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ABSTRACT

. MULTIPLE TOXICITY ASSESSMENT FOR MIXTURES OF AQUATIC POLLUTANTS

Norman L. Weinstein . : ' 4
. 4 Fs

An dpproach to assessing quantitatively, the potencies of

-
-

mixtures of toxic pollutants was employed for studying the ﬁul;iple
toxicity of copper and nickel both at lethal and sublethal levels
to the zebrafish, 3Brachydaio rerto.

o

ﬁxperiments were performed in which groups of zebrafish were .
‘ - i . .
exposed to varlous fixed cbncentratiods_of copper and nickel as

discrete toxicants and ih mixgu;es. Exposure peri§ds were ninétfw
six -hours for letha£z£ioassa§s aﬁd,ten days fof_sub}ethal bicassays.
Reproductioq was stuydied as an indicator of sublethal toxicity.
o .

The'resultsﬁgleethal bioaséays;shoﬁéd'that mixtured of copper
‘and nickel evoked responses which cxce;dgd those predi&ted by
theoretical models of CONCENTRATION—ADDIT&ON and RESPONSEJADDITION,
. A similar- pattern of multiple tbxiéit§ ﬁas’observed in sublethal
bioassays, “during which reﬁroducéion‘waéialmost‘completely inhibitea.
The"interaction of these heavflmetals in’ lethal and sublethal
mixtures was thérefo;e cléssified as SUPRA-ADDITIVE SYNERGISQ; A
quantiiati;c model for asséssing.the potential hazards of mixtures

-~

of SUPRA-ADDITIVE toxicants is- proposed.
. . . . ‘ ) : ./

\ . ) “iii- |
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INTRODUCTION

_Natural waters havé become "mixing zones" for a diverse array
of chemical pollutants which are released or mobilized in the

environment as a consequence of man's activities. This pattern

.

is promoted by water’s e%fectiveness as a general.chermical solvent,
its cyclic movement through the geosphere, and by the tendency of

many anthropogenic agents to persist. The convergence of pollutants
T -

—-_./

wi;hin natural waters often results in chemical mixtures which are '

toxic in composition and theref;re'hézardoﬁs to the well-being of

aquatic organisms. Té; insidious nature of such unpredictable

pixtures circumvents t?aditiondl methods of éisk assessment which

rely on the screening of individual pollutants and point-source

effluents. Consequently, the incidental accumulations of various _
anthro;ogenic agents in receiving waters pose a serious problem ; -

to wifffkgpaiiéy management agencies. 7
The polsondus actions and detrimental effects which,are uniquely
aitributable to cﬁemical mixtures are identified categbriéally by R

the phrase "multiple toxicity". Forms of multiple toxicity which

are considered to be hazardous to aquaﬁic organisms are characterized
by: (1) potencies greater than those of the discrete constituents
of a mixture; and/or (2) toxic effects different froﬁ and more
harmfuel than the reépectfve toxicities of the constituents of a

mixture (Anderson and d'Apollomia, in press).

Because, as mentioned previously, traditional methods of

risk assessment are not applicable for hazards related to mixing

.
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zones, water quality ﬁanagement agencies must bé provided with
;ationales that consider specifiéally, the unique problems posed
by the multiple toxicities of incidental mixtures. -Aspects that
must be considered in such rationales are the diversity of iﬁcid%Ptal
m;xtu;es in terms of the idenéities and levels of the ;ongéituents,
and the ubiquity of these mixtures in the enviromnment. This
information can only’be derived through extensive eavironmental
mogitoring programs which survey receiving waters a;d‘aquatéc
organigms éor‘éontéminating cheﬁical residues. Conceivably, the
ié?nﬁification of those mixtures-which_areIbotentially detrimental
té-ﬁquatic organisms may be based on epidemiological studies. However,
it is virtually impossible to screen by means‘of such studies, all
existing and ﬁotential combinations of pollutants for hazardous forms
.of multiple toxicity. Thus, it is essential that water quality
.;anageme;tlagencies un&erstand the mechanisms of multiple toxicity
and develop, through this understanding, ra;;onales that effectivély
estimate 'the risk of toxic combinaﬁions: ’
Authorities in the field éf water poilution control concede
that the hazards of contaminant.mixturé; should be assessed not only

: z
in terms of the immediate survival of exposed organisms, but also in -

terms of the abilities of these organisms to continue the normal
functioning of wvital biological processes such as growth and .

reproduction. Studies have demonstrated that such vital processes

-

may be impeded by sublethal mixtures of chemical pol;utantsi(weiss, -

1959; Sprague et al., 1965; Negilski, 1973; d'Agostino and Finney,

_'1974; Muska and Weber, 1977). In genefél, sublethal stresses on the

-
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organism may be ultimately reflected By ecological perturbations at
the population level (Rosenthal ‘and Alderdice, 1976) “Yet in spite

of this, there has been little concerted effort to develop rationales
ﬁ

that effectively estimate the potential'hazards of sublethal mixtures.

~ '

The primary purpose of this study was to investlgate whether

_an approach which has .been used to predict the potencies of lethal

-

mixtures may be adapted to‘predict the potencies of sublethal

" mixtures. This épproach is based on the pfemiSe that in many cases,

'the‘pgtencies of mixtures may be estimated from a knowledge of the

respective potencies of the discrete constituents.’ The underlying

" models of multiple toxicity are tested against empirical demonstrations

of the lethal and sublethal toxiéities of mixtures of copper and
nickel to the zebrafish, Brachydanio rerio (Hamilton-Buchanon).
Reproduction, one of-the‘mbst sensitive ana ecologically meaningful
indicators of sublethal toxi;ity {(Brungs, 1969; Sprague, 1971), was
studied as a respénse_parameter. '

Cobper and nickel were selected as the éoxicagts to be studied
because the multisle'toxicity-of these heavy ﬁetals at lethal levels
to fish has already been shown. to conform to a predictive model
(Anderson and Weber, 1975a). Furthermore, nickel in its principle

ores is found in combination with copper (Beliles,‘l975). Consequently,

these heavy metals frequently concur in surface waters, primarily as

-2 vesult of dust emissions from mining operations and leachates from

mine tailings. Such sourcéqﬁof copper and nickel pellution are

apparently responsible for "the contaminated watérsheds in the mining

. o [7e - - - :
areas of Northecastern Minnesota (USEPA, 1978) and Sudbury, Ontario
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(Hutchingon and Stokes, 1975; Butéhinson er .al., 1976; Whitby et
él_,-1976); ?hgre épe hiéh prevailing levels of these heavy metals
are a c;use for concern.

- The zgﬁrafish'was chosen as the test organism for'this study
for the following reason;.' The zeg;afish is smald and therefore

easy to maintair in the 1abor5tory, it is a contdduous spawner that

breeds well under laboratory conditions, it produces large numbers

of demersél,_non—aéheieﬁt; énd transparent eggs, and the tiﬁing of
egg-laying in the laboratory may bénéontrplled by adjusting the onset
.0f light during the photoperiod (Laale, 1977; P. Andersonl, personal
communication) ?urthermore: this species has been recommended by

the International Standards Grgani;d&ion (1975) as a standard

bidasgizﬁgfganism for the toxicity tésting of aquatic pollutants.

¢ *
’

1. . .
~ -Present address: Department of Bioclogical Scilences, Concordia
University, Montreal, Quebec.

e’ ’ . .- . .

-



In assessing the effects ofJFoxicanCS'on whole organisms it
is convenient to correlate measures of an observable response with
‘the intensity of an applied toxic stimulus. To this end, toxicity

bioassays are conducted in which groups of organisms are exposed for

.
.

an arbitrary time‘period_to various fixed concentrations of a
toxic;nt or toxicants. Reactions are measured in terms of either
the'pr0por£ions of'animéls demonstrating an ali:or—none (quantal)
effect, the exposure time requPred to e;icit 2 particular response,

or the magnitude of a graded effect.

-
- -

toxicant and the gbservable response that it evokes in exposed
. P xp

To explain the relationship between the concentration of a

organisms, one wéhld wish to know the specific sequence of metabolic

- L]

events which begins with exposure and ultimately leads to the response.

However, such mechanistic khowledge is generally unattainable. To

- + -

compensate, hypothetical models have been proposed to represent the |
' e
dose-responsel relationships which may be observed in toxicity

1The words "dose" and “concentration” both refer to the quantity
of a specific drug or toxicant within a unit volume or %eig&t of
medium, i.e. water, tissue, etc. However, pharmacology distinguishes
between "dose", which is the precise level of a drug or toxicant

 fed to or injected into an organism, and "concentration”, which is

the level of a drug or toxicant to which an organism is exposed in
its ambient environment. In the present study fish were exposed to
toxicants which were dissolved in surrounding water. Thus, while

the expression "concentration-response relationship" might in this
case, be semantically more appropriate than the phrase "dose-response
relationshkip", the latter ﬁhrasc, which is conventionally used in
toxicology, was adopted in this study in order to avoid tonquion.

e
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bioassays. From these models are deduced mathematical formulations

which, when applied to 1imi;;d empirical data, esti?ate;fhg entire
dose-response relationshilp across a.;ida range of toxicaﬁt‘intensity.

The type of statistical model‘yhich may be applied to taxicicx
‘data generaliy_v;;ies according to the kind of response parameter
measured. For example, quantal response data are commonly subjected
to probit analysis, a technique introduced by Bliss (1935) and
refined by Finney (19715. " This method prescribes ;he "maximum
likelihood" fitting of a weighted iinear regression to data in which
the proportion of test organisms responding and cqpcentratiqn are
tranéformed to the metameters of probit (normal equivalent deviate
plus five) and common logarithm respectively. When the probit of
response is pioéted against the common logarithm of concentration,

~ » .
two relationships which are useful in toxicology are realized: (1)
the reciprocdl of the slope estimates the standard deviation within
the sample's tolerance distéibutiqn; (2) the concentratiop which
brings/aboué a standard response level (such as 50%) may be used as
a relaPive measure of the toxicant's_éotency for the sample of test
organisms.

Statistiéal treatment pf'gradea response data c$n be approached
in two ways. When a graded effect is measured for each teét,animal
in 2 bioassa? thé proportion of organisms whose réactions exceed an
a}bitrarily selected magnitude may be recorded and interpreted as
quantal data. Conveniently, thebstacistiéal treatment of such data

may then proceed according to the method of probit analysis as cited

above. However, the reduction of graded data to a quantal form



b

results'in.azloss of information. éuch a cornversion conceals not
only the absolute magnitude of each-organism’s reaction, but also

o the spread of the giaféd response distribution at each exposure

concentiation.(ﬁewlett and Plackett, 1956)..
Fu

For -some graded responseq it is imp:;ctical to collect
precise measurements for each organism in é bilocassay. In such
cases another statistieal approach may be adbp;ed for the data
_analysis. The éraded parameter 1s defined aébifrarily as the
magnitude of the reaction of a single tesf'organism, or either as
the totai or average reaction for é group of animals at eéch
exposure concentration. By means of a least squatres lirpear
regression, the magnitude of the observed'résponse is expressed
as a function of tge comaon logarithm of concentration. According
to Bliss (1957); this mbdel.is usually suitable for quantifying L
gréded dose-response data and.is preferable to deriving a lineaf

’

function based on the arithmetic values of toxicant concentratiomns.
The formef representation allows the resé;;cher to determine, as-in
quantal data analysis, the relative potenc;,qi\a toxicant in terms
of the concentration which corresponds t? 2 standard response levél.
If it is assumed that for each organism within. a sample chsre :
exists a tolerancé threshold Ghich, in:terms of concentration,
denotes the highest level of a toxicant below which a particular

* graded response does not occur, .then one may conceive of a distri-
butionvof such tolerance thresholds within the sample, In contrast

to the relation between z quancai response curve and the corresponding

tolerance distribution, the standard deviation of a tolerance
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distribution for graded responses 1s not estimated by the reciprocal
of the greded response curve's slope. Nevertheless, it is conceivable
that the slope of a graded response curve depends to some eséent

on the distrlbution of- tolerances for the observed response. This
relationship however;?has'not yet been elucidated.

The interpretatien of;dose-response relationships for
mixtures of toxicants is genesally'more involved. Two possible
approaches -have been identified (Plackett and Hewlett, 1952;

Schild 1951) The first approach is to account for empirical

data by deriving an” arbitra:y function which relates observed
responses to the test concentrations of the constituents. The

second approach is to pestulate theoretical models of the physio-
logical meehanisms of toxic interactions, to derive the corresponding
predictions of response for the mixtures tested, and to determine
which of these predictiens best aecord$z;th empirical data. Altheugh
Marubini and Bonanomi (l97d) claimed teét.the first approach for
evaluatiné the toxicities of mixtures involves a simpler experimental
design, Plackett and Hewlett (1952) gpnsidered the second approach

to be more rationale and ultimaFely more useful. As is apparent

in the literature, most multiple toxicity studies are based on the
application of theoretical models of toxic interaction.

‘A variety ef hypoghetical models have been proposed and
discussed with reference to the quantal responses of organisms to
mixtures of toxicants (éliss, 1939; Plackett and Hewlett, 1948,

1952, 1963, 1967; Hewlett and Plackett, 1952, 1957, 1959, 1964;
Lowe, 1953; Ashford and Smith, 1964; 1965; Sprague and Ramsay,

1965: Brown, 1968; Marubini and Bonanomi, 1970; Finney, 19713
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Abt et"éil., 1972; Anderson,and d'Apollonia, in pres-s; Anderson

il -

and Weber, 1975a; Muska and Weber, 1977; Seﬂa, 1975). Most of

.these models relate to certain pharmacological assumptions

regarding drug action and.distinguisp in concept between thése
toxic constituents which, within mixtures, act similarly on the
same type of phy;iological rgceptorl in organisms and those Which-
act independently on different types of receptors. Bliss (1939),'
whose influential 'work in this field is frequently cited, assumeq
that the tolerances of individual organisms to lethal levelé of
similarly acging toxicants are hompletely and positively_cbrreléted[y
a feature which is reflected by parallel quantal fespon;e curves
for the toxicants. On the oéher'ha;d; Bliss (1939) stated that

. the tolerances of individual organisms to lethal levels of
independently acting toxicants.;re not necessarily correlated;
thus, the corresponding quantal response curves may or may not be
parallel: These assumptlons have generally been accepted by

others who study toxic nixtures. However, Hewlett and Plackett
(1959) have presented an opposing argument which asserts that the
tolerances of individual organisms to poisons which act on the same
type of receptor need not be completely and positively cdfreiéted,
and that parallelism of quantal curves ﬁay, in many instances, not

not be a valid criterion for similar action. In the same article

Hewlett and Plackett proposed a "unified theory for quantal*responses

1Receptor, in this content, is defined as a toxophilic
chemical group which evokes a physiological response by combining
with a sterically complementary toxicant.
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' which, in its rationqle,'considers the *

to mixtures of drugs'
possibility of non-parallel dose-response curves for similavly

acting toxitants. However, the practicality of -their mathe?atical

i
4 -

mo&el is limited in that its equations require the quantification of~
certain parameters which generally cannoé be measured in bioassays
Q§{ﬁg whole animals. |

:Although_any quantal response of an organisi to a téxicant is.
presumed to be a result of an underiying graded reaction (Hewl;tt
and Plackett, 1956); most of.the proposed multiplé toxicity models
have been liﬁiged to the aééessmgnt of quantal effec;s. Conseéuently,
only a few statistical procedures have been suggeste& for exploring
multiple toxicity in’ terms of graded reaq;ions (Lowe, 1953;
Zipf and Hamacher, 1966; Marubini and Bonanomi, 1970; Fedeli et al.,

\

1972; Ashford and Cobby, 1974; Muska and Weber, 1977). Fedeli and
his associates (1975) commented on some of the statistical treatments
which have been.applied. Of those proéedurés considered, a respénse.
surface methoddlogy was recommended as the most re;ardiﬁg. However,
this technique is not suitable for many sggdies in that it requires,
as Fedeli and his cdlleagues-§1972)-pointed out, a large quantity
of empirical data. | )

Rather than'developing new multiple toxicity models

oA

specifically for graded effects, a more practica;,ﬁpproach ﬁigﬁ%

119

fi
. j
adapted for quantal studies. 7This latter suggestion seems reasonable

[

because many of the basic pharmacological assumptions upon which

be to meodify existing multiple toxicity models which have been

quantal models are based, pertain to graded dose-response phencmena
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as yeli,

In tﬁs preséqt study theoretical models of multiple .toxicity

Y

based on those developed by Bliss (1939) and Plackett and Hewlett

(1948) for quantal data, are applied both in quantal and in

graded response experiments. Once it is demonstrated that empirical

-

. data are stabiggicaliy represented by a particular medel, it is
ke . ' .
"iriferred that the presumptive physiological mechanism'pf toxic

ra
interaction upon which the model is derived, applies to the dose-

response system studied. |, |
/
i

The iiteratuxe is replete with a confounding array of terms
used to define (often inconsistently) the various Yforms of multiple
' toxicity accordiné to whether émpirical responses aré equéi to,
1;33 thah; of greatér tﬂén those predicted by hypothetical models
(see Ariens, 1972). 1In the present study a terminology employed
by Agderson and Weber (1975a) has been used #o classify the varipus .-

forms of multiple toxicity.

»

Quantal Responses

1. RESPONSE-ADDITION:

The model of RESPONSE-ADDITION is derived on the postulate
that individual toxicants within a2 mixture may stimulate different
types of receptors in exposed organisms and contribute to a common
effect. Such toxicants are described as "independently acting".
The model assumes that an independently acting toxicant within a
mixture contributes to the overall response of an-exposed organism

-

only if the concentration of that constituent exceeds its particular
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reaction threshold . Furthermore, exposure to any one constituent
: : - g,

does not.alfer the reactions of an animal to other dbnstituénts in
a mixthre.-

According to the model of RESéONSE—ADDITION; the potency of
a mixture may be predicted from a knowledée Af the potencies of the

- separate constituents. In this cbntext, potencies are expressed in

terms of the p;oportions of indivi@ualﬁ demonstrating the response
whicﬁ is being studied.

Predictive formulations for thig model consider that within
any populatioﬁ or sample éf organisms, the tolerﬁnces of individuals
to different independently acting toxicants may or may not be .
correlatéd. If for a particular sample of organisms there is no‘
correlation of tolerapces to two RESPONSEéADbITIVE toxicénts, )

A and B, then the proportion of animals which will respond to a

binary mixture is predicted by:

= =+ -
Pys P, + PL(1-P,) -
where, ) -
PAB = proportion responding to mixture of A and B
PA = proportion responding to A alone
-PB = proportion responding to B aleone.

When the correlation in tolerances is completely positive,
i.e., those animals which are most tolerant to A are also most

tolerant to B, the response in a mixture is evoked by the more

1 , . - . .
A reaction threshold is the minimum concentration of toxicant
which is sufficicnt to evoke a particular observable reaction in an
organism.
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toxic constituent. In this instance the multiple toxocity is

given by:

(2)

If the correlation in tolerances 1s completely negative,

i.c. those animals most tolerant to A are least tolerant to B, -
and vice versa, then the proportion of animals which will respond

in a mixture is predicted by:
L

P, +7F

<
A B? if PA + PB ;

1, 1R, + Py 21
2. CONCENTRATION-ADDITION:

The model of CONCENTRATION-ADDITION is based on the postulate

. that jindividual toxicants within a mixture can stimulate the same
. N

type of-feqeptor ihnéﬁposéd SEEaniéms. Such Fdxzcadts ace
described as “siﬁiléfly acting". The number of receptors ﬁh%ch are
occup{ed is therefore cumulative forrall similarly acting peisons in
a mixture. Therefore, ;n contrast to RESPONSﬁ—ADDITIVE toxicants,
a CONCENTRATION-ADDITIVE constituent does contribu;e to the overall
response of‘an organism in a ﬁiﬁtuxe even if the concenfration ofJ -
that.coﬁstituent is below igg particular reaction threshold.

According to the model of CONCENTRAIION—ADDfTION,-the‘potéﬁcy

of a mixture may be predicted frem a knowledge of the potencies
. -_.__:u'-\q‘_. . . .

-

of. the separate constituents. This involves The empirical

determination of a "relative potency factor” which derotes the
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ratio of equipotent concentrations for the poisons in a mixture.

If the individual dose-response curves for the singi? toxicants .

~

J and K are defined by the "maximum likelihood" probit regressions

"= -
as folloyas o
, Yy m-as;* by log,Cy
YK = aK +-bK loglocK
where, ¢
.Y = response in probits
C = concentration of toxicant
a = intercept -
b = slope,

then the relative potency factor RK'J’ which compares equipotent

concentrations of K and J at a given level.of response Y* is:

FY*-aK Y*-a _|

- . J

RK'J = antlloglo' - - = ! .
R Ty

When the individual dose-response curves for J and K (Equations
4 and 5) are parallel, Equation (6) may be simplified to define

a constant RK-J as follows:

. = antilog 1aJ_aKj
x-g 10, l
LB

(4)

(5)

(&)

(7

-



Thus, pultiplying any concentration CJ by its relative potency

factor, RK°J’ mathematically converts CJ to an equipotent
< - Y
concentraticn C_.' (note that if RK-J is calculated by Equation 6,

K
Y* is the response level corresponding to CJ; see Eguation 4). 1f
J and K are CONCENTRATION-ADDITIVE, then the total concentration of
a mixture may be expressed as C ' plus C . If this sum is
substituﬁ‘ﬁ‘fo'—the 1ndependent variable C in Equation (5},

. then the potency of the mixture is predicted as follows:

= ) = r
Y ag + bK :-LoglO(RK'JCJ + CK) a + bK IOgIO(CK + CK) (8)

3. SUPRA-ADDITIVE SYNERGISM:

Toxicants in mixtures that evoke responses which exceed
Ipredictions based on models of RESPONSE-ADDITION and‘CONCENTRAIION—
ADDITION are defined as SUPRA;ADDITIVE in their multiple toxic1ty-
SUPRA—ADDITIVE SYNERGISM may result from interactions with
pharmacokinetic processes which determiné_the actual quantity of
toxicant(s) a;ailable at receptors, 'or from pharmacodynanmic
processes which mediate the observed reaction. Theoretically,
this foFm'of multiple toxicity may occur in mixtures whose
constituents act similarly on' the same type of receptor or
independently on differenf types of receptors; howeé;r, ; distinécion
between these possibilities cannot be deduced on the basis.gf whole
organism studies. Unlike the multiple toxicities of RESPONSE-

’

ADDITIVE or CONCENTRATION-ADDITIVE poisons, the potency of a

mixture of SUPRA-ADDITIVE toxicants cannot be -predicted solely

-
-
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from a knowlédge of the dose-response relationships for the
constituents. Thus, SUPRA-ADDITIVE SYNERGISM which often results
in unpredictably high levels of response, must be considéred a

particularly hazardous form of multiple toxicityl

4. INFRA-ADDITIVE ANTAGONISM: k

INFRA-ADDITIVE toxicants in mixtures ellicit responses which
are less than those predicfed based on gPdels of RESPONSE-ADDITION
and CONCENTRATION-ADDITION. Interactions with pharmacokimetic
or phérmacodynam;c processes presumabiy account for INFRA—ADDITIGﬁ
ANTAGONISM, which may be induced by mixtures whose constituents
act on the same-;r on different types of recéptors. Although
theApoténcy'of a mi%ture of INFRArADDITIVE toxicants cannot ﬁe
predicted solely o the basis of the dose-response rel;tionships
for the constituents, éhis form of multiple toxiciﬁy, which.often-
results in low levels of respohse, is not'considered.to be

particularly hazardous. ~

Graded Responses
b2

The statistical criféria as o#tlined for the various multiple
toxicity models‘which are described under the heading "Quantal
Responses™ do not apply.to graded multiple toxicity.data‘unless
‘the meaéﬁréd-responées.are.con§erted to 2 quantal form. The .
following discussion describes a theoretical basis upoﬁ which
" statistical criteriaz for wmultiple toxicity models may be derived

specifically for graded responses. The rationale pertains to data

whiéh express the. effect of a toxicant or toxicants in terms of

—
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the resultant decrease in the capacify of a quaqtifiable biblogical
function such as egg prodiction or growth. The baseline capacity
of such a function is measured under control ¢gnditions.

A plausible explanation for the observation that an

individual ogganism's graded reaction to a toxicant generally

-increases with concentration may be based on the-Simple Occupation -

Theory. of pharmagpdynamics (Albef&,'1973) and the Law-of Mass
Action.. A;cording ts these Principles the gfaded effect of a

drug is related proportionally to the fractian of receptors

cccupied by drug molec#les; while thernumber of occupied receptors

is -itself dependent on the quantity of drug avallable at the site

of action. It follows logicéilyltherekore, tﬁat the gfaded

effect of a drug or toxicant is diréctly related to the concentration
at the site of action. ' - . 7z |

’&he same theoretical principles may explain the observed

relationship between the concentration of a toxicant and the total

gra%éd effect that it eﬁskes in a-groﬁp of organisms. Within any

such group there is presumably, a2 critical - cumulative number of

specific receptérs which, if all occupied, results in the total

- blocking or 100% reduction in the capacity of the bioclogical

/ -

function\izgdied. The toxicant concentration-which is sufficient

to .occupy this critical number of receptors may therefore be

determined empirically: Conceivably, lower concentrations would

.stimulate fewer than this eritical number of receptors and would

consequently result in less drastic effects. The adaptation of

multiple toxicity models for graded response data is based on the
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that the decrease in a function's capaciﬁy, as measured
4 - ' -

for a group of animals, i proportionally related to the fracéioﬁ

of the critical number of receptors occupied, which itself is

4

directly dependent on the concentration of toxicant.

1.

If the response of a group of organisms to each Ef two

RESPONSE-ADDITIVE toxicants, A and B, is a particular r%duction

RESPONSE-ADDITION:

R

‘ ! -

in the capaéity bf a specific biological function, then the

response to a mixture of A and B is given by:

where,
. PAB
P

The factor

reduce ?pe

PA + PB(l—PA) (9

PAB =.

= 'reduction in capacitf of a biological funpction
és a result of exposure to mixture‘of A gnd B

="redubtion in capacity of a bioclogical function
as a result of exposurg to A alone

= re@uctibn in capacity of a biological function
as-a reéuléxof_exposure to B alone.

"l—PA"_is necessary I'n Equatiop (9) because B can only

capacity of a function in terms of what has nJ; already

been reduced b%;zij

2. CONCENTRATION-ADDITION: .

If the individual dose-response curves for the single toxicants

J and K are given by the following least squares linear regressions:

T L
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f = C
YJ 3z + bJ log10 3 (10)
YK = a ¢+ bK loglocK (11
where,
Y = vreduction in capacity of a biological function
. c = concentration of toxicant
a2 = intercept )
b = slope,

then the relative potency factor RK'J which compares equipotent

concentrations of K and J at a given level of response Y* is:

R *a e
R = antilog. |% 3k T 73y
K3 10|4— - %
. K 3

(12)

When the individual dose-response curves for J and K (Equations

10, 11) are parallel, Equation (12) may be simplified to define a

constant RK'J as follows.:
a_ —
_ . 37 %
IS(-J = antlloglol;__ ) {13)
L b
where,
b = b = b
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Thus, multiﬁlying any concentration CJ by its relative potency

factor RK'J’ mathematically converts C. to an equipoteat concentra-

J
‘tion CK'. If J and K are CONCENTRATION-ADDITIVE with respect to

their effects on a given graded response parameter, then the

potency of a mixture of J and K is given by:

= = i
Y a, + bK 10310(RK-JCJ + CK) a, + b, loglo(c + CK? (14)

3. SUPRA-ADDITIVE SINERGISM; INFRA-ADDITIVE ANTAGONISM:

Toxicants comprising mixtures in which the reduction in
capacitf of a biologiﬁal function exéeeds_predictions baseé on
models of RESPONSE-ADDITION and CONCENTRATION-ADDITION are defined
as SUQEK-&DDITIVE in their graded multiple toxicity. When
'empirlcal cbservations of multiple toxicity are less than predicted

the constituents of pixturés are defined as INFRA-ADDITIVE.



MATERIALS AND METHODS

Test Organism

:

Zebrafish (Figure 1) were purchased as required frem Aéuaking
and Troﬁ&carium, tropical-fish distributors in Montreal. Upon arrival
at the laboratory, fish were quarantined in a 352-liter fibreglass
tank foE éeveral weeks during which time they were observed for

apparent signs of disease, i.e. curvature of trunk, emaciation, ctec.

£
Acclimation

»~

Following the quarantine period, test organisﬁs were transferred

. to twelve Sl—liter‘glqss aqﬁaria (60.1-9@ X 30.8 cm X 27.5 ¢m) where
thgy were acclimated to control conditions for at least two weeks.
These aquaria were suéplied with a coantinuous flow of filtered,
agchlorinated, and degassed water at a temperatﬁre of 24 or 27 C-
(acclimation temperatures for lethal and sublethal experiments
respectively). A diurnal photoperiod of twelve hours light (8 AM -

8 PM) was maintained by overhead fluorescent fixtures which were

-

controlled by a time switch. .

During acclimation, fish were fed according to the follewing
regimes. Test organisms thch were to be exposed in lethal bioassays
recei&ed Tetramin Staple tropical fish food each morning and Ewos
trout and salmon food each aftcrnoén. Fish which were designated for. .
sublethal biocassays were fed Tetramin each morning and a prebaréd

blend of food each afternoon. This blend consisted of minged, dried,

and pulverized béef liver, calf heart, and Ewos trout and salmon

=21~
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Figure 1. Photograph of the zebrafish, Brachydanio rerio
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food, in a 2:1:1 ratio by weight (Kruzyaski, 1972). The feeding

"of zebrafish according te this particular regime resulted in the

.production of large numbexrs of eggs through time. In ébntrast,
-

previous diets of Tetramin and Ewos trout and salmon food, alone

or in combination, resulted in low fecuandity.

Preparations for Exposure of Test Organisms

® "

»

Several days prior to.expérimentation, acclimating fish which
appeared to be healthy were individually wet-weighed and distributed
into lozs representing discrete weight claéses. These weight classes
were arbitrarily definmed by dividing thé total weight—fangezof test

’ .
organisms into several narrower and equal weight-ranges. The mean
weight of fish within each lot varied not more than £0.06 mg.

Only those fish which were designated for sublethal experiments
were sorted according to gender. The criterion for differentiating
tﬁe sexes was the presence of a distinct génital papillum in the
female. This sexual dimorphism, which is apparent both in mature
and immature fish, was considéred to be a more reliable distinguishing
feature than the secondary sex charactefistics of body size, fin
size, and colour, which may be wvariable in nature.l

Because handiing stress?pight influenc? the sensitivities of
test organisms to toxicants, fish were returned in their discrete
weight classes to the acelimating aquaria where they were maintained
‘and observed for a few days prior to experimentation.

Befbre onset of the sugiethal experiments the separate, discrete

weight ctlasses of males and females were paired such that the lots
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repreéentiﬁg the smallest, intermediate, and largest males were

combined with thé‘corresponding Jots rbprésentipg the smallest,

intermediate, and largest females.

Toxicants

Toxicant stock solhtibns were prepared by dissolving reagent
grade cupric sulfate (CuSO4-6H,0; Anachemia) or industrial grade
nickelous sulfate (NiSO4.5H20; Canadian Industries Ltd.) in glass-
distilled water. Industrial graée nickelous-sulfat; was considerably
more econcmical than the-reagent grade of this salt for the large
quantity required{ In order to compare the purities of these grades,

atomic absorptioh analyses were performed for a few selected heavy
Pl
metals which might have been present.  Based on the results of these

-
[l

analyses (Table 1), the levels of contaminating heavy metals in the
industrial grade.nickel salt were considered to be negligible. Stock

solutions were stored in 27-liter glass Mariotte bottles (Grenier,

1960) for theYuration of each experiment.

Exposure System

étock sélutions of copper and nickei were dripped at constant
rates from their reépective Mariotte bottles into a toxicant-diluting
apparatus. This "diluter™, which was constructed of five plexiglass
chambers, was designed to continuously dilute, mix, and deliver

precise concentrations of toxicant solutions either discretely or

in mixtures to twelve 5l-liter glass, flow-through aquarda (Figures 2,

" 3a, 3b). In cach of the top four chambers a glass standpipe served

to maintain a constant height of water or toxicant solution. Diluent

H

L
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Table, 1. Atomic absorption analyses of nickelous sulfate salts

. Reagent grade ) Industrial grade
Assay . (Z of nickel) ' (% of nickel)
Copper 0.0024 | 0.0012
Cadmium 0.0005 . 0.0005
Lead 0.0035 0.0079
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water from a constant-cutput head box flowed by gravity through
polyvinyl chloride pipes into the top and third chambers of the

diluter. A rotatable glass faucet in the side.of each of these .

-~

"water chambers" was adjusted1 to regulate a gravity-flow of diluent
water into the second or fourth chamber below, each of which recelved

2 simultaneous input of its respective toxicant stock solutiom. ~

These "toxicant chambers” were.aerated in order to generate currents
- .

to mix the toxicant ions in solution, thus promoting.a first phase of”
dilution. Water and toxicant solutions from the top four chamders

were‘dra;ned through adjustable faucets and collected in twelve

independent channels of Tygon tubing, where second phase dilutions -

- —
occurred. The resultant solutions flowed by gravity through these :

channels into the bottom chamber of the diluter.. Here, final mixing

took place within a separate compartment for each of the twelve

)
-~ = 1l

diluted solutions. When the diluter was employed to prepafe mixtures
of copper and nigkel, the compartments in the bottom chamber also
‘served to combine the toxicant solutioms, thus providing a third

‘phase of dilution. After final mixing the test solutions were
4

delivered through glass tubing and Tygon tubing to the respective

exﬁosure aquaria. To divert the flow of~toxicant—inthe cvent of a

. ‘

"slow-down" or interruption of the supply of diluent water, a

mechanical failsafe device was designed and employed (Figure 4). .
. . | .

e

lae any mastant the flow rate of water through a faucet was
directly dependent on the distance between the faucet outlet and the
surface of the headwater in the chamber. Thus, z flow rate could be
adjusted by rotating the faucet such that this vertical distance
. would be appropriately increased or decreased. -

ST e e



TFigure 4.
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Failsafe device for diluter. The failbafe
device consists of a pivoting plastic trough.

In.the position shown the trough sexrves to

guide both toxicant stock solution (seen
dripping from the polyethylene "bleeder tube”
which is connected to a Mariotte bottle) and
diluent water {seen pourfhg from the large
faucet) into 2 funnel. This funnel empties
its contents into tHe "toxicant'chamber”
below (not shown). The trough remains in
this position only as long as the diluent
water is pouring forcefully against it.

In the event of a "slow-down" or interrtuption
in the supply of diluent watex, counterweights
attached to the left end of the trough (see

"elastic bands) flip the trough so that the

left end dips downward. The toxicant stock
solution, which continues to drip independently,
is thus diverted by the trough away from the
funanel which empties into the diluter.
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5 The exposure apparétus was designed to allow toxicant solutions
to equilibrate in’ their -respective test aquaria pgilor to the actual

exposure of organisms. During this equilibration period fish_were‘
accommodated in the twelve acclimating aquaria which were served o
with an indepcooent supply of diluent watcr'%rom the head box. |

- The diluter was cdjusted to deliver test sclutions at a constant:
‘rate of 300_ml/mid.co each of the exposure aquaria, theceby providing'
for ninety percent cepIaCement of solution inblcss than six hours

(Sprague, 1973). This rate of replacement was considered to be -

adequate for maintaining fish.

Appendix I outlines sample calculations which demonstrate

VY ’ N .
_tﬁe protocol followed'to compute neminal test concentrations and

required flow rates for faucets and Mariotte bottles. Toxicant

-t
- -

concentration is expressed as mg/1 copper or nickel. All-flow rates
_were checked daily using graduated eylinders and a stopwatch. .

Faucets were readjusted if necessary in order to ensure the:dilutiomn
’ L r ’ .
of toxicant solutions to precise nominal concentrations. The delivery

of toxicant solutions-was such that nomimel test concentrations were

. 4

randomized among the twelve exposure aquaria.

| | . ‘ \ﬁ
- - —— } .
- N . . .

(3
&

Water Analysié

L
It has been demonstrated that,phy51cal and chemical character-
istics of water may modxfy the tox1c1ties of aquatlc pollutants

(Brown, 1963; Sprague, 1970). . During all experimcnts water tempera—

. +

. ture was regulated by a thermostatic heater which was instﬁlledftniq:::;7
the head box. For the sublethal experiments addiﬁional thermostatic '

heaters in the aquaria were operated to regulate temperature more
;.

A
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precisely. .Dissolved oxygen, ﬁﬁ, hardness, altalinity, and temperature
were measured perfbdically (temperature was recorded daily for sub-
Jethal experiments). Dissolved oxygen was determ%ned b§ the azide
modlflcation of the iodometric method (APEA er al., 1965). Total
alkallnlty and total hardness were measured by the mixed brourcresol

- green—methyl red and the” titrimetric method respectively (APHA et al.,
1965). According to thesé determinations the physical and cHemical
characteristico of the water remained fairly constant during eoeh
experiment. "Table 2-reports the mean values of these-parameters

along with the results of water guality tests which werxe performed

‘by the City of Montreal on the source water of the Water Pollution .

5

Research Laboratory.

. i
Daily samples of all test solutions were routinely collected
from enposure aquarla and stored in Pyrex test tubes. for subsequent
analysis. Two alternatlve techniques were employed in order to reduce
the loss of detectable metal ions from sample solutxons due to surface
absorption on the glass walls oé test tubes. According to one
technfgue,'which was devised by the author, test tubes were soaked

in their respective exposure aquaria for appro;;mately twenty-four
. . ) .
hours prior to sanple collection. The purpose of- this procedure was
to promote an equilibrium between toxicant ions in solution and -
toxicant ions absorbed on the walls of the sample-tubee, thereby
. .

reducing the tendency for ions to become lost from solutiom after

~sample collectlon. Accordiug;;phthe alternative technique samples

-

were collected and acidified Wltb two to four drops of concentrated
nitric or hydrochloric acid.

— ] ..



All samples of test so;utions were analyzed by a Perkin-Elmer
503 atomic absorption-speétrop@otomeéer; Samples. containing low
levels of copper were atomized in a graphite furnace; a flame
atomizer was used for all athe: samples containing nickel or higher
- levels of copper. : _ | | ‘

Table 2.. Water quality data

Analysis of‘laboratory water used in experiments

dissoclved oxygen Z saturation -V

‘temperature ¢ 24 (lethal expts.),
_ . . 27 (sublethal expts.)
pH : : ' 7.7
~total alkalinity mg/l as CaC05 81
tQF;l hardnéss ug/l as CaCOjg 128

AnalysiS\pe:formed at the City of Montreal filtration plant

/

colour’ o E STD ‘ .5
turbidity " JTU (formazin) 0.4 '
total residue 103°C, =g/l 190
loss on ignition 550°C, mg/l1 92
silica © g/l si0p  37.4 .
calcium mg/l Ca"* . 37.4 .
magnesium . mg/1 Mg~ 8.1
sulfates © 0 mg/l 80477  ‘ 26
chlorides _— mg/l Cl 27
sodium .A (\H; og/l Na* 12.3
potassium mg/l XK' 1.4
fluorides . mg/l F ~0.15
iron ng/l Fe* '’ 0.012
carbon dioxide =g/l CO, 0.3

detergents LAS | 0.017




/

\

”

Design of Lethal Response Studies

Following the acclimatfon period lots of ten or fourteen fish
were transferred in their disérete.weight classes to the twelye
exposure aquaria. During the ninety-six hours of exposure each
experimental lot was observed at least every four hours for mortality;
cessation of respiratory movements was adopted as the criterion of
death. Observations were recorded and fish which had died were
promptly remoyed.

Analysis of the lethal data was based on the probit model

—————

“(Bliss, 1935y~ Finney's (1971) method of probit anmalysis was
" selected in preference to a number of alternative procedures which
trade off precision in exchange for computational simplicity. 1In

order to reduce the labour of processing large quantities of data a com-

puter progrenm was designed for Finney's method and applied (Appendix II).
' :

Consideration of Body Weight as a Tolerance-Modifying Variable

Certain inherent biological factors such as sex, age, size,
or nutritional state may influence the responses of organisms to
chemical stimuli (Brown, in press). The fact that groups of
oréaﬁisms are generally non-homogeneous with respect to such factors
provides an explanation for the apparent variability in the individual

:-’YM J

reactions to a toxic stressor. Theoretically, this variability could
be e%}minatcd if the experimental animals were selected to be
completely homogeneous for all of the biological factors which

modify their individual susceptibilities. Alternatively, the

variability ip reactions within a group of organisms may be
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considerably reduced if very large samples are subjected to the
toxic stressor so as to "average out"” the effects of the irherent

biclogical modifying factors. However, due to practihﬁ} constralnts

-

these methods are often impossible to employ in research.

A more feasible and informative aﬁproﬁch for dealing with
biolegical wariability is to determine the quantitative functions
which represent. the relationships'betweén response ;nd modifying
factors. The information gained is then incorporatéd in the analysis
of dose-response data. These aata are standardized qathematically
with respect to the biological influencing variables. In this way
the responses of organisms are expressed as a quantitative function
of.dose or concentration as well as of the biological modifying
factors sgudied. 7 s

" The latter approach‘was adopteé in this study in an attemﬁt
to adjust fo; variations ir response which are hypothefically due
to differences in the siées of tést organisms. Ordinarily, biases
of size are uvnwittingly introduced when small samples of animals
are selected. 1In order to incorporate the factor of size as a
controlled variable, oréanisms were exposed in discrete arbitfarily
defined weight classes to concentrations of toxicant (see "Preparations
for Exposure of Test Organisms'’).

Analyses of the lethal dose-response data were based on
Anderson's and Weber's (1975b) modification of the linear probit
model (as well as on Finney's, 1971, method of probit analysis).
Eéuation (15), which is based on this modified modél, includes a

term which expresses the functional relation of response to weight.

[ e - e e -
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Y = a+b loglo(C/Wh) (15)

where,
/

Y = response.in probits

C = dose or concentration of toxicant

W = body weight .
h = a proporticnality constant

a = 1intercept

b = sloée

The usefulness of tﬁis formula for studying the influence of body
weight on the tolerances of fish to lethal levels.cf heavy metals
has been demonstrgted in previous studies (Anderson and Weber,'1975b;
Spear and Anderson, 1975). . YTmplicit in its application are twe
assumptions: (1) wariability in the reactions of test organisms:

to a given concéntration of toxicant are attributed primarily to
differences in body weight; and (2) these variations are
manifested as displacements from a linear dose-response curve.

Base@ on these assumptions, a computer program wés designed in

the present study to select, for any particular set of data, the value
oé the proportionality constant h which yields the best correlation

of Y and 1oglo(C/Wh) in- Equation (15) (Appendix III).

Design of Sublethal Response Studies

Sublethal toxicity was measured in terms of the reduction
in the total numbers of eggs produced by zebrafish and the

potential viability of these eggs. Because zebrafish tend to

eat their eggs (Gordon, 1960; Mertens, 1973), a breeding trap was-



designed to confine spawning fish and to isolate demersal eggs

(1 mm diameter). Each breeding trap (Figures 5a2, 5b), which

consisted of plexiglass s olyethylene mesh (3 mm X 3 mm)

bottom, was suspended in an aquarium by medns of glass supporting
struts; This arraﬁgement 2llowed free-falling eggs pass through
the mesh and collect on the floor of the tank.
Each morni%g all tanks in which breeding traps were s
were siphoned (Figure 6) in order to collect the eggs which had
settled to the bottoms of the aquaria. Eggs collected from each tank
. were removed from the catchment device of the siphon apparatus and
transferred to plastic petri dishes for enuﬁeration and examination
under a dissecting microscope. One hundred eggs were selected
randomly from the collection of .each tank (or all eggs from.tanks
from-ﬁhiéh less than one hundred were siphoned} and sorted into the
following four categories (Figure 7):
1. unfertilized — transparent blastodisc with no
evidence of cellular proliferation.
2. abnormal - showing evidence of amy structural
irregularities or fungal invasion.
3. collapsed - punctured or crushed chorion and
evidence of f;ngal invasion (this
criterion does not include eggs
crushed QEQ to handling because such
,e8gs presumably could not ﬁecome
invaded by fungus within the brief

interval between collection and

examination).
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Figure 5a. Exposure tanks containing breeding traps;
zebrafish inside nearest breeding trap can
be seen.

AN TN -

> - -
Figure 5b. Diagram of breeding trap

-



v siphon tube

clamp

‘handle of fish net

fish net for — ..
trapping eggs

3'—\\_ drain pipe

?iguré 6.  'Siphon device for céllecfi.g zébrafish'eggs:
from aquaria



-39-

UNFERTILIZED

M

PROTOPLASMIC EXTRUSION

-

ABNORMAL
COLLAPSED
NORMAL -- '-e YOLK SAC
{example)
- == CHORION

’

Figure 7. Categories of zebrafish ;;gs



4. mnormal - no apparent features of categories
1, 2, br 3; evidence of cellular

proliferation.

- Eggs descriﬁed by categories 1, 2, or 3 were considered to.be non-
viable. All aquaria were siphoned each afternoon to remove settled
debris which might interfere with the examination of the following,
morning's eggs. | |

Before subjecting zebrafish to toxic insult, lots of five

males and five females.were paired (in rank-correlated weigﬁt

classes; see "Preparations for, Exposure of Test Organisms") and

- '

confined to breeding traps in acclimating aquar;a. For a period of
Eén days daily'counts ana classifications of eggs were performed.
This information was Eecorded‘as Eontrol data. -After the teﬁ;day
control pericd the spawniﬁg groups were transferréd in their
breeding traps from the é&élipating tanks to thelr randoml&—assigned
test aqﬁari@. Daily co;nts and classifggations of eggs prodgced
during the following ten days of expos;re ware‘recorded és experi-
.mental data. ' |
-3 I4

As explaine}'in the "Theory"” section, probit analysis, which
is based on the theory of quantal response, is not applicable for
gradéd—regponse data. The sublethal data were analyzed usiég least

squares linear regressions.



RESULTS

-

Zebrafish exposed to cogper,fnickel, or their mixtures
demonstrated several common signs of distress. These'manifestations
fncluded the following: hemorrhaging in the cardiac'region and at
the éaﬁe of fins; extruded scales, darkening in body colouratioﬁ,
general slﬁggishngss, slowness or failure to ;espond to visual or
tactile stimuli, and loss of equi;ibrium. Rapid, erratic ventila—__

tion in fish insulted with copper, and gaping mouths and flared

opercula in fish ﬁaving died in nickel alone, or in mixtures with

-
.

copper, were apparent. These observations suggest that the modes of

action of copper and nickel evoke respiratory dysfunction in thé .

zebrafish, possibly resulting in death due to hypoxia.,

hY

Lethal.Studies — Quantal Response

. Data accumulated from biloassays in which zebrafish were
exposed to lethal levels of copper or nickel as discrete toxicanfs
are pooled in Tables 3 and 4. The data for each toxicant were
analyzed by a computer prbg¥am to determine if the mean wet weight
within each exposure lot of sorganisms could be iﬁ;orporated'as an
additional variéble in order to improve the "fit of the customary
linear model ofldose—reéponse. The following regréssion-equations

were.computed for the data and compared in terms of their respective

correlation coefficients.

-41-



Table 3.
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A

Lethal response-data for zebrafish exposed to copper
at various concentrations

Mean assayed

Mean wet weight

Observed

- level of copper Number of of fish *% mortality

(ng/1 % SD{ fish (g + SD) }n 96 hours
0  #0.01 14 0.69 % 0.03 0
0 ’ 14 0.55 * 0.04 0
0.01 * 0.01 10 0.42‘E 0.04 0
0.05 * 0.01 14 ‘0.42 * 0.05 0
0.05 * 0.02 10 0.29 * q.oé : 0
0.39 + 0.02 10 0.42 * 0.04 0
0.13 * 0.03 10 0.42 * 0.04 10
0.15 % 0.04 10 - 0.29 s 0.53 20
0.17 £ 0.05 10 | 0.29 * 0.03 30
0.22 * 0.08 10 o.ai X 0.04 30
0.22 * 0.05 A 0.32 * 0.03. 43
, 0-24 2 0.07 10 - 0.42 * 0.04 30
0.27 * 0.04 io . 0.42 % 0.04 50
 0.31 % 0.03 | 14 0.43 % 0.03 100
"0.31 £ Q.06 10 0.42 * 0.04 60
0.35 * 0.05 10 0.42 * 0.04 80




TN

Table 4. Lethal response data for zebrafish exposed to nlckel

at various concentratlons

A
“

Mean assayed Mean wet weight _ Obgérved
level of nickel of fish - Z mortality
(mg/1 * SD) (g + sD) : in 96 hours
. T
0 + 0 0.90 + 0.06 0
0 £ 0 0.69 *.0.03 N 0
0 + 0.1 0.69 * 0.03 : 0
0 + 0 0.55 + 0.04 0
12.6 = 1.3. 0.67 * 0.04 0
15.0 = 0.2 0.71 + 0.03. C 14
16.3 = 0.6 0.79 * 0.02 0
18.1 * 0.3 0.57 + 0.03 14
18.9 * 0.6 0.86 % 0.04 - )
19.9 * 1.5 0.45 * 0.04% 14
S 21.1 + 0.6 0.47 +:0.05 14
22.9 * 0.7 0.55 * 0.04 3B
23.3 * 0.4 0.90. * 0.05 0 ..
23.4 * 3.1 ¥ 0.69 * 0.04 14 °
24.3 * 0.7 0.44 * 0.04 7
27.2 + 0=8 0.82 % 0.04 " 36
28.0 * 0.5 0.56 * 0.04° © 14
28.7 + 1.2 0.43 + 0.03 - 14
29.9 = 0.6 -~ 0.58 % 0.04 21
32.3 * 1.5 0.55 * 0.04 36
32.7 + 1.0 - 0.69 * 0.0% -29
35.0 = 1.7, 0.69 * 0.04 36
:38.8 1.2 0.44 * 0.04 50
L1104 71,2 0.55 * 0.04 50
45.9 + 2.4 0.94 * 0.03 43
49.1 * 1.4 0.54 % 0.03 71
50.2 * 4.3 ’ 0.546 * 0.04 57
53.6 £ 2.3 0.43 = 0.04 86
74.7 * 5.8 0.44 * 0.04 86
+ 6.9 0.31 + 0.04 - 100

100.3

LS

Fourteen fish were.exposed

at each concentration.
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Y = 2, + bl logloc . . | (16)
Y = 3, + b, logo(c/it S an
' >
where,
’
Y = probit of % mortélity
_ C = concentration of toxicant .
* W = mean wet weight of test organisms exposed to C
h = a proportionality constant }
‘a = 1intercept — .
| e N4
b = slope

The results of this computer analysis are given in Table 5. Although

correlation coefficients asséciéted with_Equaéions (16) "and (17) are

highiy significant (P < 0.501), the copper aand.nickel data are each

more closely represspteg by Equation (17), whiph incorporatés the

mean wet weiéhts of‘organisms. However, because thé respgctiﬁe

improveménts in correlation using Equation (17) are not significant
- ,

.(P > 0.05), Equation (16), the simpler function, was selected as

{ ' +
the dose-response formulation for these data.
] .

- -

Dose-response curves fitted to. the lethal response data for
copper(Table 3) and n%ckel (Table 4) are defined by the fqllowing
lineat regressions which were derived by a computer program based

on Finney's (1971) method of probit analysis.

Copper: Y = 8.417 + 5.401 ioglocl , (18)

-

|
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Table 5. Computer analysis of the effects of wet body weight on the
response of zebrafish to lethal levels of copper or nickel

. Equation (16) Eqﬁation (17)

Dose-response ) ) Wh
equation: Y = a + bl'logloc Y = a, +b, loglo(C/ )
Copper: .
a 7.377 . s 6.829
b - 4.063 ' " 4.636
h | - ' © 0.47
Correlation coeff.. 0.935 . N\ 0.962
Computed "t" value
for correlation : o . .
coeff. (N = 9) ' 7.290 ' 9.071 -
Nickel:
a -0.868 - ' --0.873
b o  3.632 o 3.629
" h ' — ' .0.01
Correlation éoeff.* 0.875 ' ‘0.875 _
Computed "t" value
“for correlation ’ .
coeff. (N'= 21) ' 7.691 . 7.651
: — s
—— b
Y probit of-% mortality
C. concentration of toxicant (mg/l)
.W = mean wet weight (g) of test organisms exposed to C
h = a proportionality constant - . <o Z
a =- intercept . . H\\\\
"% = slope
*_ Correlation coefficient is relatively greater for Equation (17), but is

identical at three decimal places. to .correlation coefficient for
Equation (16}. ' )

<



-~
Nickel: Y = -1.924 + 4.299 log. .C (19)
1072,
where, o .
\\'--.__-—

Y = probit of %7 mortality

C1 = concentration of copper (mg/1) _

C2 = ‘concentration of nickel (mg/1) :fj

Chi-square tests comparing observed numbers killed with those
predicted by Equations (18) and (19) suggest that both of these

L4
linear regressions adequately represent (P < 0.05) :ﬁbkreSpectivel

—tr

empirical data.

The model of RESPOﬁSE—ADDITION was’tested in ordexr to consider
the possibility that lethal levels of ébﬁfe; and nickel wére operat;'
ing independently on d;ffe:ent types of receptors in the zebrafish.
Because it was not known to what extént tolerances to these toxicants.
were gorrelatéd for individual test organisms, Equations (1), (2),
and (3) were appliéd to predict multiple toxicity.

yﬁgiﬁ‘ﬁ reveals the results of the bioassay in which zebraf;sh

were exposed to copper and nmickel in lethal mixtures. Percent

[

mortalities predicted in accordance with the model of RESPONSE-
ADDITION are listed. Because of the conmsistent and marked discre-
pancies between observed and predicted mortalities, the hypothesis

of RESPONSE-ADDITION was rejected.
Vs

?

The possibility also existed that copper and nickel were

operating similarly ‘on the sam@ type of receptor in the zebrafish.

Therefore, the model of CONCENTRATION-ADDITION was tested.
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Table 6.. Lethal response data for zebrafish exposed to mixtures of copper
and nickel and responses predicted in accordance wlth the model
of RESPONSE—ADDITIOV

Mean assayed Mean assayed Observed
level of czpper level of nickel Z mortality Predicted Z mortalit?
(mg/1 * SD) (mg/1 * SD) in 96 hours Aif r=-1 4if r=0 "~ if r=+1
- 0 0 0 0 0 0
02 = 0.01 3.8 £ 0.4 71 <1 <1 <1
.02 £ 0.01 4.4 20048 86 <1 <1. - <1
.03 0 3.3.% 0.5 21 . <1 <l <1
.03 *o0.02 3.3 £ 0.7 50 <l <l ¢ <l
03 £ 0.01 3.6 0.4 64 <1 <1 <1
.01 £ 0.01 7.0 £ 0.6 23 <1 <1 <1
03 £ 0.01. 4.6 2 0.6 43 <1 <1 <1
61 * 0.01 7.8 £0.7 29 <1 <1 <1
.02 £ 0.01 6.6 0.7 93 <l <1 <1
01 £ 0.01 8.5 0.6 36 <2 <2 <1l
01 = 0.01 9.0 £1.2 - 79 <2 <2 <1
01 £0.01 10.0 £ 0.8 71 <2 <2 <1
01 20 . 11.8 £ 0.9 100 <3 <3 <2
.01 £ 0.01 12.7 £ 1.1 100 <3 <3 <2
02 £ 0.01 11.1 * 1.8 100 . - <2 " <2 <1
01 % 0.01 13.0 £1.3 93 <3 <3’ <2

[cNeRoNoNeNoNalalelolellelNeollc i)
» . . [ L] . L] L]

*

Fourteen fish were exposed to each mixture except 0.02 mg/l copper
and 11.1 mg/l nickel, at which fifteen fish were exposed. '

r = hypothetical correlation coefficient for tolerances to lethal i -
levels of copper and nickel as discrete toxicants.

: - 100 (P, +P ), if P, +2_ <1
-1, Predicted Z Mortality A B A B

-1ifr = =
’ 100 , if P + PB 21
- if r = 0, Predicted X Mortality = 100 [ + P (1-P )]
-ifr = <1, P;edicted % Mortality = 100 P if PA B
“ 100 PB’ if PB- 3A
where,
PA ‘= proportion of test organisms responding Lo copper alone
PB = proportion of test organisms responding tq nickel alone -

PA and PB are determined from the probit regressions which were fitted
independently to the lethal response data for copper and nickel as

discrete toxicants (see Equations 18 and 19).



=
According to the Student's "t" test, there is no significant
difference (P > 0.05) in the slopes of Equations (18) and (19).

Thus, in order to facilitate the formulation of the CONCENTRATION-
ADDITION hypothesis, a common slope was calculated, thereby
constraining these probit regressions to parallélism. This

procedure is recommended by Finney (1971). The resultant equations,
constrained fo parallelism as follows, are plotted égainst the lethal

response data in Figure 8.

n

Coppers Y 7.779 + 4.476 log C, S _(20)

Nickel: Y-

-2.195 +.4.476 1031002 (21)

where,
Y = probit of % mortality .
Cl = concentratioﬁ of copper {(mg/l) ~
C2 = concentration of nickel (mgil)

[

Chi-square tests comparing observed numbers killed with those
predicted by Equations (20) and (21) atfest to the close fit
(P < 0.005) of these dose-response curves with the respective

-
empirical data.

In the application ofqthe model of CONCENTRATION-ADDITION to
these data, the level of‘copper within each test mixture was expressed
arbitrarily as an equipotent concentration of nickel. The relative

potency factor, with which equipotent levels were determined, was

computed by substituting the slope and intercepts of Eguations (20)

A
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and (Zi) into Formula (}). According to this computation the
relative potency factor is 169.17215. The total concentration of
each mixture was calculated by algebraically adding the mean assayed
level of nickel to the broduct of the mean assayed ievel‘of";opper
and the relative potency factor. In accordance with the model of
CONCENTRATION-ADDITION, the hypqﬂkeéical response for each mixture
was predicted by substituting the total concentration for the term
CI2 in Equation” (21).

Figure 9 illustrates the reshlts of bioassays in which zebra-
fish were exposed to lethal mixtures of copper and n;ckel. Observed
responses are plotted against total concentrations which are
expressed in terms ;f nickeI.‘ The parallel dose-response curves
for copper and nickel (Equations 20 and 21) are deépicted on the
same graph for reference.

Table 7 compares observed mortalities with those ?redicted in
accordance with the model of CONCENTRATION-ADDITION. Included in
this table is a variable which expresses the mean assayed level
of nickel as a pfoportion of the total concentration of the
correspoﬁding mixture. Because of the lack of agreement between
obserwved and predi;;ed mortalities, the hypothesis of CONCENTRATION-
ADDITION was ?ejected.

According to the resulés of the lethal étudies, observed
mortalities for mixtures exceeded predictions based on models of
RESPO&SE-ADD%TION and CONCENT&ATION—ADPITION. Thus, copper and

nickel were classified as SUPRA-ADDITIVE ;n terms of their lethal

multiple toxicity to zebrafish.
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Theoretically, mortality in a mixture of SUPRA- or INFRA-
ADDITIVE to;icanﬁs must be a function of the conmstituents'
concentrations as well as of the ratio of these concentrations.
Consequently, a linear dose-response modei could not be applied to- ~
the present séudy's nultiple toxicity dafa because the constituent

ratios for the test mixtures were not mutually equivalent (see

-
-

chemica; assay data in Table 7). A model of SUPRA-ADDITIVE
SYNERGISM which compensates for these digcrepancies is derived in

the "Discussion". -

Sublethal Studies — Graded leponse

As discussed in "Materials and Methods", the sublethal

toxicities of copper, nickelj\and their mixtures were studied in
. 'd

terms of the graded e£fects o reproduction. Eggs laid by groups
of zebrafish during control and subsequent exposure periods were
counted and examined. The pefcentage-reduction in the number of

eggs producéd was calculated for, each, group and related to the common °
- ' ‘
logarithm of toxicant concentration by .2 least squares linear
4
regression.
i The results of the heavy metal analyses of water samples
taken from the sublethal, discrete-toxicant experiments were
atypically erratic. For this reason the response data from these
particular biocassays were studied with reference to the nominal

test concentrations of copper and nickel.

Tables 8 and 9 present the results o¢f the sublethal, discrete-

-

toxicant biocassays. Total numbers of eggs enumefated for cach lot of
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where,

s

-

< -

five males and five females during the ten—day control period and
sﬁbsequent ten—day exposure to coppér or nickel are reported along

with the corresponding percentage reductions In numbers of eggs. The

following linear regressions represent the dose~response curves which

were fitted to these data:

250.3 + 129.6 loglOC1 . (22)

Copper: T

EY

~29.8 + 121.9 log,C, (23)

Nickel: Y

Y = % reduction in total number of eggs
Cl = copncentration of coppef’(mg/l)
02 = concentration of nickel (mg/1)

3
"E" tests based on analyses of variance suggest that Equations (22)

and (23) adequately represent (P < O. 05) the respectlve emplrlcal

.. data.

The model of RESPONSE;AﬁDITION wasjtested in order to consider
the posszbzl;ty that the decrgases in egg production may have been
due to the independent actions of copper and nickel on dlfferent
types of receptors in the zebrafish. Equation.(9) was applied to
predict multiple toxicity-

}able 10 disciéses the rasults of Bioassays in which zebrafish

were exposed to copper and nickel in "sublethal" mixtures,

Predictions of;decreased,egg production based on the model of

. RESPONSE-ADDITION are listed. Within the first ninety-six hours of.



- . - -
Table 10. Sublethal response.data for zebrafish exposed to miﬁtures
- of copper and nickel, and responses predicted in accordance
with the model of RESPONSE-~ADDITION

- Mean Mean - Observed Predicted

assayed assayed. -z 4 * Observed

level of level of reduyction reductfon z

copper. nickel in number in number mortality
{(mg/1 + SD) (mg/l + SD) of eggs of eggs in 96 hours .
0 0 0 o0 -~ 4.5 0 0
0 o 0 o0  -22.0 0 0
0.01%0.01, 0.720.5 - +93.% <l 0
0.01 % 0 1.5 + 0.9 ¥ 98.8 <1 o
0.02 £ 0.01 1.4 * 0.9 +.86.5 | <1 0
0.02£0  2.121.6  +100 a 10
0.02 + 0.01 2.7 £ 1.7 ' . 4100 <1 0
0.02 = 0 4.2 £ 2.6 +97.5 a3
0.03. %0 3.6 +2.2 - 4100 <1 80
0.04 £ 0 4G £ 2.3 + 99.9 <r 90
Five males and five females were exposed ta-;ach‘ﬁixture. Y

Negative 7 reduction denotes a relative increase in number of eggs.:

'
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gxpoéure, moétaiities rahgi;g from ten to ninety ppfcent were e
observed in four of the test mixtureé. Because of the-consistent -~
and marked discfep;ndies between observed and predicted percentage
reductions in nuzmbers of eggé,lihe hyﬁothesis of RESPONSE-ADDITION °
was fejected.-_‘f . . /
The poé;ibility also-existed that thé decreases in Egg;pfodugtion
were due to the toxie actions of copper and nickg& on the same type -
of receptor in fhe zebrafish. Therefore, the model -of CONCENTRAIION;
ADDIbeN was tested. According‘to the Studeat's "t" test, the slopes
of Equations (22} and (23) are n;; significant1§ different (é_> 0.05).
Thus, in'order to facili;aéé thélformulatioﬂ of the CONCENTRATION-
ADDITION hypothesis, and to be consistent with thé pr6t0c01 .
followed to analyge the lethal,mgltiple toxicity data, a common
sloée was talculatedqfor‘these linear regressions.- The resultant .
equations, constrained to parallelisﬁ ags follows, are plotted o =

against the sublethal regponse data in Figure 10.

! 1 . - v

, | ~ Copper Y = 244.8 + 125.9 og)4C; : (26)
‘ Nickel: Y = —31.7.; 125.9 log) €y - '_ ézs)
ﬁhere., L/’/ |
’ Y =.Z reduction in totgflnumber of eggs |

concentration of copper (mg/l)

(9]
]

[p)
il

concentration of nickel (mg/l)

"F" tests based on analyses of wariance suggest ‘that Equations (24)-

and (25) adequately fit (P < 0.05) the respective empirical data.
- .
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The steps taken to formulate.the CONCENTRATION-ADDITION
hypothesis for the sublethal data are equivalent'to the procedure
followed for the lethal data. In order to express for each mixture,

the sum of the constituents' concentrations in terms of nickel, a

rélative potengy factor was determined with which copper concentra-
fions‘eogld.be mathematically converted to equipotent nickél
councentrations. When the slope and intercepts of Equations (24) and.
(25) are suﬂstituted appropriately into Formula (13), the relative
potency factor is 157.104Q7. The total. concentration of each
mixture was calculated by algebraically adding the mean assayed
nickel concentration to the product of the mean assayed ;evel of
~copper aﬂd the der&ved relativé potency factor. In accordance with
the model of CONCENTRATION—ADDITION, the predicted d;créase in egg
production for e?ch mixture was computed by substituting éhe total”
concentratioh for the term CZ in Equation (25):

The results of bioassa;§ in which zebrafish were exposed to
"sublethal” mixtures of copper and nickel are illusérated in Figure
11. Observed réspbnses are slotted against total concentrations
which are expressed iﬁ terms of niékel. For reference, the parallel
dose-response curves for copper.énd ﬁiékel (Equations 24 and 25) are
depicted on the same graph.

Table 11 compares the observed dpcreases in egg production with

those predicted in accordance with the model of CONCENTRATION-

ADDITION. Included in this table is a variable which expresses the

nean assayed level of nickel as a proportion of the total concentration

of the corresponding mixture. Because of the apparent lack of

.

™~

r
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agreement between observed and predicted respomses, the hypothesis
of CONCENTRATIONjADDITION was rejected. '

According to the results of the sublethal bioassays, observed
responses for mixtﬁres exceeded predictions based on models of
RESPONSE—ADDITION.and CONCENTR%TION—ADDITION. Thus, copper and
nickel were classified as SUPRA-ADDITIVE with respect to their
combined effects on egé production in the zebrafish. Because observed
responses are within the narrow range of 86.57 to 100Z, the model of
SUPRA-ADDITIVE SYNERGISM which is derived in the "Discussion" was
not applied to these data. .

‘ Tables 12 and 13 ;ontain the classification data for zebrafish
eggs which were collected during a ten—day contrel period and the
ten-day exposure to various sublethal concéntrations‘of copper or '
nickel. These data suggest that the changes in the percentages of
"unfertilized",_"abnormal", "collapsed", and "total non-viable" eggs
(see “Materiéls and Methods') are not ;ignifiéantly correlated
(P > 0.05) with the log concentration of copper or nickel at wﬁich
spawning zebrafish were exposed (Table 14). Thus, linear dose-
responsé curves could not be adequately fittéd to these data and
consequently, the models.of RESPONSE-ADDITION énd CONCENTRATION-
ADDITION could noé be applied to predict multiple toxicity.

' The classification daﬁa for eggs produged by zebrafish during
a ten-day control period and'thc ten-day exposure to mixtures of
copper and nickel are reported in Table 15. Although these mixtures

dramatically reduced the production of eggs (Table 11), the changes

in the percentages of "unfertilized", "abnormal”, "collapsed”, and
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Table 14. Statistical analysis for linear relationships between
increases in percentages of classified eggs and the
common logarithm of sublethal comcentrations of copper

or nickel

Total

Category of eggs Unfertilized  Abnoxmal Collapsed  non-viable
N ™

Copper:

Correlation coeff. -0.148 0.742 0.081 0.396

Computed "t" value

of correlarion

coeff. (N = .6) -0.300 2,211 0.140 0.863

Nickel:

Correlation coeff. -0.060 0.735 0.004 0.584

Computed "t" value

of correlation .

coeff. (N = 7) =0.135 2.423 0.009 1.607
, »

i

These computed "t" values indicate that none of the correlation
coefficients are significant (P > 0.05).

~
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Ytotal non-viable"™ eggs are not significantly correlated (P > 6.05)

with the logarithm of mixture concentration (Table 16).



—69—

'(50°'0 < &)

jupoTyyudss a1v 8JUDFIFIFV0D UOFIBIDII0D 2yl IO aUou JBY3 93WOTPUF 8INTBA 3, pRindwod 983Y]

T€0°0 T9L°T ge1°1l €121~ .

.

) (9 = N
~ JUOTOEIFO0D UOTIBTIIIOD
v j0 anTeA 1, poanduod
-970° 0 _ 199°0 T0S°0 8150~ . JUB}0TFI|00 UOTIBTIAI0]
arqeTA-uou TEIO] pasdeTTOD Truaouqy pozZITTIIDIUN 5880 3jo AxoBeim)d
. ! ]
) ) , (To10Tu JO 5WIAY Uy
paossaadxa) UOTIBLIIUIIUCD BINIXTW JO wy3fareSor uouwod a2yl puw 633s porIIssEI? jOo -
*  go8ejusdiad ujy sospoIdUT usamiaq sdfysUOTIBTOL ABDUFT 103 gTsATBUR [VOTISTITAS *9T aTqelL

<)



DISCUSSION

Lethal Potencies of Copper and Nickel

Based on the ninety—six.hour 1C50's .of éoﬁper and nickel in'

these stué&e; (0.24 mg/} and 40.5 mg/l respectively), copper may be
‘considereé highly toxic and nickel may be regarded as moderaQely
toxic to the zebrafish. This apparent difference in the relative
potencieg of copper and nickel is supported by the findings of
severa; other workers. (too numérous to mention here) who have

“a
exposed a variety of aqudtic organisms to lethal concentrations of
these heavy metals. Thus, with reference to theié lethal toxicities,
copper is genérally considered to be_more hézagdous than nickel to
aquatic biota.

A comparison of the lethal response data for copper and nickel.
indicates that copper was 169 times.more potent than'nickel to the
zebrafish (Figure 8). This means that approximately the same %
mortality is evoked in a giyen solution'of copper as in a solution |
of nickel that is 169 times the concentration of the copper solution.
A similar pattern was observed by Anderson and Weber (19752), who
reported a-relative poteéncy factor of 152 for the lethal toxicities

‘of copper and nickel to the guppy, Poectliag reticulata.

Body Weight as a-Tolerance-Modifying Variable

According to combut analysis of the lethal response data, -

there appears to be some [suggestion that tolerance of zebrafish to

~70- _ :



‘copper is dependent an body weight”, Maximum lineﬂrity of the dose-
response curve for copper is attaxnéd when 0 47 1is substituted for
the pr?portionality.factor, h, in Equation ﬁl?) (Table 5). However,
the correlation coefficie#t associated with the "uéight-adjﬁsted"

-

curve ‘is not signlflcantly greater (P > 0 05} than that corresponding

,\

to the.:unadjusted“ curve. Furthermore, ia terms ‘'of the computed
linear regression parameters, these{dose—res;onse curves are similar.
Therefore, the simpler and more customary form of the dose-regponse
equation was used in subséquent analyses of the data for copper.
Other reséarchers have reporéed a relationship between lethal
copper toxicity and body weight in the guppy, Poecilia reticulata,
(Anderson and Weber, 1975b) and in the sunfish, Bepoﬁis gibbésus,
(Spear and Andersoﬁ, 1975). .In each of_EPese pre#ious studies thé
calculated value of thé proportiopality factor is between_o-and 1.
This suggests that the tolerances within some species to lethal‘
levels of copper may vary dlsproportionately with body weight such
‘that smaller individuals are more susceptible than larger specimens.
Anderson and Weber (1975b) noted that their empirically determined
proportionality factor, 0.72; abproximaées the wvalue of ;he weight
exponent which-expresses the di§proportionality petweenibxygen
consumption rate and body weight in guppies, and suggested a possible
inference to copper’'s mode of action.
.Analysis of the lethal résponse data for nickel suggésts that"
'boﬁy weight does not modify the tolerance of zebrafish to this heavy

metal. . Linearity of the dose-response curve is maximum when "h" in

Equation (17) is-equal to 0.01 (Table 5). However, this value of
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. N N _
h is approximately zero, which would cancel out the weight -factor,

o

Swy

" As for the copper déta, the correlation coefficient associated
with the "weight—adjusted” curve is not significantly greater.

F > 0;055 than that corresponding to the "unadjusted" curve.

- Thus, the simpler and more cuétomary form of the dbse-response

* equation was employed in subsequent analyses of the data for

nickel. In coﬁtrast-to.these resplts Anderson §nd Weber (1975b)
found that the, tolerance of guppies to nickel is modified by body

weight according-to a proportionality'faCtor of 0:67.

Reproduction in Sublethal Response Studies

" The results of the sublethal’respoﬁse studies suggest that

0.01 mg/l copper and l.8}mg/i nickel ;pproxiﬁate the ‘threshold

copcentrations fo? the effects of these heavy metals on egg production

in the zebrafish (Figure 10). Concentrations only slightly greater
. 2,

than these levels inhibited reproduction almost completely. .

[

Dur}ng exposure to some of the lower concentratlons of- copper

L) - ”

_or nickel zebraflsh produced more eggs than they had laid during the

previous control perlod (Tables 8 and 9);. these increases however,

-~ -

'were'pot_profound and are presumably within the normal range of

-

< D s o Co
variation "for this speciés. Nevertheless, it may be tha? because

- copper is éenerallf an :gésential element for metabolism, trace

~ v -

. . ) T e s ) . .
levels in the environment are beneficial for reproduction in the

. ‘ o . e v .
zebrafish. In contrast, nickel is not generally considered to be

" an essentizal elgmeﬁt."ﬁpwever, it has been shown that certain

animals, if ¥edon deffcient. diets, require nickel in order to

.
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perform essential functions (WHO, 1973). Thus, it may be that the
increased egg production at low levels of nickel reflected a

‘deficiency in the feeding regime which was employed in this study.

e .

Although  the effects of copper and nickel on the numbers of
eggs lald increased with cogcentration, no such dose-response trends

could be demonstrated for changes in the percentages of "unfertil-
3

ized", "abnormal", collapsed”, or "total non-viable" eggs (see

"Materials and Methods™) (Tables 12, 13, 14). Thus, according to

these studies, the hazards of copper and nickel with respect to
-fmpairment of reproduction.in the zebrafish, seem to be related-ﬁq B
the numbers of eggs produced. -

This pattern of response may provide insights concerning the

‘nature of the underlying toxic actions of copper and uiékel.

-

”
Because the percentage of'unfergilized eggs did. not increase with
concentration it is unlikely that the produ&tion, viability, or
Qirility of sperm cells were affecfed. Reductions in the nuzbers
oé eggs produced may have been due to impairment of spawning
behaviour in either sex, howewver this possiﬁility was not examined
during the course of the experiment. Other po;sible causes forfthe
. -
decreased egg prdducéion may be related to the effects of copper

and nickel on gaﬁetogenesis, Qulation,‘\)r on the "scope for

activity” (Fry, 1947) in the female. ’

"Safe" Copcentrations of Single Toxicants .

\\ ’ . A | .’

In an attempt to safeguard aquatic organisms against the

hazards of sublethal levels of chemical pollutants government



~74-

regulatory agencies have embloyed "application factors" to estimate
"safe" concentrations from LC50's. Initially these épplication.
factors were.established on the basis of intuition. As an altermative
to this method Mount and Stephan (1967) proposed that application
factors be determined on the basis of toxicity tests; the émpiricallj
derived application factor for a toxicant is foﬁnd by dividiag the
highest couceﬁtration that does not inhibit growth or Teproduction
during a life-cycle test by the 48-hour or 96—hour Lcso.

Because parameters of reproductlon are particularly sensitive

as indicators of sublethal toxicity (Brungs, 1969; Sprague, 1971),

it might be expected that concentrations which do not affect egg

- production or egg viability would not ‘impair other vital systems in

the organism. The results of the present study suggest that 0.01 mg/1
copper and 1.8 mg/1 ﬁickel are the highest concentrations which do
not inhibit egg production of egg viability in the zébrafish

(Figure 10). Thus, if the adult is the most sensitive stage of

the zebrafish 1life cycle, then it may be that these particular

concentrations are, under the conditions of these experiments, "safe"

levels of copper and nickel fofythis species. Based on these
. . N ]
supposed safe levels, apﬁiication factors for copper and nickel are

0.04 and 0.05 of the respective 96-hour LCS50's.
= .
These results are similar to those of other researchers who

have studied impairment of reproduction as a sublethal response of -y
various aquatic organisms to copper (Mount, 1968; Mount and Stephan,

ferd
L

.1969; Arthur and Leonard, 1970; MeKim and Benoit, 1971; Biesinger

and Christensei; 1972; Benoit, 1975; Brumgs et al., 1976; Pickering

-
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et al., 1977) or nickel (Biesinger and Christensen, 1972; Pickering,
1974). A concensus of their empirical data indicates that 0.03
to 0.04 of the LC50's for copper and 0.0l to 0.05 of the LC50's

for nickel include the safe levels for the various species tested.

Multiple Toxicity Studies

The results of the multiple toxicity studies suggest that if
niéﬂel; generally considered to be relatively innocuous ag a toxic
agent, is combined with copper, the'resultant mixtures are extremeiy
potent!ﬁ According to theoretical models of RESPONSE-ADDITION and
CONCENTRATION-ADDITION the mixtures éo which zebrafish wére exposed
in the l'ethal bicassay should not have caused ;ore than 3% mortality @
at any;of'the concentrations tested. However, mortalities ranéiﬁg
fr&ﬁ 21 to‘&UOf were cbserved (Tables 6 and 7). Greater than
predicted responses were also recorded during ;he sublethal response
studies (Tables 10 and 11). Egg production was almost completely
blocked (86.5 to IObZ) in 211 of the mixtures tested.” According to
the wmodels of RESPONSE-ADDITION and CONCENTRATION-ADDITION no
zebrafish were expecteélto die within the first 96 hours of the ten-day
"sublethal" exposure. Yet, mortalities ranging from 10 to 90Z were
observed duri&§ this.period. By the end of the ten-day exposure
100Z mortality had occurred in two mi%tures. Thus, the multiple

toxicity observed in lethal as well as in sublethal mixtures of

copper and pickel was considered io be a‘forq,pf SUPRA-ADDITIVE

SYNERGISM. B : N
¥ N

-

.y . -
The results of the lethal study are in contrast with those of

-

-
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Anderson and Weber (1975a). These researchers employed a similar
approach and reported that copﬁer and nickel were CONCENTRATION-
ADDITIVE in mixtures which were lethal to the guﬁpx within 96 ho;rs
of exposure. Because the toxicity-modifying characteristics of the
water used in this previous experiment were similar to those of the
water used in the present study, the difference in the observed
forms of multiple toxicity for copper and nic¥el were presumably
due to interspecies variations in the pharﬁacokineti; or pharmaco-
dynamic actions of these polsons.

The ébservation that copper aad nickel were SUPRA-ADDITIVE in
sublethal as well as in lethal mixtures for the zebfafish éhould not

be interpreted as a suggestion that the same form of multiple

toxicity will generally prevail at low and high concentrations of

“ these or other toxic mixtures,..and for different response parameters.

-
—_— .

Heavy metals which have gained access faxfhexq@Fculation of an
organism may, amongst other effects, derange.eleéirolyte homeostasis,
interfere with enzymatic processes, cause organ lesions, or affect
the central nervous system (Shulman and Dwyer, 1965). The metgbolic
pathﬁzys which underlie these systems c¢an react with various |
sensitivities to a given metal (Passow. et zI., 31961). Stated
otherwise, different metabolic pathways exhibit distinct reaction
thresholds for a particular toxicant; Consequeqtly; high concentra- _
tions of . a given metal may stimulate different metébolic pathtays
and therefore, different respoﬁses, than dp low\}sve}s of the same
mq;§1.u Thus, itnis n;t unreasonable to assume that the form.of

IR . - -

multiple toxicity which.is observed for a particular response
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parameter-at lethal concentrations of a mixture can be different

fror the form of multiple toxicity observed at sublethal mixture

concentrations.

This hypothesis is suppoited by the results of other researchers

who have studied the multiple toxicity of copper and nickel.

Anderson and Weber (1975a)" found that lethal mixtures of coppérAand

nickel were CONCENTRATION-ADDITIVE for the guppy. However, while

‘sublethal mixtures of these heavy metals were apparently CONCENTRATION-

ADDITIVE with respect to the guppy's gross growth e

e

fficiency, they

were SUPRA-ADDITIVE with regard to food consumption (Muska and Weber,

1977).

Theory of Toxic Interactions

P

Based on the pharmacological conﬁepts of Ariens (1972},

Anderson and-d'Apollonia (in press) presumed that toxic interactions

may occur at any of the phases which punctuate the course of

. & ‘
environmental toxicants from the ambient medium to the target site

in exposed organisms (Figure 12).

TOXICANT )
SOURCES ———>

Figure 12.

. PHARMACO- PHARMACO-
I PHASE PHASE PHASE
B
absorption
distribution affinity -
chemical | deposition e

combination| , intrinsic

biotrans— activity

formation
. |excretion

.

——=> RESPONSE

.

“Phases in which envirommentzl toxicants may interact

(after Ariens, 1972; Anderson and d'Apollonia, in press)
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In the "environmentalf%hase" discréte toxicants may, in some cases,
combine chemically and produce a single compound whose toxieity is
greater or iess than that predicted.for the-mixture, based on a
knowle&ée of the individual toxicities of the original reactants.
Interactions in the "pharmacokinetic phage" presumably alter the
concentrations of toxicands that ultimately reach the target sites
in exposed organisms. In ﬁé "pharmacodynamic phase" interactions
may _change the affinities of receptors f@? available toxicants or
alter the intrinsic éétivities wéich are iniriated by the binding
of receptors with toxicant. ' h

Based on a knowledge of the chemical forms ofJ;opper and

nickel ir ‘water it.is unlikely that these metallic cations would

-]

‘ combine chemically in the envirommental phase and produce a highly
toxic iomic or molecular entity (J. Dickl, perscnal communication).

Therefore;-it is probable'fﬁat the apparent SUPRA-ADDITIVE SYNERGISM

of these heavy metals in the present study resulted from interactions

in the pharmacokinetic énd/or pharmacodynamic phases.

- g .
For example, in the pharmacokinetic phase, processes such as

séqyage; elimiﬁﬁpion; or bictransformation may result in a proporti?n
of a drug or toxic;nt“ﬁé;bming'lost before it ever reaches its

taréet siEg (Veldstra,'1956). Veldstra referred to the loci at which
guch‘pharmacokinetic processes occur as "sites of loss". He
suggésted ihat the synergistic interactiopn of two compounds may be

) due to the less aqtive-é;;pound competing sutcessfully with the more

active compound for a common site of loss. Consequently, a greater

proportion of jhe more active entity is free to reach 1its specific

I

rd

~

lpresent address: Department of Chemistry, Concordiaipﬂi%grsity,
Montreal, Quebec. -

- . -
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tarpet site. This méchanism of interaction may account for.the
apparent SUPRA-ADDITIVE SYNERGISM of copper and nickel in the present
study.

A hypothesis for interaction in the pharmacodynamic phase may
be ﬁroposed based on the following considerations. It is suspected
;ﬁhat some drugs may conformatdemally alter #nd deférm their
receptors (Albert, 1973). 1If this{suspicion is correct, it is
conceivable that the steric changed which are elicited by ore drug
or toxicant may bring about the induced fit of a second drug or
toxicant to recéptors which are normally non-specific for the latter
entity. This increase in the affinity OE‘ﬁ receptor for a toxicant
which it generally does not bind may accéunt for the apparent SUPRA-

ADDITIVE effects of copper and nickel in mixtures thsted in the

present study.

-

The Use of Models as an Approach for Studying Muftiple Toxicity

The approach which was adopted‘Fo'study multiple toxicity in

these experiments is based on the premise that, in many cases, the-

—

boteﬂcies of mixtures may be predicted from a knowledge of the

potencies of the discrete constituents. However, the theoretical

models underlyihg this premise only apply to mixtures in which the

constituents are RESPONSE~ADDITIVE or CONCENTRATION-ADDITIVE.
Initiative i the ﬁ%nception and development of predictive
models in the field of eﬁviropmental toxicology can be gained by

considering éiégﬁ%s which pertain to fundamental prineciples of

statistics and pharmacglogy. For example, it can often be assumed
; 3



that tolerances ta a #articular toxicant are normally distributed
within a population. Another aspect which may be wﬁrth considering
is that the tolerances of individual organisms to two or more polsons
may or may not be correlated. The modelé of RESPONSE-ADDITION and
CONCENTRATION-ADDITION which are previously outlined in the "Theory"
section of this thesis, distinguish éonceptually between toxicénts
that stimulate different types of receptors in organisms and toxicants
that operate on the same type of receptor. These particular models
assume implicitly that within an individual organism, the pharmaco-
kinetic and pharmacodynamic processes which are initiated by ;ne (
constiguent are not influenced by .the presence of a second
constituent.

This latter pharmacological assumption does not apply to the
~multiple toxicities of SUPRA-ADDITIVE or INFRA-ADDITIVE toxicants.
In c;ntrast, these forms of mﬁltiple toxicity are presumed to result
from toxicant interactions with pharmacokinetic and pharmacodynamic
processes (Andgréon};nd'd'ApoliBﬁ;a, in press). However, the
priﬁciﬁles governing the quantitative aspects of these interactions
ha;e not been elucidated. Consequently, theggi*&g at this time,

no theoretical models for predicting the potencies of mixtures

of SUPRA-ADDITIVE or INFRA-ADDITIVE toxicants from a knowledge of

- +
'

the pOténcies of the discrete constituents.

. fﬁe folloagng discussion descrifes a quantitative approach
developed by the author for assessing the potential Hazards of toxie
mixtures whose constituent% have been identified as Sq?RA-ADDITIVE.

A quanéitative model of SUPRA-ADDITIVE SYNERGISM is dérived.and

5
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applied to the multiple toxicity data which were generated in the

present study.

-

Derivation of a Quantitative Model of SUPRA-ADDITIVE SYNERGISM

-

In bioassays which are designed to estimate the dose-response
relatibnships for mixtures of toxiéants, the relative‘propértions of
the discrete con;tituenté in the test combinatiéns are usually
held constant. Yet, implicit in most theoretical approaches to the
study of toxic mixtures is.the assumption that forms of multiple"
;oxiciéy other than CdﬁCENTRATION—ADDITION, depend on the relatife
propertions as well as the absolute concentrations of a mixture's
constituents. Thus, comprehensive evaluations of the toxicities
of poisons applied joinfly require the testing of several series of
mixtures, with each serigs repfesenting a unique ratio of .
constituents (Bliss, 1939). However, such tests ten@ to bePvery
time-consuming and costly and are therefore avoided.

The incentive to develoﬁ a more pragmatic approach to evalﬁating
multiple toxiecity arose serendipitousiy upon ex;mination of the
empiriéal data which were fecorded in the present study. These data
suggest that copper agd nickel in combination are SUPRA-ADDITIVE as
lethal agents for the‘zebrafiSh (Tables 6; 7;_Figure 9). Howevef;-

v
chemica; analyses revealed that the relative prdportions o§ tﬁese__

)
heavy metals in test mixtures were not comstant (see chemical assay
; : :
data in Table 7). Consequently, the multiple toxicity data could

not be readily'analyzed and expressed quantitatively without first

being adjusted to compensate for the abparent'discrepancies'in the

e,
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constituent ratios representing the various mixtures. The rationale
for this "adjuétment" is the basis of the proposed deela

+ 'As a point of departure in the derivétion of the model, it
will be assumed that if SUPRA-ADDITIVE poisons are similarly acting,
i.e., they stimpla%e the same type of receptor in exposed organisms,
then mixtdYes which combin; these poisons in constant relative
proportions maf be treated as different concentrations of a single
discrete toxicant. If this assumption is correct, the multiple
toxicity data for similarly acting toxicants which are SUPRA-
ADDITIVE shouid theoretically generate a finear dose—response curve,
provided that the constituents of mixtures are combined according
to a gixed ratio. Conve?gely, the multiple toxicity of SUPRA-
ADDITIVE poisons in mixtures which do not represent a common ratio
would be represented by dose-response points that deviate from
linearity. 1In the latter casé, the extent of lateral displacemént
between a point and a theoretical dose-response curve for
constituents combined in constant proportions, is hypothetically )
related to the discrepancy between the corré%ponding constituent
ratios. .

The ypproach of the proposed moéel is to quantify this
rélationship and define a_mathematical operator which, as a functiqp
of the differences between-c;nstituents ratios, shifts all displaced
dose-response coordinates so as to describe a-straight line.

Figure 13 illustrates hypothetical relationships between the .

relative potencies of*mixtures of two similarly acting toxicants and

L ’
the constituent ratios, for various forms of multiple toxicity.

>,
ki
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Although-this aspect of toxicology has received little attentien,

there is some empirical evidence to support the shape of the INFRA-
ADDITION curve {(Osterhout, 1914; Jones, 1939; Roaie§ and Perlmutter,
1974 a,b). Examination of the isoboles depicted in Figure 13
reveals that the ;urves for SUPRA-ADDITION and INFRA~ADDITION each

-~

tend toward a single maximum and minimum respectively. These
trends suégest that at a given level of response, ; single constituent
ratio represents the most potent SU?ﬂgLAbﬁITIVE,'or conversely,‘
the ieast potent INFRA-ADDITIVE combination of 'two tbxicants. By
definition, a relatively low concemtration of a highly potent
mixture 1Is required to ﬁroduce the same résponse as a rel;tively
high ancentrat;on Qf a less potent mixture. Therefore, the moge
potent a mixture is; t?& lower its total concentratiqn must beiin
order to evoke a paéticular response. Thus, if the constituent
ratio repreéenting thé most potent SUPRA~-ADDITIVE comﬁination at a
given level of response is common for all response levels, then the
corresponding dose-response curve must fall farthest Eo the left on
s

a graph which depicts the doée—responSe curves corresponding to

ot%s; constant constituent ratios.

-

\ ) .
The application of this rationale in the present study is

based on the following assumptions: -(l) cquer and nickel are
similarly acting at the lethal level; and (2) departures from
lineérity in ‘the multiple_tq;i;ity data which are‘plcttea in
‘Figure 9 are attributable primarily to discrepancies iﬁ i@g ratios
of‘gqpper énd niékel in the éifferent test mixtures. 'According

to the concentration scale in Figure 9, dose-response coofdinﬁges'
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which are farthest to the left at each response level denote highly

potent mixtures. Conversely, coordinates which are farthest to

the right at each.response level represent mixtures of comparitively -

low potency. Presumably, the constituent ratios associated with
those multiple toxicity coordinates which are farthest to the left

approach the hypothetical constituent ratio which is associated

-with_the most potent combination of copper and nickel. 'On the other

hand, the constituent ratios for those multiple toxicity coordinates

which. are farthest to the right in Figure 9 should deviate markedly

" from this "hypothetical ratio". Theoretically, if shese data were

to be standardized with respect to 4 common constituent ratic and
adjusted accordingly, the resultant dose—response coordinates would

.-

describe a straight line. On this premise, the following_procedure

« . h 1

- . -

»

is applied. Those;empiﬁiéal coordinates (Figore 9) whose constituent

ratios approximate an arbitrarily chosen estimate of the "hypothetical

ratio" are virtually "unadjusted", while all ‘other coordinates are

l mathematically shifted to the left. The degree of shift for each

codrdinate is quantitatively related to the discrepancy betﬁeen
i ~~1 .

its empirical. eonstituent ratio and the arbirrarily chosen estimate

of the "hypothetioal’rarjo", This relationship is depicted in

‘Figure 14. a & . o . )
Once rhe”multiple toxicity data Jre standardized in this way,

-

4 linear regression 1s fitted to the adjusted coordlnates. Basedf

_on- the derived model the regression is represented by the following

| ta -

/

i . *
model of CONCENTRATION—ADDITION.(Equatlon 8) with the "shift"

.- ? R

- equation. This expre551on modifies the equi;ggn predictied by the. A

7 .
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o
Figure 14. . Shift function for derived model of SUPRAHADDITIVE ‘
’ SYNERGISM for mixture of 51m113r¢y acting toxicants J and ﬁ‘
. \/
LN - i )
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ICPK-J)

K+J

Proportion of K in mixture whose total

cancentration is expressed in terms of
X (PK J ) :

shift function
proportion of K in mixture (J and X) whose total
concentration is expressed-in terms of K

c
_____K

RK JC + C

concentration of J

&

concentration of X

relative potency factor used to express CJ as equipotent
concentration.of CK; see Equation (6)

a constant denoting the arbitrarily chosen estimate of P
which hypothetically represents the most potent SUPRA-
ADDITIVE combination of J and K

K+J

a constant denoting a relative measure of the degree of
SUPRA-ADDITIVE SYNERGISM for the most potent combination of

J and K; "S" is the value of (P J) for single pure solutions
of J (PK .7 0) or

K (2. 1)

-~

]

Constraints on shift function, IfPK.J):

K-J

1. f(PK.J) is continuous from PK-J = 0 to 1

2. F(VW) =.0

3. F(0) = f{1) = a constant, S

Shift function:
1+ (S-1)(v-P_ )/V LAE P, <V
1+ (s-1) (V—PK_J) /(¥-1) ,if P >V
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- -/-.
function" formulated in Figure 14.
~
s S0t %

Y = a+b loglo : 27

: {1+(s-1) (V=P DIV, if R <V

. F, = ) ‘ 5

. K377 14(8-1) (V-2 D/(V-1), 4E B [ >V ,

Equation (27) expresses mortality as a function of the independent

J K

represent” the concentrations (mg/1) of copper and nickel respectively

variables C_, CK"RK'J’ and PK'J' In the present study CJ and.C

in each mixture; Rk-J is equal to 169.,17215, which is the relative
potency factor that expresses copper in terms of equipotent nickel
at lethal levels (see "Results'); and PK'J is equal to the proportion

-

of qickei in each mixture (sée Table 7). The terms a, b, V, and §
are‘constants which are theoretically related to the particular
toxicants, organisms, and any toxicity-modifying factors associated
with the empirical data. bl

The solution qf}Bquatidn (27) for the multiple toxicity
data of the present studf was deﬁerminedi£y computer analysis.
This analysis was based on a program which was designed to arbitrarily
select values of V and S which, ﬁhen subsﬁituted in Equation (27), maxi-
mize the linearity of the adjusted dose-response data (Appeﬁdix IV). The
res;l;ant linear regression computed for tﬁese adjusted data is
compared with‘the linear regression computed for the original

unadjusted data. Tables 17a and 17b present the results of this-

analysis,
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Table 17a. Computgr anQIYSis of lethal multiple toxicity data
823 accordingito derived model of SUPRA-ADDITIVE SYNERGISM.

A

-

Linear regression for unadjusted data:

v = 1.615+ 3.749 log (169.17215 C, + c,) (28)
wvhere,
Y = probit of % mortality ‘
C1 = concentration of copper (mg/1) - .
‘ .
C2 = concentratidn of nickel (mg/l) -
computed correlation coefficient = 0.3799,
Linear regression for.adjusted data: ’
(29)
(169.17215 C; + Co)
Y- = -4.084 + 11.348 log,, _
+ -10- .60- .
{1 - (2.10-1)(0.60-2,,,)/0.60 . ,if P, , <0.60
1+ (2.10-1) (0.@0—1’2_1)/(0.60-1),1f P,., >0.60
where,
VvV = 0.60 |= the arbitrarily estimated valuve of P which

represents the most potent ,SUPRA- 2-1
ADDITIVE combination of copper and nickel

S = 2.10 = the value of f(Pé.l) for single pure solutions
of copper or nickel. "S" denotes a relative
measure of the degree of SUPRA-ADDITIVE SYNERGISM
for the most potent SUPRA-ADDITIVE mixtures

P2-l = proportion of nickel in mixture
= C2 ‘
169:17215'C1‘+ C2 o S
f(Pz_l) = shift function (see Figure 14)

computed correlation coefficient = 0.8091
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. These results suggest that the most potent combination of

copper and nickel contains 60Z nickel, i.e.;v = 0,60, and 402

~

copper with respect to the totdldconcentration of the wmixture.. Such

mixtures are é.l times more potent, i.e. S = 2.10, than predicted-

N
~

according to the model of CONCENTRATION-ADDITION. "

Statistical analysis of ;hese results indicates that the
correlation coefﬁi;ient-(0.8091) based on the adjusted dose-response
data is highly signiéi;aﬁt (P <-0.001); conve}sely, the correlation
ggefficient (0.3799) associ;ted with the unadjusted data is:not
significant (¥ > 0.03). Thu§‘the derived model,_as‘represe#ted ﬁy
_Equationl(27), increases the linearity of these daté (Figure 15).

‘The résults of the present study suggest that‘phe derived
model may serve as an efféctive tool for quantifying. SUPRA-ADDITIVE
$YNERGISM by means of fitting a linear regression to adjusted'dose-
responge.aata. The general application of the model may provide a
practiqgl.épproach.to predicting, on the basis of the observed |
responses of aq;agic organisms to a few test mixtﬁre;, the following
phenomena: (1) the.responses‘of équabic organisms to other
comblna\lons of these toxicants ¥epresent1ng other constltuent
ratios; /;nd (2) the particular comglnatlons of the toxicants that
are likely to be most potent and consequently, most hazardous to
aéuatlc organisms. The feasibility of these and other possible

applications of the proposed model should be determined by future

investigations.

-
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Protocol (refer to Figure 2)

" APPENDIX I

SAMPLE CALCULATIONS DEMO TING THE PROTOCOL FOLLOWED TO COMPUTE

NOMINAL CONCENTRATIONS OF A SINGLE TOXICANT AND THE REQUIRED FLOW
RATES FOR THE CONTINUQUS-FLOW DILUTION APPARATUS

1. "Decide on the range of concentrations to be tested, based on

-~

previous knowledge of the toxicant's potency if the .information

is available.

" 2. Using the éolloﬁing derived formula, interpolate the range of

concentrations in order to determine "n" concentrations spaced

-

at equal ‘Intervals along a logarithmic scale.

. ’ " - 1
‘ Cx = antilogi}ogcl + (x-—l)(logC'n - 1ogCl)/(n—lﬂ - (30)
. where,
' n = the number of concentrations to be determined
Cx = the. concentration which is at pesition "x" in

rank when all concentrations to be determined are

listed as variables in order of increasing

magnitude, 1.e. C1 = lowest concentration,
C2 = second lowest concentration, ...,

C = highest concentration.

n
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5.

Decide on a concentration to be established in the toxicant
chamber of the diluter. This concentration should be greater
or equél to the highest concentratibn (Cn) which is to be

delivered to an exposure aquarium, but low enough so that

metal salts do not precipitate in the chamber.

 Calculate a flow rate for each faucet ﬁh the toxicant chamber

AS
(see Equation 31).

RC

o’p = Rp+le+1 -(31)

vhere,
R = flow rate of toxicant solution at any phase

"p" of dilution

C = concerntration of toxicart solution at phase

Ll

"p" of dilution. -

s
I

" flow rate of toxicamt solution at phase

"p+1" of dilution

St

o1 concentration of toxicant solutién at phase

‘"p+1" of dilution.
‘* -

[}
il

Select a flow rate for the faore® located in the side of the

water chamber which serves the toxicant chamber below with
1

“--diluent water. ./ This flow rate'may be arbitrarily selected,

however it must exceed the sum of the previously calculated

flow rates for faucets in the toxicant chamber. ‘The purpose

of this constraint is to maintain a constant head level in the
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toxicant chamber by feeding in a surplus flow of diluent water
' v

which can only escape through the standpipe in the chamber.

. &
6. Calculate a flow rate for eagh of the other faucets in the

water chamber to prgvide a final flow rate of 300 ml/min

of diluted toxicant solution into each exposure aquarium.

s

7. Decide on a drip rate for Mariotte bottle and calculate

concentration of stock solution required (see Equation 31).
Based on this drip rate,.dééefmine the volume of stock

solutiofiwhich is required for the duration of the experiment.
o . . _f‘ . .

. -

Note: Tﬁéisame approach is used to éompute flow rates wﬁen_

mixtures of two toxicants are'zo be studied.' };f

.
e

'Sample Calculations (refer to Table 18)

For test concentrations ranging.from 15.0 mg/l to 35.0 mg/1,
a nominai concentration is determined for each exposure aquarium
according to Equation (30). Based-on a final flow rate of 300 ml/min

through each exposure aquarium and a selected concentration of -

200 mg/l in the toxicant chamber,

: = ' 32
< Rlcl RZCZ . (32)
Rl(ZOD) = (3OO)C2 o
; R |
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flow rate for faucet in toxicant chamber _ .

P

3]
n

5 nominal concentration to be tested.

-

AEcérding tg Table 18, tﬁe sum of the flow rates for faucets in the
Foiiéant chamber is 392.0 ml/min. A flow rate of 500.0 wml/min for . .,
the faucet in the side of the water chamber .should provide a .
suffici;nt surplus flow to ‘maintain a'cbnstant head level i; the -
ioxicant chamber below. To provide é total flow rate of 300 ml/min
into each exposure‘aqparium, the flow rate’for each of the other
fapcets in the water chamber must be 300 minus Rl.- ' - -E
The concentration of toxicant stock solution in the Mariotte

bottle is calculated based on the following information: (1) drip

rate of stock solution from Mariotte

tgle is 2.0 ml/min; (2) total
£lux of diluted solution through toxi hamber is 2.0 + 500.0 =

502 ;i%min; and (3) concentration in onicanp chamber is 200 mg/l.

ay

Thusy . ,;
‘ BoCo = R | .
: 2, = (502)(200) ‘
T C0 = 50,200.0
where,
C0 = concentration (mg/l) of toxicaAt séock solution in - iy

Mariotte bottle.
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Table 18. _Results-of sample calcula;iohs to compute nominal
’ concentrations of & single toxicant and the required
flow rates for the diluter's faucets -

.

Nominal test

~concentration of Faucet flow rate for Faucet flow rate for
toxicant - toxicant chamber ] water chamber

(mg/1) (zl/min) - (ml/min)
_15.0 . 22.5 | 277.5
16.3 . 24.5 . 275.3
17.8 : 26.7 ' ' 273.3
19.3 . 29.0 . . 271.0
21.1 31.7 i ~268.3

22.9 | 34.4 - 265.6
24.9 - 37.4 262.6
27.1 ;mo.7 259.3

- : =
29.5 44.3 1 255.7
32.2. 48.3 | 251.7
o~ | \"‘-
35.0 : ¥ 52.5 247.5
)
Sum = 392.0 ) -
T

:
A}
I
A
A
Al



COMPUTER PROGRAM DESIGNED AS COMPUTATIONAL AID FOR FINNEY'S (1971) METHOD

APPENDIX II

OF PROBIT ANALYSIS; COMPUTER OUTPUT IS GIVEN FOR SAMPLE DATA

This program performs a ‘single iteration of amalysis in the "maximum
likelihood" estimation '0f a probit regression line. When necessary,
,subscquent iteratiéns .may be performed by re-executing the program using
' _cégfgrmatlon derived from previous iterations.

anooaooano iy

-

NORMAN. WEINSTEIN

. COMPUTATIONAL AID FOR TABLE 4.1, P.62 IN FINNEY,1971.

PROGRAM .CALCULATES REGRESSION LINE PREDICTED Y S AND THEIR
954 FIDUCIAL LIMITS.

SUBSTITUTE N=#ROWS, TC=CRITICAL T VALUE FOR (N-2)DF AT P=.05
ENTER DATA ACCCRDING TO "2 FORMAT", WITH X=LOG CONC, '
NW=WEIGHTING COESFICIENT - #TEST ORGANISMS, WPY=WORKING PROBIT.

PROGRAM MAIN(INPUT,OQUTPUT, TAPES=INPUT, TAPE6=CUTPUT)
REAL X(100),NW(100),WPY{100),KWX(100),,NWY{100)

REAL was(1oo) warf1oo) NWYS(100) Y(TOO} YNEW(100),VY(100)
REAL SY(100), :LL(1004 FLU(100), rL(100) U(1oo)

N=26 N

TC=2.064

SNW=0 : >
SNWX=0

SNWY=0

SNWXSA=0

SNWXYA=0Q -

SNWYSA=0

WRITE(6,1)

1 FORMAT(*1* 6, ¥X*, 13X, ¥NW*, 12X, *WPY* 11X, ¥ NWX*, 11X, ¥NWY ¥, 11X,

1ENWXSQR 9%, ENWXY X 10X, ANWYSQH)

DO 8 I=1,N :
READ(5,2)X(1) ,NW{T) WPV(I) _ -
FORMAT(3F10.2) ‘ '

CALCULATE COLUMNS AND THEIR SUMS
NWX(I)=NW(I)*X(I) /
NWY(I)=NW(I)*WPY(I) _
NWAS{I)=NW(I)*(X(I)*¥*2)
NWXY (X)=NW(I)*X{I)*WpPY(I}
RWYS(I)=NW({I)®*(WPY(I)*¥2)
WRITE(6,3)X(I),NW(I),WPY{I) ,NWX(I),NWY(I) ,NWXS(I},NWXY(I),
INWYS(I)

3 FORMAT(* * 8F14.7)

SNW=SNW+NW(I) j&
SNWX=SNWX+NWX (I) S

-103-
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SNWY=SNWY+NWY(I)

- SNWXSA=SNWXSA+NWXS(I)
_ SNWXYA=SNWXYA+NWXY(I)

" SNWYSA=SNWYSA+NWYS(I) .

CONTINUE

CALL ROUND(SNWXSA,5,SNWXS)
CALL ROUND(SNWXYA,L4, SNWXY)
CALL ROUND(SNWYSA,3,SNWYS)

CALCULATE DATA MATRIX STATISTICS -

AA=(SNWX*%*2) /SNW

. BA=(SNWX®SNWY) /SNW

10

1

12

13

14 FORMAT(*O* *PREDICTED Y'S AND 95% FIDUCIAL LIMITS ARE AS FOLLOWS

CA=(SNWY**2) /SNW

CALL ROUND(AA,5,38)

CALL ROUND(BA,%4,B) |

CALL ROUND(CA,3,C)

SXX=SNWXS~-A

SXY=SNWXY-B

SYY=SNWYS-C

XBAR1=SKWX/SNW

YBAR1=SNWY/SKW

CALL ROUND(XBAR1,4,XBAR)

CALL ROUND(YBAR1,4,YBAR)

WRITE(6,4)

FORMAT(*O* *SUMS OF COLUWNS ARE AS FOLLows*}
WRITE(S,5)SNW, SNWX

FO MAT(*O* *SNW=%*,F15. 2,12x,*smwx=*,F15.u)

WRITE(E, 6)SNWY snwxs

FORMAT(* * 'SNWY_*,FTG 4,10X,*SNWXSQ=*,F14.5)
WRITE(6, T)SNWXY SNWYS

FORMAT(* *, ®SNW{Y=%, F15 4, 10X, *SKWYSQ=* ,F12.3)
WRITE(6,9)

.FORMAT(*O* *STATISTICS OF DATA MATRIX ARE AS FOLLOWS’)
WRITE(6, 10)XBAR YBAR

FORMAT(*O* ¥YBAR=¥,F10.4,8%,*YBAR=*,F10.4)
WRITE(6,11}sxx;st,3YY

FORMAT(* * %SXX=% F12.5,7X,®*SXY=%* F11.4,7X,*SYY=*,F12.3)

~

CALCULATE REGRESSICN EQUATION,PARAME.‘TERS

SLOPEA=SXYASXX . \ ; .
YINTA=YBAR-SLOPEA*XBAR | '
CALL ROUND({SLOPEA,3,SLOPE}

CALL ROUND(YINTA,3,YINT
WRITE(6,12)
FORMAT (¥0%* , *REGRESSION EQUATIO
WRITE(6,13}YINTCP,SLOPE
"FORMAT(*Q* ,*INTERCEPT=%*,F10-.3,8X,

CALCULATE PREDI@ Y's 9

HRITE(G 14)

ETERS ARE AS FOLLOWS®)

PE:*,F10.3)

1!) -

r
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WRITE(6,15) ’ )
15 FORMAT('O*,TX RY* 8X,*YNEW¥,5X, *LOWER* 5X,*UPPER®)
DO 17 J=1,N .
¥(J) YINTCP+X(J)‘SLOPE
* CALL ROUND(Y(J).E YNEW(J))

-

[
~. ”

CALCULATE 95% FIDUCIAL LIMITS IN TERMS OF Y AT EACH X
SEE EQUATION 4.31, P.76 IN FINNEY,1971.

VY(J)=1/SNW+{((X{(J)-XBAR) ¥¥#2) /SXX
SY{J)=SQRT(VY{(J))
FLL{J)=YNEW(J)-TC®5Y(J)

FLU(J) =YNEW(J)+TC*SY(J)

CALL RQUND(FLL(J),3,FL(J))

CALL ROUND(FLU(J),3,FU(J)) "
WRITE(6,16)%(J), YNEW(J) FL(J), FU(J)

16 FORMAT(' ¥,F10.2,3F10. 3)

17 CONTINUE

FIND LC50 AND ITS 95% FIDUCIAL LIMITS @Ei

SEE EQUATION 4.37, P.79 IN FIFN@Y,1971.

V=(5.0-YINICP)/SLOPE
G=(1.96%%2) /( (SLOPE¥*2) #5XX)
P=SQRT((1-G)/SNW+{{V-XBAR)#¥2) /SXX) .
Q=(1.96/(SLOPE*(1-G)))*P
VL=V+(G/(7-G) )*(V-XBAR)-Q
VU=V+(G/(1-G) ) *(V-XBAR)+Q
WL=10.0%*yL
WU=10.0%¥yy
VA=10.0%%y
CALL ROUND(VA,2, VLCSO)
CALL ROUND(WL,2,AL)
CALL ROUND(WU,2,AU}
WRITE(6,18)V '
18 FORMAT(’O* *ESTIMATED LOG LC50 IS*,Fi4.9)
WRITE(6,19)VLC50
19 FORMAT(* * *ESTIMATED LC50 IS*,F]1.2)
WRITE(6,20)AL

e

20 FORMAT(* * *LOWER 95% FIDUCIAL LIMIT OF ESTIMATED LC50 IS*,F7.2)

WRITE(6,21)AU

21 FORMAT(* * *UPPER 95% FIDUCIAL LIMIT OF ESTIMATED LC50 IS*,F7.2)

STOP

END

SUBROUTINE RGUND(F,L,D) .
SUBROUTINE TO RQUND OFF NUMBERS TO "L" DECIMAL PLACES
Z=zABS(F)

H=Z+5.0/(10.0%%(L+1))

TR=H¥(10.0%*L)

D=IR/(10.0%*¥*L) . .

IF(F.LT.0)D=-1.0%D

RETURN

END '

AL
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STATISTICS OF DATA MATRIX.ARE AS FOLLOWS.

XBARz- 1
SX= y

-

L5148
.98975

YBAR= k.5
Sxy= . 21.4

853
L6k

SYY=

REGRESSION EQUATICON PARAMETERS ARE AS FOLLOWS

INTERCEPT=

PREDICTED Y'S AND 95% FIDUCIAL LIMITS ARE AS FOLLOWS

X
1.10
1.18
1,.21
1.26
1.30
11.32
1.33
1.36
1.37
1.37
1.39
1.43
1.45
1.46
1.48
1.51
1.51
1.54
1.59
1.62
1.66
1.69
1.70
1.73
1.87
©2.00

ESTIMATED LOG LC50 IS

ESTIMATED
LOWER 95%
UPPER 95%

YNEW
2.803
3.147
3.276
3.490
3.662
3.748

"3.791
3.920
3.963
3.963
4,049
§.221
5,307
4.350
4_436
4.565
5.565
4. 694
1_909
5.038
5.210
5.338
5.382
5.511
6.112
6.671

LCS0 IS

FIDUCIAL LIMIT OF ESTIMATED LC50 IS 37.49
FIDUCIAL LIMIT OF ESTIMATED LC50 IS 45.39-

-SLOPE=

LOWER
2.388
2.799
2.952
3.205
3.407
" 3.507
3.557
3.705
3.754
3.754
3.852
4.043
4.136
4.182
5.273
4,405
4.405
§.532
4,735
5.851
5.001
5.111
5.148
5.256
5.747
6.195

1.611214518
50.85

4,298

‘UPPER

3.218
3.495
3.600
3.775
3.917

3.989

4.025

4135

4.172
§.172
4.2486
L.399
4,578

- 4.518

5.599 .
4.725
h.725
4.856
5.083
5.225
5.419

. 5.567

5.616
5.766
6.477
7.147

119.007



APPENDIX-III

COMPUTER PROGRAM DESIGNED TO QUANTIFY TOLERANCE AS -A FUNCTION OF .
CONCENTRATION OF TOXICANT AND BODY WEIGHT OF ORGANISHS COMPUTER
OUTPUT IS GIVEN FOR SAMPLE DATA . .

\\. . --" ‘
NORMAN WEINSTEIN
PROGRAM TO DETERMINE BEST PROPORTIONALITY FACTOR FROM -2.00 TO
+2.00 .
«TEELOR PROGRAM TO SPECIFIC DATA BY SUBSTITUTING N=#ROWS FOR
CARD AFTER "DIMENSION" CARD.
ENTER DATA IN 3 COLUMNS ACCORDING TO "1 FORMAT" WITH
W=WEIGHT, -C=CONCENTRATION, Y=RESPONSE IN PROBITS.

COO00O00000

PROGRAM MAIN(INPUT,QUTPUT,TAPES=INPUT,TAPE6=0UTPUT)
DIMENSION W(100),C(100),Y(100),WP(401),R(401)

N=g

DO 2 I=1,N -

READ(5,1)W(I),C(I),¥ (I} - s

FORMAT(3F10.2)

2 CONTINUE -~

-

lsNeNe]

COMPUTE PROPORTIONALITY FACTORS ‘
DC-T J=1,5801 -y
WP(J)==2.01+J%0.01

aoon

COMPUTE CORRELATTIONS

SD=0.0
$Y¥Y=0.0
'SDY=
S8D=
SSY=0.
DO 3 K'T N
CW= C(R)/W(()**HDCJ)
D=ALOS10(CW)
SD=SD+D-
SY=SY+Y (X}
SDY=SDY+D*Y(X) ~-
SSD=SSD+D**2
SSY=SSY+ (Y (K))%*2

3 CONTINUE
SD2=8D**2

M non

0.0
0.0
0.0

L
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OO0

-1

10
1

12

13

14
15

-6

a7

18
19

- . -109-

SY2=Sy*#p . - .

RNUM=N¥*SDY-SD¥*SY . .
RDENOM=SQRT ( (N*SSD-SD2)} *{N*SSY-SY2))
R(J)=RNUM/RDENOM

-

FIND BEST CORRELATION

IF(J-1)4,4;5 . .
RMAX=ABS(R(J))

KAzJd |

GO TO 7 .o .
IF(ABS(R(J})}.L RMAX)GO TO 6
RMAX= ABS(R(J)) :

KA=J

GO TO 7 N
IF(J.EQ.0)CO
CONTINUE

WRITE(6, 10)R(KA)

FORMAT(*O' *CORRELATION (USING BEST P F. IS*,F9.4)

WRITE(E, 11)R(201)

FORMAT(*O' ¥CORRELATION USING NO P.F. ISH#, F9 43

WRITE(6,12)

1)
WRITE(6,13)

FORMAT(*O' 6%, *WEIGHT*,7X, *CONC* ,6X,*LOG CONC*, GX *C.EFF*,

14%,*L0G C. EFF* 4x *RESPONSE*)

D0 15 L=1,K

E=ALOG10{C(L))

CW=C(L)/W{L)**BESTPF
GINDP=ALOG10(CW)
WRITE(6,14)W(L),Cc(L),E,CW,GINDP,Y(L)
PORMAT('O* BF12.4) -
CONTINUE ’

COMPUTE LINEAR REGRESSICNS

WRITE(6,16)

FORMAT(*O* *LINEAR REGRESSIONS AS rOLLOWS*)
DO 25 IJ=1,2

SUMD=0.0

SUMY=0.0

SUMDY=0.0 ‘-
SUMSD=0.0

IF(1J-2)17,18,18

Z=BESTPF

GO 70 19

7=0.0 - o,
DO 20 M=1,N ) 4

FORMAT(*O* *C.EFF = EFFECTIVE CONC = CONG/{W RAISED TO BEST P.F.)}* -



20

=110~

CW=C(M) /W(M)2xZ
D=ALOG10{CW)
SUMD=SUMD+D
SUMY=SUMY+Y (M)
SUMDY=SUMDY+D*Y (M)
SUMSD=SUMSD+D¥##%2
CONTINUE

. SUMD2=SUMD¥*#*2

BNUM=SUMDY-SUMD*SUMY/N
BDENOM=SUMSD-SUMD2/N
SLOPE=BNUM/BDENOM

- SINTCP=(SUMY-SLOPE*SUMD) /N

21
22

23
24
25

IF(IJ-2)21,23,23

o

WRITE(6,22)SINTCP, SLOPE

FORMAT (*0*, *RESRONSE=¥,F10.3,*

G0 TO. 25
WRITE(6,24)SINTCP, SLOPE
FORMAT(*Q* ,®*RESPONSE=¥,F10.3,¥
CONTIKUE

STOP

END : -

+%F10.3,% LOG C.EFF¥)  _

+¥ F10:3,*% LOG CONC*)



PROPORTIONALITY FACTOR (P.F.) GiVING BEST CORRELATION IS .47
CORRELATION USING BEST P.F. IS
CORRELATION USING NO P.F. IS

C.EFF = EFFECTIVE CONC = CONC/(H RAISED TO

WEIGHT
4200
.2900
-2900
.3200
4200
4200
4200
4200 -

- L8200

CONG

.1300

.1500

.1700.

.2200

- .2200

.2400
.2700
.3100

-3500

-111-

-9354 -

LOG CONC

-.8861
- ..8239

. -.T696

-.6576"
. “-.6576

-.6198
-.5686
-.5086

-.4559

LINEAR REGRESSIONS AS FOLLOWS

RESPONSE= 6.829
RESPONSE= 7.377

+

+

4.636 LOG C.EFF

4.063 LOG CONC

9618

BEST P.F.)

C.EFF., - LOG C.EFF
L1954 -.7090
2684 -s72 -
.3042 -.5169
.3758 -.4250
.3307 - .1805
.3608 4427
.14059 -.3916

U661 -.3316.
.5262 -.2789

RESPONSE

-~

3.7200 y

4.1600

BR800

4.8200
1.4800
H.HSOQ
5.0000 ~
5.2500

5.8400

.

-
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APPENDIX IV. \w'

‘COMPUTER PROGRAM DESIGNED FOR QUANTITATIVE MODEL OF SUPRA-ADDITIVF
SYNERGISM; COMPUTER QUTPUT IS GIVEN FOR SAMPLE DATA

i
A
~

NORMAN WEINSTEIN

MULTIPLE TOXICITY MODEL FOR SUPRA-ADDITIVE IQXICAﬁTS IN
BINARY MIXTURES ) -

PROGRAM SELECTS BEST "V" FROM 0 TO 1.00 AND BEST
“S"\FROM 1.00 TO 5.00

TAILOR PROGRAM TO SPECIFIC DATA BY SUBSTITUTING N=#ROWS FOR 2ND
CARD AFTER “DIMENSIOH“iCQRD. ENTER DATA IN 3 COLUMNS

ACCORDING TO "1 FORMAT™ WITH-P=RELATIVE PROPORTION OF ONE TOXICANT
IN MIXTURE, C=TOTAL CONCENTRATION OF MIXTURE EXPRESSED IN TERMS
OF ONE TOXICANT, AND Y=RESPONSE IN PROBITS.

PROGRAM MAIN(INPUT,OUTBUT,TAPES=INPUT,TAPE6=0UTPUT)
DIMENSION P(100}, C(100) Y(100) v(101),s(%01), 3(401)

1 RM(101),XB(101) ~ .
N=13 . y ,
DO .2 ID=1,N : |

READ(S, T)P(ID) C(ID) ¥(ID)

1 I"0Rl‘4h’1‘(3£~"10 2)
2 CONTINUE

~ COMPUTE V'S,

.:?-. &
DO 13 I=1,101
V(I)=0.01%(I-1)

© COMPUTE S7S

DO 9 J=1,40

- 8(J)=0 OT*({r1)+1.00

COMPUTE CORRELATIONS

- -112-
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- 15

o

17

12

13

14

16

17

DO 6 K=1,N '

IF(P(K)- v(I))3 3,4 ~
F=1.00+(S8(J)-1. oo)*(v(I) P(K))/V(I)

GO TO 5

F=1.00+(S(J)-1. oo)*(v(z) P(K))/(V(I) 1. oor
CE=C(X)/F

D=ALOG10(CE) | - A Y
SD=SD+D ‘ . ‘ - -
SY=8SY+Y(K) ; -~ '
SDY=SDY+D*Y(K)

SSD=SSD+D#*#2

SSY=SSY+Y(K)#¥2

CONTINUE ; .

SD2=Sh##2 o
SY2:=Sy#*#p ; ’ ©
RNUM=N*SDY-SD*SY, H
RDENOM=SQRT ( (N¥SSD- SD2)*(N*SSY—SY2))
R{J)=RNUM/RDENOM - . ~

FIND: BEST CORRELATION

-IF(J-1)7,7,8
RMAX=ABS(R(J))
KS=J ’ . ¢’ '
GO TO. 9 !

IF(ABS(R(J)).LT.RMAX)GO TO 10

RMAX=ABS(R(J})

KS=J ‘ .-

CONTINUE

CONTINUE

RM(I)=R(XS)

XB(I)=KS

IF(I-1)11,11,12

RM=ABS(RM(I))

KV=I .

GO TO 13 -

IF(ABS(RM(I)).LT.RM)GO TO 13 o Vel
RM=ABS(RM(I)) :

KVT -

CONTINUE

RMX=RM(XYV)

JJI=KB(XY)

BESTS=0.01%*(JJ-1)+1.00

WRITE(6,14)R(1) .

FO°4AT(*1* ¥CORRELATION FOR UNADJUSTED DATA IS¥, F8 iy -
WRITE(G, 15)RM(KY) - '
ronwalt*o* %CORRELATION FOR ADJUSTED DATA IS¥% F§. u)

WRITE(S, 16)V(Kv) '

FORWRT(*O* * V=% F5.2,% = ESTIMATE OF PROP (P) OF 1 TOX. IN *
1*MOST DOTEVT COHBINATION oF TOX ‘s¥)

WRITE(6,17)BESTS ; : -
FORWAT(*O* * S=*,F5.2,*% = REL. DEGREE SUPRA-ADD. FOR MOST *
1*POTENT COMBINATION OF TOK S®) -

WRITE(6,18) - \‘\\
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18 FORMAT(®0%*,*C_ADJ=ADJUSTED CONC.=CONC. /F(P)®)
WRITE(G, 19)

19 FOHMAT('O' BWHERE F(P)=1+(S-1)(V-P)/V, IF P ¢ OR = V¥
WRITE(6, 20)

20 FORMAT(*O* *WHERE F(P)s= 1+(S-1)(V-P)/(V-1) IF P > v¥)
WRITE(6, 21)

21 FORMAT(*O* 9X,*P*,9X,*CONC¥,6X,*L0OG CONC*,6X,*C.ADJ*, nx
1%L0G C. ADJ* ux , *RESPONSE®)
DO 26 L=1,N
E:ALOG10(C(L))
IF(P(L)-V(KV))22,22,23

22 F=1.00+(BESTS-1. oo)*(vtxv) P(L))}/V(RV)

© GD TO 24

23 F=1.00+(BESTS-1.00)*(V{KV)~P(L))/(V(KV)-1.00)

24 CE=C(L)/F
GINDP=ALOG10{CE)
WRITE(6,25)P(L),C(L),E,CE,GINDP,Y(L)

25 FORMAT(*O* 6F12.4)

26 CONTINUE

-

COMPUTE LINEAR REGRESSIONS

WRITE(6,27)
27 FORMAT(®*Q*,*LINEAR REGRESSIONS AS FOLLOWSY)
DO 39 IJ=1,2
SUMD=0.0
SUMY=0.0
SUMDY=0.0
SUMSD=0.0 : ‘
IF(IJ-2)28,29,29

28 Z=BESTS
GO TO 30

29 Z=1.00

" 30 DO 34 M=1,N
IF(P(M)-V(KV))31,31,32

31 F=1.00+(Z-1. 00)*(v(Kv) P(M))/V(KV)

- GO TO 33- ’

32 F=1.00+(Z-1.00)*¥(V(XV)=P{M) ) /(V(KV)- 1 00)

33 CE=C(M)/F
D=ALOG10(CE) °

_ SUMD=SUMD+D

- SUMY=SUMY+Y{M)
. SUMDY=SUMDY+D*Y (M) -
 SUMSD=SUMSD+D¥*2 -

3% CONTINUE i
SUMD2=SUMD¥**2
BNUM=SUMDY-SUMD*SUMY /N
BDENQM=SUMSD-SUMD2/N
SLOPE=BNUM/BDENOM
SINTCP={SUMY-SLOPS®*SUMD) /N
IF(1J-2)35,37,37 .

35 WRITE(6, 36)SINTCP 'SLOPE

36 FORMAT(*O* *HESDONSE-*,F1O.3,* +% F10.3,* LOG C.ADJ

. 1*ADJUSTED DATA)*) ' '

(FOR *



GO TO 39
37 WRITE(6,38)SINTCP,SLOPE
38 FORMAT(*Q*® *RESPONSE=%*,F10.3,* +% Fi0.3,* LOG CONC
1*UNADJUSTED DATA)*) .
39 CONTINUE -
) STOP
* END

(FOR *
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CORRELATIQH FOR UNADJUSTED DATA IS . -3799

CORRELATION FOR ADJUSTED DATA IS  .8099
Vs .60 = ESTIMATE OF PROP.(P) OF 1 TOX. IN HOST POTENT COMBINATICK GF TOX'S
S= 2.10 ' = REL. DEGREE SUPRA-ADD. FOR MOST POTENT COMBINATION OF TOX'S.

C. ADJ=ADJUSTED = CONC . =CONC./F(P)

WHERE F(P)=1+(S-1}(V-P)/V, IF P < OR = V

WHERE F(P5=1+(s<1)(v-?)/(v-1). IFP>V

P ' coxc LOG CONC C.ADJ  LOG C.ADJ ' RESPONSE
-5300 7.1800 .8561 6.3638 .8037 5.5500
.5700 7.7800 .8910 7.3758 -B6TT 6.0800

. .3%00 8.32800 9232 6.0505 7818 8.1500 ’
i .35900 8.3800 .9232 6.0505 - .T7818 ~ §.0600
200 8.6800 9385  6.5263 8157 5.3600
.8100 -6;6900 -9350 5.508T -TR1Y 5.1500
.8600 9.4300 9763 7.5438 B776 5.8200

.8200 9.5900 9773 5.9128 . . .7718 8.3500 '

-6600 - 9.9800 | -9991  8.5665 -5328 6.3800
8300 10.1300 1.0032 6.2520 .7953. 5.6500
8800 10.6900 1.0250 6.5398 -Bodg 5.8100
.8600  11.6900 1.0678  6.8163 .8336 5.5500
.8g00 1%.6500 1.1570 B.1725 -912% _ 6.88o0C

LINEAR REGRESSIONS AS FOLLOWS
RESPONSE= -5.084 . 11.3%8 LOG C.ADS (FOR ADJUSTED DATA)

RESPONSE= 1.615 « 3.749 LOG CONC (FOR ONADJUSTED DATA)





