oy

-

% = . = 64 - ' 4

\
«
4 ~

Time to Response - Mixtures of He'av,y‘Metal Solutions O

.Cadmium and Copper: The relationshiff between the dose-

response curves for cadmium and copper in pure solutions was found

-

to be constant throbgh time. Therefore, the concentration. of metal

in each ‘mixture was' calculated from the 96 hour dose-response

_ equations. Cumulative mortalnity - time data were recorded for each

mixture and are presented in table 19. ‘Table 19 also lists the‘
median 'mortal'ity time§ (LTs5p) which were computed\ as previously ,
-described. The distribution of LT5g versus the concentration of
.each mixture is ‘shown in table 20. ;fhe toxicity curve for Log LTsg
versus the concenfration of the mixture is presented in figure 21.
‘The relationship of log Lf5o versus Log concentration is shown in

figure 22.

~Cadmium and Mercury: The relationship betwen the dose response
. \

curves determined for cadmium and mercury in discrete solutions

was not constant withk respect to time. ThePr"’efore, ca]c':ula'tion of
the concentration for each mixture was based upon the dose response.
data, of the discrete metal solutions, cprrespon&ing to the median
mortality t%me, i.e. if the LTgg for an exposure regimen was
determined to be 8000 minutes then the concentration of the mixture
was compute& using the do‘s‘eéresponse data of the discrete metal
solutions at 8000 minutes. Tables 21 and '22 list the LT5¢ and

computed concentration for each exposure regimen. The toxicity

~ curve for Log LTgq versus the concentration of the mixture is!

presented in figure 23. - The rectilinear relationship of log LT

versus log concentration is shown in figure 24.
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Table 20.  Median mortality - times(LTgp) of zebrafish exposed to
cadmium and copper mixtures.

Q | .
'. ‘Metal Concentration of Mixture :
expressed as equivalent LTs0
units of Cadmium. (Minutes).
J (mg/L) '
Cadmium & Copper 3.004 : 2176
. 3.596 : 1930 ~
. - 3.770 - . 2501 -
4,483 . _ « 1711
4.763 : * 1856 o
4.942 ) 1177 :
, 5.142 o 2122 - ) :
5.193 ‘ 1193
Equation of Regression ‘ '
Y = 3.78-0.83(x) CORR: -.602 o , Vo
_where Y = ‘Log Lf5o " : ‘ )
: _ x = fog Concentration , ) {
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Table 22,." Median mortality - times (LTg0) of zebrafish exposed to

r

- 71 -

-

-cadmium and mercury mjxtures.

”

Metal Concentration of Mixture )
expressed as equivalent "LTs0 .
units .of Mercury. , . (Minutes)
(mg/L),
Mercury & Cadmium 0.0 ~ - . . 15356 . :
‘ IR 062 vo1m7 .
0.069 Co 11374
0.077 . 12340
0.085 ] 10935
0.125 9240 . ,
0.235 : 101 . . . .
0.306 6127 [
0.431 ‘ 5106
0.452 ' T 4470 ,
0.626 _ 3301
Equation of Regression ’ ’
Y = 3.48 - 0. SZ(X) CORR: -.973*
) where 'Y = Log LTgg -
x = Log concentration A .
% ‘ , | " N

* Significant at P<0.01 o
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‘ Bioaccumulation“SStud_y "
Copper andgcadmium content was determined for gills and N

degilled bodies oi?iebrafﬁsh exposed for variods time intervals to
cadmium and or copper solations. The time course of quantitatiye
change in metal conbenf ef gills is given in tabies 23 and 24 and
that for the degilied bodies in tables 25 and 26. Thelaccumulation

g

°k1net1cs are, in a number of&cases well described by a rectilinear
regression as shewn by 51gnif1cant correlation coeff1c1ents. |
Regression equatijons are presented in tables 27 and 28 for iog nean
meta] content versus log exposure.time.

In summary it was found that onlyiche gills were 'sites of
'significant metal accumulation during the 20 hours of exposure.
With respect to copper accumulation in the giils'there was a
pdsitive dose reiated increase in uptake when test organisms were
exposed to discrete so]utions._ Hnen'exposure to cbpper‘was .
accompanied with cadmium the dose'reiated iincrease in uptake was
sti]l evident however, . the absolute quantities were - 519n1ficant1y

greater. Hith respect to cadmium accumulation in the gills there

" was a positive dose related increase in uptake when the test

&

organisms were exposed to discrete solutiogs. When exposure to
cadmidm“kas accompanied with copper the absolute quantity absorbed
was greater however. the dose related uptake was not ev1dent. This
suggests that cadmium uptake was naximized, at the lowest

concentration, under these test conditions.
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Sequential Exposure Study ) ' .

Test organisms were exposed for 96 ‘hours to a “sublethal

‘ concentration of cadmium (1 45 * 0.03 mg/l) The fish were

subsgo,qently transferred to exposure tanks containihg various ‘ - .
concentrations of mércury. The lethal dose-response -data are \
orésonted in.table 29 and figure 25. The results of a student | o
t-teét indicated no signifiocant»differeﬁces between the reoression '
coefficient of the responge' equation and that for 96 hoo;-s exposure
to mercury prev1ous1y determined suggesting no change in the mode of

action.- There was hoWever, a significant increase in potency (2. 62

3

# e

Y 0.16 x) as observed by the shift of the response line to the left,

relative to the line derwed for-96 hours -exposure to ‘mercury —

(P<0.05)- . . . "

-




o
T R e 12

"t ettt i i e orbasrne a2 e 5

- 81 - .
‘ B .
‘Table 29. 96 Hr Lethal response data for zebrafish exgosed to mercury °
after having been exposed to cadmium (1.45 I 0.03 mg/L) for
. ) © 96 Hrs. ; \

Mean Assayed # of “Mean Wet \ Observed .
Concentration of Fish Weight of 1% Mortality
Mercur. coe " Tested Fish® ° 96 Hours

(mg/L Ts.0) (g ¥'s.0.). \

N . "o - o {

0.090 } 0.002 14 0.343 1 0.029 4,70*

0.108 Y o0.001 |, ' 14 ~0.343 * 0.029 28.57

0.125 * 0.003 . 0.438  0.028 35.71.

0.162 *-0.004 14 - 0.343 * 0,029 64.29

0.193 ¥ 0.004 14 0.438 * 0.028 - “? 93,30% -

0.224 * 0,003 . 14 0.343, F 0.029 95,90*-

0.410 ¥ 0.004 14 0;438 % 0.028 * 100.00:

* Mortallty data f1tted aCCord1ng to Lwtchfield + uilcoxcin {1949)

_Equation of Probit Regression 5
Y= 11,785 + 7.843(x).
LCgg = 0.136 mg/L § . ; :
95% Fiducial Limits = 0.12 to.0.15 mg/L: -
. ) . E )
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DISCUSSION

The evidence pfesented in this stud§ suggests that the

interactive effect on fish of mixtures containing accumulativesang

non-accumulative toxicants may vary through time. Furthermore,

there was a high degree of agreement. between the dose-response and.

time-résponsevanalysis in accounting for this variation in
time-related toxicity. However, there were some exceptions with
respect to the form of interaction implied by the toxic unit

method of time response analysis.

Discréte Toxicants: Dose-Response

* The following series represents the relative lethal
potencies (LCgp values; Table 6 ) of the discrete metals at

96 hours:

Cu++ (0.26 mg/L)>Hg++ (0.36 mg/L)>Cd++ (5.82 mg/L)

and at 240 hburs

[

Hg++ (0.15 mg/L)>Cu++ (0.26 mg/L)>Cd+ (5.82 mg/L).

It should be §tre;sed that potency is.a comparative term
rather than an absolute expression of a toxicants' activity.
Tperefore, it is inappropria;e to express the relative activities
of two (or more) toxicaﬁt§ hnlesikthey produce thgi; effects by
the same mechanism. It is reasonable to assume that toxjcants'
which possess s%mi]ar'éhemical’or physicochenical properties and;-

initiate the same selective pharmacologic response do so by the

same mechanism (Levine, 1973).

rom this it follows that

‘ toxicants which operate through a dommon mode of action will have

parallel dose-response curves. Therefore, lacking Eoﬁp]ete

mechanistic knowledge it is the statistical similarity of
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.  dose-response curves which justifies the determination of relative
5 . )
potencies. . “

L]

The regﬁéssjhh coefficients %Br each of the~discrete'
toxicants were not .found to be significantly different (P:j0.0S).
Thus it is cogsidered correct to discuss copper, cadmium and
mercury fn terms of their re]atiJe pbtencies. The methodology of

L
Finney (1971), in which dose-response curves are constrained to

\F

" absolute parallelism, was employed to derive numerijcal Qd]ues to
represent the relative potencies of theltoxicants. It was found -
that at 96 hours mercury was 17.71 times more pétent thgn cadmium
and 0.77 times as potent as copper. The same analysis fevealed.
that. at 240 hours mercury was 40.73 times more potent than cadmium

and 1.78 times more potent than copper.

» -
The relative toxicity of heavy metals‘is generally perceived

to be a refﬂection of theif different affinitieé/for various

ligands in a critical organ(s). If a sufficient number of

"sites" are bound a‘functiona1‘change may occur, the consequence

of qcich is dependent upon the function of the binding ligands.

\ / .Thgrefore,. it is consjdered that the binding of metals to ligands

// may constitute the common mode of toxic action at the biochemical

level. ‘With respect to copper, cadmium and mercury'their affinity

for various ligands has been(aocuménted in the ]iterature\(Shaw

* ‘ and Grushkin, 1957, Passow'ef al., 1960); In ai] cases the order
of affinity was reported to be Hg++>>Cuf::>Cd++ which corresponds
with the relative potency distribution noted fn‘the present

* . study. This would not however be expected to be the order of

- potency in every situation because there has been no accounting
! . X .

v
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for diffgrent rates of absorption or tolerances between aquatic
organisms.. Thus the relative potencies of the heavy éétals ﬁay )
nof be accurately ranked strictly from a knowledge of their
'relative affinities for ligands. Chapman (1978) has attempted to
rank the overall hazard of heavy metals which are common to the,’
aquatic environment. He has listed nine metals in five categories
as follows: - |
Metal Hg,Ag,Cd Cu Ni,Pb,Zn Sb Sn
Toxic Tevel 1084 10-7M 10~ 10-54  10-4M
Asacan be seen from Chapman's Tist all three ﬁg;als included in
this study are considered to be extremely toxic. Chapman (1978)
also identified copper, cadmium and mercury to be of particular
concern because they are mobilized within the environment in

amounts which approach their toxic levels.

Discrete Toxicants: Time-Response

Dose-response data are generallygconsidered to be the best
stFndard of referenée between toxic substances (Blisg, 1937).
However, a comprehensive profile of‘relative toxicities must also
{nc]ude an analysis of "“time-response data. The/toxicity response
curves for cadmium and copper were found to be curvilinear with
a§ymtote relative to the x axis at 5.83 mg/L and 0.26 mg/L
respectively (Figure 11 and 12). The curvilinear shape of these
toxicity curves has been previously reported in the literature:
Cadmium-Schweiger, 1957; Lloyd, 1960; Roch, 1979: Copper-Lloyd,
1960; Sprague and Ramsay; 1965; Spear, 1977. Brown (1973)
rationalize& that thewheath of fish; as witnessed in toxici;}
tests is the summativé’consequence of the failure of a number of

A
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physiological functions. The curvilinear shape of the toxicity

responée curve that leads to an asymtote parallel to the time axis

is interpreted as the progressive achievement of homeostasis in

the test fish as the concentration decreases.

The suitability of using a logarithmic scale for both time

. and concentraQion has been indicated by many researchers (Gardner
et. al., 1977). The time-response data for cadmium and copper

have been converted to straight line relationships by a log- 109“*

transformation (Figures 15,16 and Table 11). This representation
has the advantage of allowing. a clear determination of thé€,
exposure duration at which the toxfcity response curve becomes
parallel to the time axis. This was detérmined to be 5190 minutes

s

and 3@42 minutes for cadmium and copper respectivel ; , (
There was no evidence of a threshold to merce;/ toxicity
within the 10 day exposure period. Furthermore, surviyors of the
10 day exposure period (0.018 mg/L), continued to dielgfter
having been placed in a contaminant free environment.’ The
toxicity response curQe for mercury (Figures 14 and 17) was found
to be rectilinear. The accuracy of this assessment is indicated
by previous qocumentation in the literature by Macleod and Pessah,
(1973). 1t follows from Browns' (1973) rationale that the test
fiﬁh were no} acclimating to the presence of mercury even at the
1owe;t concentration tested of 0.018 mg/L. Furthermore, it
implies that the processes of accumu]ation and e]imination have
not reached equ111br1um within the 10 day exposure per1od
Therefore, mercury is categor1zed as an accumu]at1ve toxicant

»

whereas cadmium and copper are referred to as non-accumulative
\ i)

toxicants. *
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There aré two general méthods of expreséing the relatﬁve

‘pbtencies of toxic substances from time-response data. The first

involves a'comparison of lethal threshold concentrations
irrespective of when the threshold is attained. For example

according to the foi]owing scale recomended by a joint tommittee

"of experts from IMCO/FAO/UNESCO/WHO (1969), the present study

rates mercury and copper as "very toxic" and cadmium as "toxic".

(1). "Very toxic" Threshold below 1 ppm;

{2) "Toxic" ‘('. Threshold between 1 and 100 ppm;
- (3) ”Modérately toxic" Threshold between 100 and 1000 ppm; .

(4) "Slightly toxic" Threshold between 1000 and 10,000 ppm;-

" The second method involves a comparison of doses which have lead

r

to equivalent responses at the same point in time. According to
th{s method the order of Ee]ative potencies at 96 hours was:

. Cutt > Hg++ > Cdt+ i
and at 240*qurs was ‘

Hg++ 2> Cut+ >Cd++ wt

These d;ta confirm the order of relative potencies which were
specified by the dose-response data. A more rigorous analysis‘of
the time‘tq response‘data indicated that at 96 hours hercuny was
10.16 times more potent than cadmium and 0.45 times as potent as

copper. At 240 hours mercury was 32.33 times more potent thanm

cadmium and 1.44 times more potent than copper.
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" Table 30:  Relative botency fag;ors calculated from

-88 - .

4

Comparison of dose-response and time-response data:

Discrete Toxicant - o~

o«

Table 30 lists the relative potency factors which have been -

derived from the two methods of analysis. It would appear that -

both representations of the toxicity data are in close agreement.
| 4

o

dose-response 4and time-response data.

Relative Potency Factor

f 96 Hours 240 Hours

Time Response Dose Response Time Response Dose Response,

—

Hg/Cu 0.45 0.77 - 1.44 «1.78

Hg/Cd 10.16 17.71 3233 . 40.73
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Cadmium and Copper:.Dose-Response ' : ;
. The results of this study indicated that neither the

b o

concentration addition nor response:addition model (Bliss, 1939;

. Anderson and Weber; 1975) adequately predicted the toxicity of

\§>mixtures confaining copper and cadmium (Tables 12, 13 and Rigure .

7 18). These toxicants were initially assumed to be concentration

¢

! additive because there were no significant qifférenEes between

the slopes of their respective lethal tolerance distributian

.5

curves. .However the empirically determined dose-response range
indicated that copper and cadmium were supra-additive (2.01 x) to
the toxicity predicted for concentration addition (Table 14).

Eisler and Gardner (1973), working with Fundulus hetéroclftus. .

reported that the lethal toxicity of copper and cadmium mixtures
wére gupra-adddtive. These results supported the findings of La
Roche (1972) who observed that the lethal effects of o Ca
copper-cadmium.mixtures were supra-additive. ,i

) © We can perceive inna general way that the observed supra-

‘ additive response must be a result of interactions which alter the - |
rate at which the toxicants reach their site of action and or the
sequence of events which follow the arrival of the toxicant
molecules at the site of action (Figure 7). A potential
explanation for ihe interaction of cadmium and copper is offered

o

later in the discussion.

r
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'Cadmium and Copper: Time-Response

Analysis of the toxicity response curve for the mixtures
containing cadmtum and copper supports the conclusion of

supra-addit1vity. The basic curvilrnear shape which characterized

o

A the d1screte toxicity response curves appears to adequately

N
represent the mixture (Figure 21). The, graphical anélys1s of th@

curve suggests an asymtote relative to the x axis a%uapprox1mate1y

2.8 ppm (total concentration as cadmium). A "predicted" toxicity -

response curve can bevcomputed assuming concentration'addition.
This curve is intermediate between the two discrete response
curves, taking into aecount the ratip of toxicants within the“
mixture (Figure 22). The efthanced potency of,tpe mixture was
computed to be approximately 2.08 times that predicted. The
comparison of the’dose-response (2.01 x) and time-response
(2.08 x) enhancemept factors indicates a strong correlation.

Another method for presenting toxicity response curves has

been proposed by Lloyd (1962). The concentration of toxicants are .

expressed as fractions of their median lethal threshold '

concentrations. . [

Ms/Mt ’ (8)
Where Ms= the concentretfon'of toxicant
Mt= the median Iethaf threshold
concentration.

\ _ - , :
The effective concentration of a mixture is computed from

the sum of the fractions derived for each toxicant present in the |

 mixture. The time to response data obtained for copper and

cadmium mixtures were subjected to the preceding fechnique

wry
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,ngable 31 and Figure 26). While this representation clearly,
; indicates a supra-additive response the method suggests an

> enhancement factor of approdimately 4.0 x the pred%cﬁed. The

© on® gt n m A

previous analysis of time-gesponse data has indicated an
enhancement of 2.08. Therefotre, there is a difference in the
s »

estimation of potency between these methodologies.

Cadmium and Mercury: Dose Response. .

Vo The results of this study indicated that the 96 hour

toxicity 6f cadmium-mercury mixtures could be predicted from a
knowledge of the discrete dose-response curves. The slopes of the
» # dose-response curves'fo; 96 hours exposure to pure solutions of
cadmium Qm mercur_;v were not signi'ficantly different (P <0.05).". '\
¥ Therefore, mixtures of mercury aﬁd cadmium wefe composed on the
assumption that they were concentration additive. It was subse-l : ' '15
quently found that observed and predicted responses wene'iﬁ close
agreement. Thus it was concluded that céncentration éﬂdition
adeduately described the toxicity of the miéggnes at 96 hours.
The dose response curves for discrete solutions of cadmium
and mercury were parallel at 240 hours; consequegtly concentration
. addition was prgdicfed for the bina}y mixtures.'\Thg results of
bioéssays indicated the mixtures to be neither concentration nor
response additive but supra-additive (2.03 x, Table 18). This is
a particularly surprisiﬁg resilt when it is considered that the
concentration of cadmium 1nﬁth¢ mixturé is significantly Tower
than it§ median lethal threshold level as-a discrete agent. - In '

practical terms what this means is that on the basis of time

response data we suspect that the test orbaniSms are able to

e 3 PSR Vi A B s s A
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achieve a state of absorption - elimination equilibrium with . .

cadmium. levels this “low. Therefore, beyond 96 hours cadmium would
- not be expected to contribute directly to the toxicity of the P
mixture,

4

" To our knowledge there are no'leth91 studies involving

combinations of cadmium and, mercury to which our results could be _ o
. . compared. However a étudy conducted by Weis and Weis (1978), ;
. utilizing the rate of tail.regeneration in F. confluents as an

LY

indicator, observed an infra-additive response. C(Clearly the
interactions of cadmium and mercuri’are comp1ex\and a potential'
explanation of the obsérved effects is offered 1ate; in“the -
discussion.“ \ ﬂ ,/// Cot

Cadmium and Mercury: Time Response

The toxicity response curves, qFrived from the mercury and
- cadmium mixture‘data (Figure 24), support the dose-response
findings i.e. concentrat}on additive at QG héurs and’
supra-addit%ve at 240 hours. Q pre&icted toxicity curve could be
computed, és previously described, for exposure periods -not in
excess of the median lethal threshold for cadmium (5190 hinutes). . -
. ’ For exposure period; in excess of the lethal threshald of cadmium n ‘ J
it was deemed reasonable to use the discfete mercury toxicity . ‘ T 1
curve - as represeqtative of the predictquresponse. The  observed
response’curve intersects the "predicted" curve at 102 hours.
‘This~indicates that the response to mixtures may be 5ccurate1y‘

predicted by assuming concentration ‘addition in the region of . |

.102 hours. . Analysis of the toxieity response curves at 240 hours

indicates that mercury and cadmium are supra-additive (B.GxWFiguné 24).
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- These data s(xpp‘orts” the'cfose-response data which indicated thé o -

ditiive at 240 hours (2,03 - Table 18). " ' ]
An interestihg aepect of t toxicity response curve was'the’

-

nd;qatlon of 'infra addition for fatively short expos(:re

perlods. To confmn the accuracy of this observation a

/ N . dose-response analySIS was conducted for forty e1ght hour‘s . .

exposure (Fi guYe 27)

.t

X O - While: there are only two observed response pomts they both

1nd1cate an infras add1t1ve response (both occur outs1de the 95%

X

confidence limits). Analysis of the toxicity curves suggests that

>

Lo the m1xture§ will be 0.43 times as potent as pred1cted. The - :

[ 4 ~

do =response ana1ys1s 1nd1ca§s that thg potency of the m1xtures

!
N

/Qét predicted. While the relatwe pote’ncy factors are

° .

Voo not in close agreement the "short exposure" infra-additive Coee
* - 3 ! -4 [

reSponse was conﬁrmed. g .

" The toxic unit method for presentmg toxicity response data

e o -

) , . E ' o ,mdwated the mixtures t6' be approxmate]y concentratwn add1t1ve /

"t . for all m1xtures with effectwe concentratwns in excess of umty

-~ ®

) (Table 32 and F1'1re 28). The-reason why thl's representation of ~

+ the data, does not reveal the infr‘a-additive‘re\s.ponse is not

° o

©
i M AT e & g e

iumediately clear.
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Cadmium and,topber: Supra-additive interaction

A general theoﬁy has been prbposed in whicﬁ the toxicity of
heavy metals results from tﬁeir intéraction with gill tissues
(Lloyd, 1962). Analysis of the tissuesfgf rainbow trout exposed
‘to a lethal solution of zinc, containing Znb5 as a tracer,
revealed that the highesp pehgéntage of zinc was 1ocateé in the
gill tissues (Lloyd, 1960). Schweiger (1957) determined the body
burden of cobalt and manganese in carp which had been killed by'
these metals. Subsequently he injected carp with three times the
body burden of cobalt and three hundred times the amount of
manganese and -found the fish survived.~ These resultslsuggest the
toxic action of at least some metals is not internal but related
to the epithelial cells of the gill lamellae, The body of current
Jiterature would tend to suggest that most heavy metals, at the
acutely lethal level, have a common site of action in the gills.
Furtherﬁore it is the binding of the divalent cations to protein
legands eg. OH, COOH, PO3Hp, SHp, NHp which leads to a breakdown

in normal cellular metabolism (Passow et al., 1960).‘.A1though

- specific affinity for these ligands may vary between metal species

the general effect may be identical or indistinguishable because

of bio{ogica1 variability betweén test organisms. This may /

+* N

explain wh& the dose-response functions derived for copper,

cadmium and mercury were not statis;ically different.

\ v




P P

an

Jeen

- 100 ~

The supra-ad&\tive toxicity of cadmium and copper nﬁ%tures

must result from some kinetic and or dynamic interaction (Ariens,

1972; Anderson and D'Appollonia, 1978). Two pieces of evidence in '

our studies h&ve sugges%ed that tﬁe'physiological interaction is a
kinetic phenomena (however they do not exclude the possibility
of a 'dypamic interaction). Firstly, the regression
coefficient of the observed dose -\response function was not
;ignificantly different from the regression coefficient of the
predicted dose-response function. This suggests (for reasons
previously given) that'the mode of action is unchanged and has
merely been promoted in some fashion. - ™
The second piece of evidence 'comes from a comparison of the
toxicity response curves (Figure 22). The slopes of the observed
;nd predicted toxicity curves are parallel. This suggests that |
there has been no change’in the mode of action even though the-
toxicity has been enhanced. - '
Preliminary studies Fo defe;mine if a ginesic ?nteraction is
invo]ve& indicate that cadmium and copper potentiate each others'
uptake into gi]l‘tiésde. Observation of tab]es‘23, 24, 25 and
26 indicates that only the gills and not the bodies were sites of
significant metal accumulation during theijqitial 20 hours of
exposure. Tables 23, 24 anq;?igures'29a to 30c Yndicate that a
causal relationship appears to gx}st between increased ambient
concentrations of discrete solutions and increased levels 6f metal
in the gill‘tissue. Additional evidénce for this hypothesis is

gained from two areas. Firstly, for each concentration of

discrete metal, the rate of metal accumulation is well descrigzzf

by a least squares regression equation (Table 27).

-
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This suggests a mechanistic relationship between metal’
accumulation and thé qmbient concentrations. Secondly, between
conéentrations, at twenty hours Exposuke, a leasi squares
regression equation with positive slope and high carrelation
coef%icient can be deriveq (Tables 23, 24 and Figures 31 and 32).
The most éignificant aspect of this study is that the relative.

bioconcentration of copper and cadmium is.greater in gill tissues

Py

of fish exposed ﬁp mixtures than to discrete solutions. However,

there are three further points of interest. First]y, the -
stoichastic relationship noted earlier for each discretevﬁetal \
ambiént concentrations and the accumulation in the gills appears

to be maintained for the mixtures. i.e. thé rate of metal accumu-
lation is well described by a‘least squares regression function."

: -
This tends to suggest that the mechanism of bioconcentration has

‘not been altered but merely enhanced. Secondly, between concen-

tration of copper, at twenty hours exposure, a least squarés.
regreséion equation with pdsitive g]ope and high correlation
coefficient can'be derived (Table 23 and Figure 31). This
rebresents further evidence for the mechanistic relationship
between accum&]ation and the ambient concentration which has been,
promoted through the concurrent presence of cadmium. Thirdly,

! 2 -

there is nq)apparent relationship between cadmium content in gill

tissues and the three different mixtures concentrations, at twenty
. e L]

. hours exposuré (Figure 32). The absolute amounts whicﬁ have

been accumulated in gill tissue are significantly “greater for the
mixtures relative to their respective discrete solutions but no

dose related increase exists for the mi;turesh This suggests. that
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the Mechanism for cadmium accumulation has beén saturated for even
the.lowest mixture concentration.
. ’ s : )
Therefore there would appear to be a physiological inter-
action between copper and cadmium which results in a reciprocal

v potentiation of ubtake rates. In as much as the magnitude of

s

of action these result$ may explain the supra-adhitive response.

, Furthermqre, the increased rate of uptake may explain the observed '

;enhancemeﬁt in the time-Pesponse data (Figure 22).

o 3

It ds important to point out that while these results

v N

clearly indicate the presence of a kinetic interaction there is no

X reason to exclhde ‘the possibility of a dynamic interaction as
. r .
' : . e 4
well, , ‘
) . ) »
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Cadmium and Mercury: Variable interactive effect.

4

The interactive effect of cadmium and mercury on fish would
-appear to change throqgh time. 'Empiricélly the effect of the
“ mixtures may- be separated into three ;egments:
‘ 1. an infra-additive_interaction,%bservea at 48 hours expo-
o sure , o b
2. a concgntratio? additive interaction at 96 hours expo-
sure‘and "
3. a sﬁgra}addiéive interaction at 240 hours exposure.
The avai]able data for the infra-adﬁitive effect of napidﬁy
Tethal mixtures of Cd ard Hg consists of two respoﬁse poiﬁts\‘
(Figure 27). Without a knowledge of the responsg over,the entire
response range (0-100%) it is diffichlt to draw any inégrences
i ~concerning the mechanism of this effect. A study‘which was
i f“ . ' éonducted by Weis and Weis (1978) utilizing the rate of tail

N 8 !
9 ' regeneration in F. confluents as an indicator also observed an

infra-addiyive response to Cd and Hg mixtures. However the
authors did not publish a mechanism for the infra-addifive effect
gg.‘ R therefore it i; difficu]t(to assess to what degree the results of
' their sub-lethal experiment could apply to the effect noted in
- ) ' : this‘stuﬁy. Ai]ess than 'predicted response to lethal
' ; : - _concentrations of metals has been reported for mammals pretreated

with sub-lethal quantities of cadmium (Schnell, 1978). The /

et

. : mechanism of this effect is thought to be related; to elevated

-
|

levels of the hepatic'protein, metallothionein. It has been shown

that cadmium can induce the synthesis of this protein which has

.~
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the capacity to‘bind heavy metals thereby preventing their inter-
action with vital cellular constituents. Thus the underlying
mechanism for this gadmium-inducedétolerance is an increased
detoxification capacity. There are, however, at least two reasons
why this mechanism is unlikely to explain the infra-additive
effect noted in this study. Firstly, thé‘protective effect is
noted only if the organism is pretrgzted in such a way that it hasAl
enough time to produce sufficient metafiothionein to withstand the'
subsequent lethal challenge. This was not the case in the present
study where the exposure was concurrent. Secondly, the results of
a sequential experiment which was conducted (Table 29) did not
indicate any protective capacity of cadmium pretreatment. Thus
the explanation of the infra-additive effect seen in this study,
awaits further research, possibly in the area of bioaccumulation.
The response of test organisms éiposed to mixtures of Cd and
Hg for 96 hours would appear to be effectively described by the |
empiricale model of concentration addition (Table 15; Figure 195.
Considering fhe overall pattern of the interactive effect (Infra-
LN

. v I
additive-Supra-additive) of these metals throqgh time it is

.
'

'dlfflcult to 1nterpret exactly what this observat1on means.

More clearly, does th1s represent a definite phys1olog1ca] event
or is it a coincidental observat1on marking the mid point of the
trans1t1on from one form of interaction to another. Of these two

possibilities the second would seem to be the more appropriate.-

v
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The supra-additive response of the organisms‘exposed to
mixtures of Cd-Hg is akparticular]y interesting occurance {n“
light qf the fact that CJ,(as a discrete agent, is né;-lethal'
following 96 hours exposure (Table 8). In theory there is no
"a priori" reason why a non-lethal pollutant cannot promote the
lethality of another toxic pollutant. Anderson and D'Apollonia

0(1978) suggest that it may be possible to separate, empirically,
interactions in which the hon-lethql component promotes binding

properties (Sensitization; Ariens, 1972) from those which enhance

the mechanism of toxic action (Potentiation; Ariens, 1972). This

is possible on the assumption that in the former interaction-the
hoﬁ-]etha] agent acts prior to qr concurrently with the toxic
agent whereas in the latter the non-lethal agent can act only
after binding -has océurred (concurrent exposure). Froﬁ the

studies already discussed it is known that cad®ium (thE non-lethal

" agent) can promote the lethality of mercury if both are present

'“”\\i_//f'\——4/f<§§§ éimultaneously. Thus. following the preceding rationale it may be

.
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possible to determine if this 5nter§ction ‘involves sensitization

" or potentiation through a sequential exposure experiment.

Cadmium and Mercury: Sequential Exposure Experiment ; :
The results of this study (Table 29) indicate that i
toxicity of mercury can be enhanced through prior ‘exposure to\
cadmium. Following the theory developed in the preceding section
these data are consistent with a role of cadmium as a sensiti;ing
agent.  Two fdrthef~?3§£€ support this assessment. ’}irstIy, the

slope of the dose-response line derived- for_the sequential

t

.
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exposure experiment (7.843) is almost identical to that of

Lo
exposure to discrete mercury (8.123). This Mgu]d suggest that the

mde of action has not been altered but merely promoted in some

‘fashion. Secondly, the enhancement factor for this study is

2,62 * 0.16, which is approximately the. same as that calculated

for concurrent exposure i.e. 2.03 } 0.23 (Table 18).

" The facts which have been presented would suggest that

cadmium contributes to the toxicity of the mixture; post'96 hours,

1ndir§ct]y by promoting mercury toxicity. ]

In over view the interactive effects of Cd-Hg - observed in
this étudy have profound implications. In practical terms it is
apparent that a standard 48 or 96 hours bioassay would not have
identified the true nafuré of ‘the hazard presented by these
mixtures. Possibly of even greater 1mpoftance however, is the
observatlon that toxicants which on the basis of the1r incipient
LCsp' s wou]d be considered non-lethal may yet prov1de a

s1gnif1cant effect through interactions with lethal contaminants.

-
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Summary . - .

With respect|to the individual toxicants it was determined

that for Brachydanio rerio the order of lethal potency was Hg(240

“hr LCg0=0.15 mg/1)>Cu(240 hr LC5g= 0.26 mg/1)>Cd (240 hr

LC5p=5.82 mg/1). The results of the present'study are consistent

with the hypothesis that a similar mode of toxic action exists for

"each of these metals. Furthermore the data support the definition

N
of cadmium and copper as non-accumulative toxicants.

The response of B. rerio to mixtures containing two non-
accumulative toxitants, cadmium and copper,: was supra-additive.
The magnitudelof the supra-additive response was quantified
through.comparisbn of the observed data with that predicted for
concent;aﬁion addition. This analysis indicated the mixtures to
be 2.011 +0.488 times more toxic (Table 14). This enhancement
factor was corroborated by the time-response data as interpreted
following the methods of Anderson and Weber (1975)‘but not by the

toxic unit method.

Preliminary studies to identify the mechanistic basis of the

supra-additive response have shown that a reciprocal potentiation

of ea?h metals"\,bioaccumulation into gill tissue occurs when in

l\

the presence ¢f\the other metal. This pharmacokinetic phenomena

may, at least art, explain the increased toxicity of these

metals when_ in “combination.

The response of B. rerio to mixtures containing an
aLcumu]ative and a non accumulative toxicant, mercury and

cadmium, was found to change through time. The observed data




- ¢

suggested an infré-additive resﬁonse at 48 hours, a concentration
<}. : q@ditivg respanse‘at 96 hours and .a supré-additive respoqse at 240
' .‘hours (2.030 * .0.227, Table 18). fhis dose-response pattern was
closely pdral!eled bylthe time-}esponse data as interpreted
following the methods of Anderson and Weber (1975) however not by
the toxic unit method. . ' |
g ' S Preliminary studies to further ‘elucidate the nature ;f the .o
. interactive effect of Cd and Hg mixtures were conducted. The data:
‘ sﬁggest that the supra-adaitive response oL;erved st 240 hours may
o , ' result from a cadmium induced. sensitization to the toxicity of

v

mercury.
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APPENDIX ‘]

'Formu1a For Ga]cu1at1ng Comcentrations Uf Metal 2 In Equ1va1ent

Units -Of Metal 1.

s

L’og Xy = LogXy- (I-y) E 1/b',)”- (1/b,z|,

y = Concentration of metal 1

ll

]

Concehtrat1on of meta] 2

s )

Probit value at the 1nterseé\ﬁon of the dose -
response functlons for the individual metals.

Byt

Probit value correspond1ng to X .

Regreession coefficient of
curve for metal 1.
Reg#ession coefficient of'
‘curve for metal 2.

SampTe Calculation: 0.264 mg/L (.96 Hr,

Dose --response functions. Copper:‘Y

units of Cadm1um.'

won

a _ -Cadmium:Y

(1) Calculat1on of I. .

7. 325 + 4.022 ( X )

(i) Log X,

v

9.314
(x)
=Y=7.325+ 4,022 { 1.821 )

1

l

,

'1.821

I = 14.64866

)

0,765

f,

“§ e
¢

rk

the dose - résQonse

theedose - response

LC g ) Copper inquuivaléﬁl

7.325 + 4,022 (
-1.989 + 9.137 (

21.989 7+ 9.137 ( X )
5.1157 { X )

e

°
o

- 0,578 - ( 14.64866 - 5.00 ) [(.1/14.‘022) - (i/9.137i|

B
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b : DISCUSSION

-

The evidence pfésented in this stud} suggests that the

interactive effect on fish of mixtures containing accumulativebang

non-accumulative toxicants may.vény through time. Furthermore,

"there was'a_high degree of agreement between the dose-response and.

time-fesponse analysis in accounting for this variation in
time-related toxicity. However, there were some exceptions with
respect to the form of ‘interaction implied by the toxic unit °

method of time Fesponse analy%ié.

DisCTete Toxicants: Dose-Response

the same mechanism. It is reasonable to assume that toxicants’

e, o -.‘v;-m‘-\. R
3

* The following series represents the relative lethal A

potencies (LCgg values; Table 6 ) of the discrete metals at “

N

96 hours:

Cu++ (0.26 mg/L)>Hg++.(0.36 mg/L)>Cd++ (5.82 mg/L)

and at 240 hburs

Hg++ {0.15 mg/L)>Cu++ (0.26 mg/L)>Cd+ (5.82 mg/L).

It should be §tre;séd that potency is.a comparative term
rather than an absolute egpressioﬁ of a toxicants' activity.
Therefore, it is lnapprOpriate to express the re]at1ve activities
of two (or more) toxicants “"]§§5 they produce their effects by

which possess simi]ar'chemical or physicochemical properties arfd
.
initiate the same selective pharmacologic response do so by the

same mechanism (Levine, 1973). “Xrom this it follows that

_ toxicants which operate through a dommon mode of action‘will have

parallel dose-response curves. Therefore, lacking éoﬁp]ete

mechanistic knowledge it is the statistical similarity of
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" absolute parallelism, was employed to derive numerical values to

"84"‘ ' 1

s i ¥ !

dose-response curves which justifies the determinatidn‘of relative
b .

potencies. . .

The regﬁgssi%ﬁ‘coefficient§\for each of the-discrete
toxicants werﬁ not .found to be significantly different (P;>0.05).
Thus it is considered correct to discuss copper, cadmium and
mercury fn terms of their relatiQe'potEncies. The methodology of

v,

Finney (1971), {n'which dose-response curves are constrained to

represent the relative potencies of the‘toxicanFs. It was found:

that at 96 hours mercury was 17.71 times more potent than cadmium

and 0.77 times as potent as copper. The same analysis revealed.

that.- at 240 hours mercury was 40.73 times more potent than cadmium

and 1.78 times more potent than copper. v
The relative toxigity of heé&y metals is gene}ally perceived. |

to be a-reﬁ]ection of their different affinitiés/for various.a ' \

ligands in a critical organ(s). If a sufficient number of

"sites" are bound a'functional‘change may occur, the consequence

of ﬁtiCh is dependent upon the function of the binding ligénds.

;Therefdre, it is consjidered that the binding of metals to ligands

may constitute the common mode of toxic action at the biochemical

level. ‘With respect to copper, cadmium and nercury'their affinity

for various ligands has been,documénted in the 1iterature\(5haw

and Grushkin, 1957;. Passow et al., 19602. In all cases the order

of affinity was reported to be Hg++>Cu++>Cd++ which corresponds

with the relative potency distribution noted }n'the present

study. This would not however be expected fo be the order of

potency in every situation because there has been no accounting

\

N\

e s
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for différent rates of absorption or tolerances between aquatic
organisms. Thus the relative potencies of the heavy ﬁeta]s.ﬁay
nof be acéurately rankedlstrictly from a knowledge of their

| relative affinities for ligands. Chapman (1978) has attempted to
rank the overa]]‘hazarq of heavy metals which are common to the
aquatic environment. He has listed nine metals in five categories
as follows: |

Metal Hg,Ag,Cd  Cu Ni,Pb,Zn  Sb Sn
Toxic level la0'8r:l ~1007m 10-6H 10°54 104N
As, can be seen from Chapman's list all three éeta]s included jn' -
this study are considered to be extremely toxic. Chapman (1978)
also identified copper, cadmium and mercury to be of particular
concern because they ére mobilized within the environment in
amounts which approach their toxic ]eve]sﬁ

Discrete Toxicants: Time-Response

Dose-response data are generally considered to be the best
stFndard of reference between toxic substances (Bliss, 1937).
However, a comprehensive profile of relative toxicities must also
include an analysis of "time-response data. Theltoxicity response
curves for cadmium and copper were found to be curvilinear with
a§ymtote relative tq the x axis at 5.83 mg/L and 0.26 mg/L
respectively (Figure 11 and 12). The curvilinear shape of these
toxicity cu}ves has been previously reported in the literature:
Cadmium-Schweiger, 1957;.quyd, 1960; Roch, 1979: Copper-Lloyd,
1960; Spraque and Ramsay, 1965; Spear, 1977. Brown (1973)

rationalized that thegheath of fish, as witnessed in toxicity

tests is the summativé’consequence of the failure of a number of
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. and concentration has been indicated by many researchers (Gardner i

et. al., 1977). The time-response data for cadmium and copper

physiological functions. The curvilinear shape of the toxicity
response curve that leads to an asymtote parallel to the time axis
is interpreted as the progressive achievement of homeostasis in

the test fish as the concentration decreases. . -

The suitability of using a logarithmic scale for both time

!

have been converted to straight line relationships by a log~ logh”
transformation (Figures 15,16 and Table ll). This represent;tion
has the advantage of allowing. a clear determination of the,
exposure durafion at which the tox{city response curve becomes
parallel to the time axis. This was determined to be 5190 minutes #/4

and 3442 minutes for cadmium and copper; respectively.

\
s

There was no\gvidence of a threshold to merc toxiéity
within the 10 day exposure period; Furtherhofe, surviyors of the
10 day exposure period {(0.018 mg/L), continued to die’gfter
having been placed in a contaminant free environment.”’Tﬁe T ]
toxicity response curve for mercury. (Figures 14 and 17) was found
to be rectilinear. The accuracy of this assessment is indicated
by previous'documentation in the litérature by Macleod and Pessah,
(1973). It follows from Browns' (1973) rationale that the test
fiéh were nq} acclimating to the presence of mercury even at the

lowest concentration tested of 0.018 mg/L. Furthermore, it

implies that the processes of accumulation and elimination have
not reached equilibrium within the 10 day exposure period.

Therefore, mercury is categorized as an accumulative toxicant

)

whereas cadmium and copper are referred to as non-accumulative
A\

toxicants. *
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There are two genera1imethods of expreséing the relative
potencies of -toxic substances from time-response data. The first
involves ‘a comparison of lethal threshold concentrations |
irre§pect1ve of when the threshold is attained. For éxample

according to the foi]owing scale recommended by a Jjoint tommittee

-of experts from IMCO/FAO/UNESCO/WHO (1969), the present studj

rates mercury and copper as "very toxic" and cadmium as “toxic".

(1), "very toxic" Threshold below 1 ppm;

(2)  “Toxic" o Threshold between 1 and 100 ppm;
- (3)  "Moderately toxic" Threshold between 100 and 1000 ppm;

(4) “Slightly toxic" Threshold between 1000 and 10,000 ppm;-

' Tﬁg_second method involves a comparison of doses which have lead

to equivalent responses at the same point in time. According to
this method the order of relative potencies at 96 hours was:

. Cut+t > Hg++ > Cd++ J
and at 240ﬂbgurs was |

Hg++> Cut+>Cd++ L7 g

These d;ta confirm the order of relative potencies which were
specified by the dose-response data. A more rigorous analysi§ of
the time‘to response data indicated that at 96 hours mercury was
10.16 times more potent than cadmium and 0.45 times as potent as
copper. At 240 hours mercdny was 32.33 times more potent than

cadmium and 1.44 times more potent than copper.
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} Comparison of dose-response and time-response-data: : :
r

y ’  Discrete Toiicaht

} T . ’ Table 30 lists the relative potency factors which have been -
* derived from the two methods of analysis. It would appear' that

L T ‘ both representations of the toxicity data are in close agreement. ' s

P . . v

Table 30: ﬁelativé potency fagtors calculated ,from ;

dose-response' and time-response data.

A
| ‘ Relative Potency Factor
L ‘ 96 Hours 240 Hours
. Time Response Dose Response Time Response Dose Response '
‘ " Hg/Cu 0.45 0.77 1.44 . 1.78 ’
. B : ) ,

. . Hg/Cd 10.16 17.7 C.32.33 40.73
] .‘. / ) ’ - * ‘i

- ) * . :
l . ’
; ¢ . , N




S e
. »
B

L AR N L e e
- A

:
.
- 3

~_/

e

N

MIXTURES OF TOXICANTS'

* i . v ?
.

Cadmium and Copper: Dose-Response

The results of this study indicated that neither the

AT A AT e

concentration addition nor response: addition model (Bliss, 1939;

Anderson and Weber; 1975) adequately predicted the toxicity of

T)mixtures confaining copper and cadﬁiumi(Tables 12, 13 and Figure

P 18). These toxicants were initially assumed to be concentration - \

i

additive because there were no significant qifféréhces between

the slopes of their respective lethal tolerance distributian . .

¥

curves. .However ihe empirically determined dose-response range
indicated that copper and cadmium were supra-additive (2.01 x) to
the toxicity predicted for concentration addition (Table 14).

Eisler and Gardner (1973), working with Fundulus hetéroc]ftus,

reported that the lethal toxicity of copper and cadmium mixtures
wére Qupra-addjtive. These results supported the findings -of La
Roche (1972) who observed that the lethal effects of ' | S
copper-cadmium .mixtures were supra-additive. . ‘
- We can perceive 1n’a general way that the observed supra-

additive response must be a result of interactions which alter the = |
rate at which the toxicants reach their site of action and or the
sequence of evénts which follow the arrival of the toxicant

molecules at the site of action (Figure 7). A potential

explanation for the interaction of cadmium and copper is offered . _
! : \

o

later in the discussion.

r
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.Cadmium and Copper: Time-Response

Analyéis of the toxicity response curve for the mixtures
containing cadmium and copper supports the conclusion ofv
supra-additivity. The basic curvilinear shape which characterizéd

" the discrete toxicity response curves appears to adequately
Fepresent the mixture (Figurg 21). The, graphical angiygﬁsxpf EDJ
curve suggests an asymtote relative to the x axis a%répproximate1y
2.8 ppm (total concentration as cadmium). A "predicted" toxicity
response curve can be‘computed assuming concéntration‘addition.

,This curve is intermediate between the two discrete résponse
curves, taking into aécount the ratio of toxicants within the‘
mixture (Figure 22). The ¥nhanced potency of ;he mixture was
computed to be approximately 2.08 times that predicted. The
comparison of the' dose-response (2.01 x) and time-response
(2.08 x) enhancement factors indicates a strong correlation.

‘ Another method for‘preseqting toxicity response curves has
been proposed by L]oy& (1962). The concentration of toxicants are .
expréssed as fractions ofutheir median lethal threshold '

concentrations.
Ms/Mt - (8) ' :

\

the concgntration'of toxicant

Where Ms
the median 1ethaf threshold

Mt
concentration.

{ ! . ’ N
The effective concentration of a mixture is computed from

the sum of the fractions derived for each toxicant present in the ,°

mixture. The time to response data obtained for copper and

cadmium mixtures were subjected to the preceding technique

’
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- Aq)(Table 31 and Figure 26). While this representation clearly

indicates a supra-additive response the method suggests an

> enhancement factor of approkimately 4.0 x the predfcted. The
previous analysis of time-response data has indicated an
enhancement of 2.08. Therefotre, there is a difference in the

estimation of potency between these methodologies.

Cadmium and Mercury: Dose Response. .

- The results of this study indicated that the 96 hour
toxicity 6f cadmium-mercury mixtures could be predicted from a
knowledge of the discrete dose-response curves. The s]gpes of the
» dose-response curves'far 86 hours exposure to pure solutions of
cadmium and mercdry were not signi%icant]y different (P <0.05). -
¥ Therefore, mixtures of mercury and cadmium were composed ori the
assumption that they were concentration additive. It was subse-l
quently found that observed and predicted responses wene'iﬁ close
agreement. Thus it was concluded that céncentration éddition
adeduate]y described the toxicity of the miéggres at 96 hours.
The dose response curves for discrete solutions of cadmium
and mercury were parallel at 240 hours; consequently concentration

. addition was predicted for the binary mixtures. * The results of

bioéssays indicated the mixtures to be neither concentration nor

reébonse additive bht supra-additive (2.03 x, Table 18). This is
a particularly surprisiﬁg result when it is considé:ZHAthat the
concentration of cadmium inuthe mixture is significantly lower
than tts median ]ethal threshold level as -a discrete agent. - In
practical terms what this means is that on the basis of tiﬁe

response data we suspect that the test oréanfsms are able to

-

e v —— i s =
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achieve a state of absorption - elimination equilibrium with

'cgdmium,levels this “low..- Therefore, beyond 96 hours cadmium would

not be expected to contribute directly to the toxicity of the
mixture.
" To our knowledge there are no lethal studies invdl&iqg

combinations of cadmium and, mercury to which our results could be

_ compared. . However a §tudy conducted by Weis and Weis (19785,

utilizing the rate of tail.regeneration in F. confluents as an

~

indicator, observed an infra-additive response. Clearly the

-

interactions of cadmium and mercury are complex. and a potential

explanation of the observed effects is offered later in“the -

,/‘

discussion.

- cadmium mixture data (Figure 24), support the dose-respanse

Cadmium and Mercury: Time Response
The toxicity response curves, QSrived from the mercury and

3

findings i.e. concentrat%on additive at 96 hours and’

3

" supra-additive at 240 hours. A preéicted toxicity curve could be

computed, as previously described, for exposure periods -not in
excess of the median lethal threshold for cadmium (5190 minutes).

For exposure periods in excess of the lethal threshold of cadmium

_ it was deemed reasonable to use the discrete mercury toxicity

curve.as representative of the predicted -response. The observed

‘response’ curve intersects the "predicted" curve at 102 hours

" This indicates that the response to mixtures may be éccurately‘

predicted by assuming concentration ‘addition in the region of

.102 hours. . Analysis of the toxié1ty response curves at 240 hours

indicates that mercury and cadmium are supra-additive (3.6x,Figuré 24)f
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, response was confn‘med

* the data does not reveal the infra-additive response is not

I e T T T e o T - ‘ .

- . bi . N
\ . | { -0 '
t r [xl ! ’ -’

+

- These data s[fpp‘orts the dose-response data which indicated thé . -
- . ' - . B

-~

ditive at 240 hours (2,03 x, Table 18).

An interesting aspect of t 'toxicﬁty resp'onse curve’was:the

ndigation of 1nfié-addit{on for relatively short exposure
pe‘r\iods. To confinn' the aecuracy of this observation a
dose-response analys1s was conducted for forty e1ght hours
exposure (Flgure 27) " <

While. there are on]y two observed response points they both

1nd1cate an 1nfra-add1t1ve response (both occur out51de the 95%

x4

(4

confidence hm1ts). Analysis. of the tox1c1ty curves suggests that .

the mixtu mn be '0.43 times as. potent as pred’ucted. Jhe

~

-response analys1s 1nd1ca§s that thg potency of the mixtures .
x/w/at predicted. While the re]atlve pote'ncy factors are

not in close agreement the "short exposure" infra-additive -
[ -~ J r4 {
¥
!

" The to:gc unit method for presentmg toxicity response data /

. ,1nd1catéd the mixtures t6 be approx1m@te1y concentration add1t1ve

for all mixtures with effectwe concentratwns in excess of umty

v

(Table 32 and F1'Jre 28). The.reason why tRis reprl'esentatwn of °

°

° ¢ —

immediately clear.
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Cadmium and .Copper: Supra-additive interaction

A general theory has been proposed in whicﬁ the toxicity of
heavy metals results from tﬁeir intéraction with gill tissues
(Lloyd, 1962). Analysis of the tissue; of rainbow trout exposed
to-a lethal salution of zinc, containing znb5 as a tracer,
revealed that the highest ﬁékcentage of zinc was ]ocate& in ‘the
gill tjssues (L1oyd, 1960). Sghweiger (1957) determinéd the body
burden of cobalt and manganese in carp which had been killed by-
these metals. Subsequently he injected carp with three times the
body burden of cobalt and three hundred times the amount of

manganese and-found the fish survived. These results suggest .the

toxic action of at least some metals is not interné] but related

to the epithelial cells of the gill lamellae,  The body of current

Yiterature would tend to suggest that most heavy metals, at the
acutely lethal level, have a common site of action in the gills.
Furthermore it is the binding of the divalent cations to protein
legands eg. OH, COOH, PO3Hp, SHp, NHp which leads to a breakdown

in normal cellular metabolism (Passow et al., IQéU)f' Although

specific affinity for these ligands may vary between metal species

the general effect may be identical or indistinguishable because
of bio{ogical variability betweéen test organisms. This may
explain why the dose-response functions.derived for copper,

cadmium and mercury were not statistically different.

\
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The supra-ada\tive toxicity of cadmium and copper &ﬁxtures
must result from some kinetic and or dynamic interaction (Ariens,
1972, Andersqp and D'Appolionia, 1978). Two pieces of evidence in
our studies have suggé%ted that tﬁe'physioloéical interaction is a
kinetic phenomena (however they do not exclude the possibility
of a djnahic interaction). Firstly, the regression
"coefficient of the observed dose{— response function was not
significantly different from the re;ression coefficient of the
predicted dose-response function. This suggests (for reasons
previously given) that‘the mode of action is unchanged and has
merely been promoted in some fashion. =

The second piece of evidencé comes from a comparison of the
.toxici;y response curves (Figure 22).  The slopes of the observed
;nd predicted toxicfty curves are parallel. This suggests that |
there has been no change'in the mode of action even though the-

-

toxicity ha; been enhanced.
Pre]iminary studies to determine if a gineyic fnﬁeraction is
involved indicate that cadmium and copper potentiate each others'
uptake into gill\tissﬁe. Observation of tables 23, 24, 25 and
26 indicates that only the gills and not the bodies were sites of
signifi¢ant metal accumulation during the initial 20 hours of
exposure. Tables 23, 24 iné'figures 29 to 30 indicate that a
causal relationship appears to exist between increased ambient
concentrations of discrete solutions and jnc?eased levels 6f metal
in the gi]l~tissue. Additional evidénce-for this hypothesis is
gained from ;wo areas. Firstly, for each concentration of
discrete metal, the rate of metal accumulation is well descriSE?

by a least squares regression equation (Table 27).
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-not been altered but merely enhanced. Secondly, between concen-

-

This suggests a mechanistic relationship between metdl’
accumulation and thé qmﬁient éonceﬁtrations. Secondly; between
concentrations, at twenty hours'Exposufe, a leas£ squares
regression equation with positive slope and,high correlation
coefficient can be deriveg (Tables 23, 24 and Figures 31 and 32)._

The most significant aspect of this study is that the relative. ¢

bioconcentration of copper and cadmium is. greater in gill tissues.

of fish exposed tp mixtures than to discrete solutions. However,

bl

there are three further points of interest. F%rst]y, the
stoichastic relationship noted earlier for each discrete metal
ambiént concentrations and the accumulation in the gills appears

to'be'maintained for the mixtures. i.e. the rate of metal accumu-

1

lation is well described by a‘least squares regression function.;' N

) . -5
This tends to suggest that the mechanism of biqconcentration has

tration of copper, at twenty hours exposure, a least squarés.
regresﬁion equation with pdsitive glope and high correlation
coefficient can be derived (Table 23 and Figure 31). This
rebresents further evidence for the mechanistic relationship
between accumﬁ]ation and the ambient'concentration which has been,
promoted through the concurrent presence of cadmium. Thirdly,

?

there is nq)apparent relationship between cadmium content din gill

tissues and the thrée different mixtures concentrations, at twenty
B NS

. hours exposure (Figure 32). The absolute amounts which have

been accumulated in gill tissue are significantly "greater for the
mixtures relative to their respective discrete solutions but no

dose related increase exists for the mixtures. This suggests. that

]
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- , theﬁec%}mnism for cadmium a'cc;:mu'lation has been saturated for even
thg Jowest mixture concentration. ,

, Therefore tpere wo;nd appear to be a physiological ionter- .
. ‘ | action between copper and cadmium wh'ich‘resdlts in a rgctproca'l
potentiation of ubtake ratés. In as much as the magnitude of

response is related to the concéntration of toxicant at the site

b of action these result§ may explain the supra-additive response.

‘ Furthermo‘re. the increased rate of uptake may explain the observeq

~

_enhancement in the tim‘e-Pesponse data (Figure 22).
. s
It" is important to point out that while these results

v

clearly indicate the presence of a kinetic interaction there is no .

X reason to excl de “the possibility of a dynamic interactian

as
\‘ .

L%

A

well.
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Cadmium and Mercury: Variable interactive effect.

- ) "

The interactive effect of cadmium and mercury on fish would

' appear to change through time. 'Empi}iéally the effect of the

mixtures may- be separated into three segments:
1. an infra—additiveAinteractioﬁ}obser;ed'at 48 hours gépo-
sure
2. a cqncgntratign additive interaction at 96 hours expo-
sure and - .
3., 2 sugra}addi{ive interaction at ZhO hours exposure.
The available data for the infra-édditive effect of napidﬁy
lethal mixtures of Cd ard Hg conéists of two respinse points
(Figure 27). Without a knowledge of the response over, the eniire

response range (0-100%) it ‘is diffichlt to draw any f%ferences

concerning the mechanism of this effect. A study which was

4

éonducted by Weis and Weis (1978) utilizing the rate of tail
regenerationlin E. confluents as an indicator also observed an
infra-additive response to Cd and Hg mixtures. However the
authors did not publish a mechanism for the infra-additive effect
therefore it i; difficult to assess to what degree the results of
their §ub-1etha1 experiment could apply to the effect noted in.

this study. A less than‘predicted response to lethat'

_concentrations of metals has been reported for mammals pret?eated

with sub-lethal quantities of cadmium (Schnell, 1978). The
mechanism of this effect is thought to be related:to elevated
levels of the hepatic protein, metallothionein. It has been shown .

that cadmium can induce the synthesis of this .protein which has

- ——— “« Pem T v et mne i e
B .
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the capacity to bind heavy metals thereby preventing their inter- ]
action with vital cellular constituents. Thus the underlying - .
mechanism for this cadmium-induced tolerance is an increased ' '

detoxification capacity. There are, however, at least two reasons

why this mechanism is unlikely to explaip the infra-additive

effect noted in this study. Firstly, the protective effect is
, . ,

P

noted only if the organism is pretﬁeatgd in such a way that it has
enough time to produce sufficient metallothionein to withstand the:
§ubsequent lethal challenge. This was not the case in the:present
study where the exposure was concurrent. Secondly, the results of
a sequential experiment which was conducted (Table 29) did not

indicate any protective capacity of cadmium pretreatment. Thus . N

the explanation of the infra-additive effect seen in this study

~awaits further research, possibly in the area of bioaccumulation.
1S

The response of test organisms exposed to mixtures.of Cd and
Hg for 96 hours would appear to be effectively described by the
empiricale model of concentration addition (Table 15;.Figure 19)." ‘ . ;
Considering fhe overall pattern of the interactive effect (Infra-

add1t1ve-Supra -additive) of these metals throqgh ‘time it is

=d1ff1cu]t to 1nterpret exact]y what this observat1on means.

More clearly, does- thlS represent a definite phys1o]og1ca1 event
or is it a coincidental obsgrvation marking the mid point of the
trans1t1on from one form of interaction to another. 0Of these two

possibilities the second would seem to be the more appropriate.-
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The supra-additive response of the organisms‘exposed to
mixtures of Cd-Hg is a particularly intereéting occurance {n"
light of the fact thét CJ./as a discrete agent, is né%-lethal‘
. following 96 hoursreprsure (Table 8). In theory there is no
/ "a priori" reason why a non-lethal pollutant cannot promote the
lethality of another toxic pollutant. Anderson and D'Apollonia
(1978) suggest that it may be possible to sepafate, empirically,
| interactions in which thetnon—lephal component promotes binding
properties (Sensitization; Ariens, 1972) from those which enhance
the mechanism of toxic action (Potentiation; Arieﬁs, 1972). This
‘i§ possible on the assumption that in the former interactisn-the
non-lethal agent acts pfior to qr concurrently with the toxic
agent whereas in the latter the non-letﬁal agent -can act onfy"'
after binding -has océurred (concurreqt exposure). Fr;n the
studies already di§cussed it is known that ofdmium (t;e non-lethal
' _ agent) can promote tﬁe lethality of mercury if both are present
’lﬂ\;"///_\—_4/r‘§§s éimultaneous]y. Thus following the preceding rationale it may be
poséible to determine if this 5nter3ction'invo]ves sensitization

" or potentiation through a sequential exposure experiment.

Cadmium and Mercury: Sequential Exposure Experiment

The results of this study (Table 29) indicate that the
toxicity of mercury can be enhanced through prioﬁ exposure to
cadmium. Following the theory developed in the preceding section

these data are consistent with a role of cadmium as a sensitizing

3
'

agent. Two furthefﬂ?fﬁ;\: support this assessment. F1rst1y, the

¥
7
!
N
-

slope of the dose- -response ]1ne derived for_the sequential
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exposure experiment (7.843) is .almost identical to that .of
exposure to discrete meréuriy (8.123).‘ This would suggest that the
mode of action has not been altered but merely-promoted in some -
‘fashion. .Secondly, the enhancement factor for this study is ,
2,62 ¥ 0.16, which is approximately the same as that calculated
. for concurrent exposure i.e. 2.03 ¥ 0.23 (Tab]g 18). |

" The facts which have been present:ed wqiﬂd suggest that
cadmium contributes to the toxicity of the mixtur;e, post'96 hours,
indiréctly by promoting mercury toxicity. ‘

In over view the interactive effects of Cd-Hg - observed in

this étudy have profound implications. In practical terms it is
apparent that a standard 48 or 96 hours bioassay would not have
identified the true nature of the hazard presented by these
mixtures. Possibly of evlen greater impon;’tance however, is. the
observation that toxiéants which on the basis of their incipient

N

X , LC5p's would be considered non-lethal may yet provide a <

- : - significant effect through interactions with lethal contaminants.

-
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" hr LCgp=0.15 mg/1)>Cu(240 hr LCsp= 0.26 mg/1)>Cd (240 hr

‘may, at least
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Summar

With respect|to the individual toxicants it was determined

that for Brachydanio rerio the order of lethal potency was Hg(240

LCg0=5.82 mg/1). The results of the present study are consistent
with the hypothesis that a similar mode of toxic action exist§ for
eaph of these metals. Furthermore the data support the definition
of\ cadmium and copper as non-accumulative toxicants.

The response of B. rerio to mixtures containing two non-
accumulative toxicants, cadmium and copper,: was supra-additive.
The magnitude‘ of the supra-additive response was quantified
through compam's‘on of the observed data with that predicted for
concen_t;rafion add1"t1'.on. This analysis indicated the mixtures to
be 2.011 “/6./488 times more toxic (Table 14). /This enhancement
factor was corroboratéd by the time-response data as interpreted
following the methods of Anderson and Weber (1975)\ but not by the
toxic unit method.

Preliminary studies to identify the mechanistic basis of the
supra-additive response have shown that a rgciproca] potenfiation '
of eé{:h metals’\ bicaccumulation into gill tissue occurs when in

i - |

the other metal. This pharmacokinetic phenomena

the presence 0

art, explain the increased toxicity of these

. metals when in combination.

The response of B. rerio to mixtures containing an
accumulative and a non accumulative toxicant, mercury and

cadmium, was found to change through time. The observed data




" hours (2.030 *.0.227, Table 18). This dose-response pattern was

J
*

"suggesped an infra-additive response at 48 hburs, a concentration

, quitive response ‘at 96 hours and .a Supré—adq4tive response .at 240

closely paralleled by the time-}esponse data as interpreted
following the methods of Anﬁersbn and Weber (1975) however not by
the toxic uhit method. \ - ) )

. 1
S Preliminary studies to further elucidate the nature of the R f

interactive effect of Cd and Hg mixtures were conducted. The data:
éuggest that the supra-additive response observed at 240 hours may
result from a cadmium induced sensitization to the toxicity of

mercury.

e
-
.7 - .
i R A ki et o stpinn e e s

N
o ¥ "
%




BIBLIOGRAPHY

Anderson, P.D. and S. d'Apollonia. 1978. Aqduatic animals. In —-
Ecotoxicology. Section 4. Scientific Committee on Protection
of the Environment (Scope), UNESCO.

, Anderson, P.D. and L.J. Weber. 1975. The toxicity to aquatic

populations of mixtures containing certain heavy metals.
Proc. International Conference-on Heavy Metals in the
. Environment. Toronto, Ontario, Canada, 933-953.

APHA et al. 1965. Standard methods for the examination of water
and waste water including bottom sediments and sludges. 12th
ed. Am. Public Health Ass., New York. 769 pp.

Ariens, E.J. 1972. Adverse drug interactions. Interaction -of drugé
on the ‘pharmacodynamic level. Proceedings of the-European

! ' . Society for the Study of Drug Toxicity 13:137-163. .
"« " . Barton, K. 1978. The other water pollution. Environment 20(5):
]2-20-

Bligh, E.G. 1970. Mercury and contamination in freshwater fish.
- Fish Res. Board Can. MS Rep. 1088: 27 pp.
Bligh, E.G. 1971. Environmental factors affecting the utilization .
of Great Lakes fish as human food. Limnos 4: 13-18.

Bliss, C.L. 1937. The calculation of the time - Mortality curve.
An. Appl. Biol. 24: 815-852.

Bliss, C.L. 1939. The toxicity of poisons applied jointly. An.
Appl. Biol. 26:585-615.
Brown, V.M. 1968. The calculation of the acute toxicity of mixtures
_of poisons to rainbow trout. Wat. Res. 2:723-733.
Brown, V.M. 1973. Concepts and outlook in testing toxicity of’
substances to fish. pp.73-95 In Glass ed. Bioassay Techniques
and environmental chemistry. Ann. Arbor Science Pub.499 pp.

! Brown, V.M. and R.A. Dalton. 1970. The acute lethal toxicity to
_ inbow trout of mixtures of 'copper, phenol, zinc and nickel.
’ . Jo FiSh- B'i,O]. 2:211'2160

Buchanan, F. 1822. An account of the fishes’found in the River

‘ Ganges and its branches. pp. 321, 390, 405. Edinburgh and

v ' London: Archibald Constable and Co. In Laale, 1977. '

- Buchanan, F. 1823. An account of the fishes found in the River -
Ganges and its branches. Rev. Bull. Gen. Universel
(Fereissac), 3:253. In Laale, 1977.

- 117 - -




.= 118 -

'Ca]amar1, D. and R. Marchetti. 1973. The toxicity of mixtures of’ o
metals and surfactants to rainbow trout (Salmo Gairdneri,~
Rich.) Water Research. 7: 1453 - 1464. /

. 7/

Clearly, J.E. and R.L. Coleman.  1973. Cadmium toxicity and
accumulation in southern naiad. Bulletin of environmental
contamination & Toxicology, Vol. 9, No. 2: 100-103.

Chapman, G.A. 1978. Toxicological considerations of heavy metals in
the aquatic environment. Seminar presented at the Water
Resources Research Institute of Oregon State University: Toxic
materials in the Aquat1c Environment, July 1978.

Doudoroff, P. and M. Katz. 1953. Critical review of literature on
the .toxicity of industrial wastes and their components to
. fish. I The metals, as salts. Sewage Ind. Wastes
(> 25:802-839. .
Ea%on, J.G. 1973. Chronic toxicity of a copper, cadmium and zinc
\ mixture to the fathead minnow (Pimephales Promelas
. Rafinesque). Water Research 7: 1723-1736.

} .
Eisler, R. and G.R. Gardner. 1973. Acute toxicology of mixtures of
cadmium, copper, and zinc. J. Fish. Biol. 5:13]-]92.

FAO., 1972 Food 'and Agriculture Organization of the United Nations.
Marine pollution and sea life. Ed M. Ruivo Fishing News
(Books) Ltd. London, England. 624 pp.

Fagerstrom, T., R. Kurten and B. Asell. 1975. Statist%ca] para-

meters as criteria in model evaluation: kinetics of mercury 5

accumulation in pike Esox Lucius. 01KOS 26:109-116.

Fimereite, N. 1970. Mercury contamination of Canadian Fish and Fish
eating birds. Water pollut. Control 108 (11): 21-26.

Finney, D.J. 1971. Probit analysis. 3rd ed. Cambridge University
Press. 333 pp.

Fleischer, M., A.F. Sarofim, D.W. Fassett, P. Hammond, H.J.
Snacklette, I.C.T. Nisbet, and S. Epstein. 1974. Environ.
Health perspectivés 7:253. 1In Smith et al. 1976.

Fogels, A. and J.B. Sprague. 1977. C(Comparative short-term
tolerance of zebrafish, flagfish, and rainbow trout to five
‘poisons including potentlal reference toxicants. Wat. Res.
11:811-817.

Friberg, L., M. Picator and G. Nordberg. 1974. Cadmium in the
environment. Cleveland CRC Press. In Schnell, 1978.



3
&
¥
f,”:'
h’l
i
£,
>
§
W

~—

2]

Gardner, D.E. and D.L. Coffin. 1977. Role of time as a factor in
the toxicity of chemical compounds in‘intermittent and
continuous exposures. Part I. Effects of continuous

exposure. Journal of Toxicology and Environmental Health,
3:811-820. -

' ‘Gravis, J. and J.F. Ferguson. 1972. The Cycling of mercury through
the environment. Water Research 6:989-1008.

Grenier, F. 1960. A constant flow apparatus for toxicity
experiments on fish. J. Wat. Pollut. Control Fed. 32:117-1119

Hamilton, F. 1822. An account of the fishes found in the River

Ganges and its{ branches. Edinburgh: Archibald Constable and
‘Co. In Laale, 1977. .

Hannerz, L. 1968. Experimental investigations on the accumulation _
of mercury in water organisms. Rep. Inst. Fresh water Res.
Drottningholm 48:120-176. .In Macleod and Pessah, 1973.

Herbert, D.W.M. 1962. The toxicity to rainbow trout of spent still
liquors from the distillation of coal. Annals of Applied
Biology: 50:755-777.

-Herbert, D.W.M. and D.G. Shurben. 1964.  The toxicity to fish of
mixtures of poisons. I. Salts of Ammonia and Zinc. Annals of
Applied biology 53:33

Herbert, D.W.M. and J.M. Vandyke. 1964. The toxicity to fish of
mixtures of poisons. II. Copper-Ammonia and zinc-phenol

mixtures.~ Annals of Applied Biology. 53: 415-421. \

t

Hughes, G.M. and G. Shelton. 1962. Respiratory mééhanisms and
their nervous control in fish. Advanced comparative
physiology and Biochamistry 1: 275-364.

IMCO/FAD/UNESCO/WHO 1969. Group of experts on Scientific aspects of
Maring Pollution, Water Research, 3:995-1005. .

Jaakkola, T. H. Takahashi, R. Soininen, K. Rissanen, and J.K. v
Mietinnen. 1972. Cadmium content of sea water, bottom
sediments and fish, and its elimination rate in fish.
Radiotracer studies of chemical residues in food and
agriculture. Proceedings of the combined panel of research
coordination meeting, 1971. 69-75.

Jernelov, A. and H. Lann. 1971. Mercury accumulation in. food *
. chains Q1KOS 22: 403-406." In OTson et al. 1978.

o sl o e T




<
a

. Kerr, S.R. and Vass, W.P., 1973. Pesticide residues in aquatic
‘ invertebrates. In: Environmental pollution by pesticides. ™
Ed. C.A. Edward. Plenum Press, London pp. 134-180.

Krenke],‘P.A., 1971. Report - International conference on
Environmental Mercury Contamination. Water research
5:1121-1122. ‘ o

k!

Laale, H.W. 1977. The Biology and use of zebrafish, Brachydanio
rerio, in fisheries research. A literature review. J. Fish. , ‘
BTOI. ]0:]2]-]73- . . N

* " Larkin, P.A., 1974. Freshwater Pollution, Canadian Style, C.S.Z.
' McGill - Queen's University Press, Montreal.

La Roche, G. 1972. Biological Effects of short term exposure to
hazardous materials. In Control of hazardous material spills, |
Proceedings 1972 National conference on control of hazardous

material spills pp. 199-206.

LeQine, R.R. 1973. Pharmacology - Drug actions and react1ons. .
Little, Brown and Company, Boston 412 pp.

Litchfield, J.T7. Jr. and F. w11cox1n, 1949, A simplified method of

' evaluating dose-effect experiments. J. Pharmac. Exp. Ther.
96, 99-113. ‘ 4

Lloyd, R. 1960. The toxicity of zinc sulphate' to rainbow trout.
Ann. Appl. Biol. 48:84-94,

3

< Lloyd, R. 1961. The toxicity of mi*tures of zinc and copper
. sulphates to rainbow trout, Salmo gairdneri Richardson. - ) |
Ann. Appl. Biol. 49:535-538. . ‘ . ‘ ‘

1

Lloyd, R. 1962. Factors which affect the ko]erancé of fish toAheavy .
metal po1son1ng Presented at the Third Seminar on B1o1oglca1
Problems in Water Pollution, anc1nnat1;\u S.A.

MacLeod, J.C. and E. Pessah. 1973. Temperature effects on mercury _
aécumufation, toxicity and métabolic rate in rainbow trout
(Salmo) Gairdner:) Journal of the Fisheries Research Noard of
Canady 30:485-492. ' :

‘ Matthiessen, P. and A.E. Brafield. 1973. The effects of dissolved
zinc on the gills of the stickleback, Gasterosteus aculeatus
L., Fish Biol. 5:607-613.

McKee, J.E. and H.W. Wolf (eds.). 1963. Water qua]ity criteria.
2nd ed. California State Water Quality Control Board Publ.
3-A. Sacramento, Cal. 548 gp

R - e et



A A ey

P LT T

////o%?S;,

3

-~ 121 -

K.R., K.S. Squib and R.J. Cousins. 1978. Iissue uptake,
subcel]ular distribution and metabolism of 14 CH 3 HgCl, and
CH 320 HgCl by rainbow trout, Salmo Ga1rdner1. J. Fish.
Res. Board Can. 35: 381-390. ' :

Passow, H., A. Rothstein, and T.H. Clarkson. 1961. The General

Plackett, R.L. and P.S. Hewlett. 1952. Quanta],respoﬁses to

Roch,

Pharmacology of the Heavy Metals. Pharmacological Reviews 13.

mixtures of poisons. J.R. Statist. Soc., Ser. B. 14:141-163. : o

M. 1979. The influence of temperature on ‘acute and chronic
toxicity of cadmium to rainbow trout.  M.Sc. Thesis,-Concordia
University, Montreal 65 pp.

Schnell, R.C. 1978, Cadmium induced alteration of drug action.

Federation proceedings Vol. 37 No. 1: 28-34.

Schweigher, G. 1957. Die Toxikologische Einwirking Von Schwermetall-

Seba,

5

Shaw,

sallen Auf Fische und Fischnahrtiere. Arch. Fischereiwissens
schaft 8:54-78. 1In Lloyd, 1962.

D.B. 1975. Toxicity index for permits. Proc. Symp. Structure

Activity correlations in studies of toxicity and bioconcen- . .
tration with aquatic organisms. Int. Joint Comm. Research

Advisory Bd. Windsor, Ontario, Canada pp. 199-259.

‘w.H.R. and B. Grushkin. 1957. The'toxicity of metal ions-to

aquatic organisms. Archives of Biochemistry and biophysics:
67:447-452. o ‘ , °

Simons, E.N. 1967. Guide to uncommon metals. New York, Hart Pub.

Smith, B.P., E. Hejtmancik and B.J. Camp. 1976. ACUte Effects 6f

Company 244 pp. o

Cadmium on Ictalurus punttatus (catfish). Bull. envir. Cont.
& Tox. 15(3): 271-275. . . .

Spear, P. 1977. Copper accumulation ninetics and lethal tolerance

in relation to fish size. M.Sc. Thesis, Concordia University, -
Montreal, 69 pp. "

Spear, é.A. and R.C. Pierce. 1979. Copper in the aquatic environ-

ment: Chemistry, distribution and toxicology. “Associate

committee on scientific criteria for environmental qua11ty ) .

report # 16454.

Sprague, .J.B. 1970. Measurement of pollutant toxicify to fish.
* Water Research 4:3-32. .

Sprague, J.B. 1973. The ABC's of pullutant bioassay using fish.

Pages 6-30. In Biological methods for the assessment of water
quality. ASTM STP 528, American Society for Test1ng & Materials

ey A kae B -



_ Spfague, J.B. and B.A. Ramsay.  1965. Léthai‘iefels of mixed copper-
. o - .~ zinc solutions for juvenile salmon. . Fish.‘Res. Bd. Can.
. 22:425-432. | , o

-

v L United States. Council of¥Environmental Qua11ty. 1971. Texic
s substances. ~U.S. Gov't Printing Office. .

~ Uthe, J.F. dnd E. G. Bligh. 1971. Pre]imﬂnany survey of heavy metal”
contamination of Canadian fresh water fish. J.Fish. Res. Board

A Can. 28:786-788. | , )
SR ~ : . “\J”I ' ’ . .

" Weis, J.S. and P. Weis. 1977. Heavy metals and regeneration in
F estuarine fish and crabs. Abst. Energy and environmental stress .
: ’ in aquatic systems. Nov. 2-4, 1977.. University of Georgia. _
. . Inst. of Ecology. ™ ., - _ . ‘.
e Wobeser, G., N.O. Neilsen, R.H. Dunlop and F.M. Atton. 1970. Mercury
( concentrations in tissues of fish from the Saskatchewan river.
b ’ J. Fish Res. Board Can. 27.:830-834. -
; N 0 P ;
v #
?t » b
{ ~ .
- N of - @ . ' 3
- & ° 1 “‘«\ - “:‘ N
f P ”
1 ' -
§ , ) . by
4 - ¢ :
3 - N o, IS . - .‘.,:"
1 : :
v . . )
§~ N
. : '9 - 4 X - ‘ TN N N
? : L1 O‘l
) . ' e . o . LA !

vr
S




)
NP

' Formula For Calculating Comcentrations Of Metal 2 In Equ1Valent

<

Un1ts Of Metal 1.

[og X, = Log-Xy- (1-y) [ 1) - am,)]-

Where

X

an

n

Probit value at the intersection of the dose -
response funct1ons for the individual meta]s.

Probit va]ue correspond1ng to X .

Regression coeff1c1ent of the dose - response

T ’ -123f

APPENDIX 1

v

By

curve for metal l

9

‘curve for metal 2.

| Sample Calculation: 0.264 mg/L [ 96 Hr. LC g, ) Copper in Equ1va1ent
: units of Cadmium. - '

Dose - resporise functions.

,‘(1) Calculation of I. .

(A) 7.325 + 4.022-( X )

3

- (8)

,

I=Y=7.325 + 4,022

\

Copper:hY
s Cadmium:Y

|

9.314
(x)-

]

"

1

I = 14.64866

ot

(ii) Log X,
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"Concehtration of metal 2

, = Concentration of metal 1

4

[ 1.821 )

4

5.1157 ( X )
'1.821

\

21,989+ 9.137 ( X )

5,822 mg/L = 96 Hr. LCgy Cadmium

E .

2
BN}
:

A

[ 4

i

= Regression coeff1c1ent of’ thevdose - response

-

3
v

It

’ o | ’
“ 0,578 - ( 14.64866 - 5.00 ) E1/4:dzz) - (i/9.137ﬂ
0,765 .
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