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Abstract 
~ ~ '1 

A standard methodoloqy was developed for performing avoidan--
~ - 1 

- -
ce-preference tests, using Rainbow Trout (Salmo qaiz-dneri) as the 

. 
test organism. Experiments were c9nducted in a hydraulic chan-

nel, 9.15 rn long by 0.30 m wide, partly diVid;â along its lengt~, 
and at a flow depth of 0.30 m. The design combined' steep and 

, 
shallow gradient .characte~istics. The toxicants investigated 

included Cu(Il), Cr(IIl) and Cr(Vl). The lowest avoidanc~ 

thresHold values were established at 2.1 ~g/l for CueII) and 

0.0026 mg/l and 0.026 mg/l fot Cr(III) and Cr(VI) res~ctively 
'\ 

while avoidance reactions increased with levels of toxicant in 

the channel.- Similar experirnents were performed with rainbow 

trout which were pre-exposed at sublethal levels to the toxicant, 

in order to assess the influence of toxic pre-exposure to the 
. 

subsequent, ~ish avoidance .response. The length of pre-exposure 

varied between 7 - 2~ weeks. Avoidance threshold values were 

. correlated with safe levels of toxicant exposure. 

Pre-exposed fish exhibited decreasing avoidance reactions • compared to non-exposed popu'ations. Increased tolerance to the 

toxicant, was suggested ~y the increase i~ avoidance threshold 

values wi th pre-expQsure levels. Fish exposed to ...test concentra­

tions matching their pre-exposure levels, clearly preferred this 

same concentration over the adjacent lowet or higher test concen-

tration. 

A two mechanism avoidance model was-proposed independent of''. 

toxicant used or~leve~ of pre-exposure. The toxicant concentra--. ' 

tian wher~· the second mechanism begins t~dominate was referred 
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1 to as avoidance breakpoint, and was 

l:' , . li 
cQr~elated to a MATe level 

Il J 
\1 

for the' toxicant in ..cptestion. Olfactory responses weFe p~oposed 

to be'associated with fish avoidance responses below the av~id-
. r 

a~ce b~eakpoint, ~hile hypoxic stress ~lOng with osmo- and ~ono 
a " reguIaêory stress appeared to be responsible for driving fish . 

avoidance rèactions beJfand 

A clearance period of 

recaver normal avoidanée 

the avaidan~e \~reakPaint. 
1,1 , 

7 days was sufticient to allow fisij to 

l:>ehaviaur fa 1 i"oWing pfe-exposure to 
~ 

Cr(VI) belaw the avoidance breaKpoint. 
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Résumé , 
,.t, , ...... 

méthode o~timisée a été dé~eloppér po~r l'évaluation d~ Une 
\ a 

la'réponse d'évitement et de préférence de poissons (sa~o gair-

•• dueri) à la pollution. La méthode consiste à introduire des tru-

ites arc-en-c~el,dans un canal hydraulique de 9.15 m de long sur 

0.3 m de large et de 0.3 m 'profbndeur de flux. Le canal. est par,-'" ' , 

tiellement divisé sur sà longueur" et permet d'appliquer deux 

gradients toxique~ dans~la zone divisée. La réponse des poissons 

est estimée par la fraction de poissons se trouvant dans la zone 

non polluée (courbe d'évitement). 

On précisa d'abord les seuils minimums de réaction 

d'évitement à 2.1 ~g/l pour le Cu(II), 2.6 ~g/l pour le Cr(III) 

et 26 ~g/l Cr(VI). A des valeurs supérieures, les réactions 

d'évitement augmentaient avec la concentration en poluant. 

On évalua ensuite l'influence d'une pré-expbsition (7 à 20 

semaines) à des niveaux toxiques, sous-létaux sur la réaction 

d'évitement. Les poissons pré-exposés avaient des réactions 

d'évitement plus faibles que les poissons non-exposés. Une aug-

mentation de tolérance envers la substance toxique se manifestait 

par ~'augmentation des valeurs des seuils d'évitement avec le 

niveau de pré-exposition. Les poissons exposés à des concentra-

tions toxiques équivalentes à celles de leur pré-exposition 

préféraient nettement cette mêmé concentration plutôt que teneurs 

inférieurs ou supér~eurs. 

" -Un modèle d'evitement à double mécanisme-est proposé lequel 

est indépeùdant de la substance toxique utilisée et du niveau de 

pré-exposition. La concentration toxique où le second mécanisme 
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devient dom!hant ~st déte~inée par le point dé rupture dans la 

~ coùr~ d'évitement et indique reliée un pB:,lier "MATe" (Maximum 

Allowable Toxicant ~ncéntration) pour ~a substance en question. . , -
, , 

E~ dessous de ce ~arier, dés réponses olfactives seraient'asso-

ciées avec l'a· réacti'On d'évitement Pour des conce(ltrations . .~ 

. toxiques superieures au point de rupture, la réaction d'évitement ... 
, serait prqy~éeJpar la combinaison d:un stress h~oxique et d'un 

,stress de~l~osmo-iono regulation. 

Une P.eriode de désinto~ication de 7 j~oest sutf;sante 

pour permettre aux poissons pré-exposés au. Cr(V de recouvrir 
- ~ 

des réac~ions d'évitement comparables ~ 'celles des pQissons non-
r ~ 

exposés, pour des concentrations. inférieures au point de rupture . 
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1.0 Introduction 

A growing concern over environmental' issues and the impact" 

of toxic substances on the qua lit y of human life has resulted in, 

th~ application of various bioassay techniques to establish water 
• • quality standards. Lethal bioassays are routinely used to assess 

the toxicity of a particular pollutant. Sublethal effects, 

although difficult to evaluate, provide more meaningful informa-

tion on the environmental impact of a toxicant, sinee sublethal 

levels are those commonly encountèred in natural waters. 

The objective of laboratory subl~thal toxicity testing is to 

establish effluent threshold levels, below which fish would not 

b& exposed to hazards and not only survive, but thrive. Further, 

by 'comparing d~ta on sublethal threshold concentrations with 

expected effluent levels in receiving waters, the long term , , . 
heilth of the fishery resource ~ the ecosystem in general may 

be assessed. 

The influence of long term exposure to sublethal levels on 

behavioural reactio~s h~received little attention. Resulting 

changes in behaviour could have significant environmental impli­

cations and might be of considerable importance in research car­

ried out for the purpose of'setting standards for water quality. 

f\lost experimenta,l work is designed to establish la cause 

effect relationshi~ In e~vironmental studies, this relationship 

'is referred to as stress-response. The fact that an ecosystem is 

under stress is not necessarily of immediate concerne Within 
" 

limits, eccsystems can adapt to stress; sorne degree of stress may 

even promote environmental health in the long run (Env. Canada, 

) 



-. . ' 

1986). Ho~ever, ~t is recently recognized that there can be 
. ' 

hazards to humans and to the stability of ecosystems due to 
'~ 

extendèd exposure of organisms to contaminants at levels that 

were not previously regarded as "harmful. Advances in an~lytical, 

chemistry provided means to detect a larger number of chemicals 

in extremely low concentrations (fraction~ of parts per tril-

lion), and increased our level of awareness about the presence of 

toxi.,cants in particular environments. Thus, information is 

needed on the long-term environmental effects of most chemicals 

in use, since those effects are not known. The only known fact 

is that contaminants affect ecosystems and hum an health to ~ dif­

ferent degree depending on age of the organism, suscePtibi~ty, 

previous history of the individual and combination of contami­

nants (Env. Canada, 1986). 

In the past, Most toxicity studies involved lethal bioas-

says, while studies on the effect of sublethal levels of toxi-
c 

eants invariably used fisb maint~ined in clear water, neglecting , 

the effects of pre-exposure and adaptation of fish to low levels 
;1 

• 
of pollution (Anestis and Neufeld, 1986). 

In the present study, a stress-response relationship was 
( 

~established under sublethal,conditions of acute and long-term 

exposure of fish populations to toxie chemieals. Using a multi-

disciplinary approach, the effect of long term exposure of fish~ 

to copper and two different'chromium compounds was investigated. 

The effect of the chemistry of the chromium eompounds on chromium 

to~icity was also examined. The test organism was Rainbow Trout' 

(Salmo gairdneri), and the testing involved avoidance reactions 

.. 
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'" as th'e criterion for toxicity. 

It was demonstrated~that avoidânce-preference testing dan be 

used for establishing water quality standards, and may aiso be 

applied as a tooi for proposing avoidance preference mechanisms. 

1.1 Objectives 

The main objectives of the present study were , 

1) to ~stablish an avoidance-preference testing metho~Qlogy, 

2') ta study the avaidanee reaetion response of rainbow trout 

exposed to eopper and different ionie forms of ehromi~, 

3) to determine the effect of long-term exposure of fish to ehro-

mium and copper on the toxiei ty of these comp.ounds: using 

avoidanee reaetions as the eriterion for toxieity, and . 
4)'to propose meehanisms explaining fish avoidanee reactions. 



f 
2.0 BackgrQund .. 
2.1 Literature reyiey 

2.1.1 Cgntext and Douncl'ature " 

Industries discharge their 't~ated or untreated effluents 

into th.a closest refuse system or, recei vipg water. Many indus-

trial and . mùnieipal effluents contain toxie compounds and 

consequent1y acute or long term effects on aquatic life are" ) 

observed. Mobile aquatic organisms exhibit sensitive behavioural 

responses, su ch as avoidance, when exposed to a toxic environ-

m~snt. 

Toxicity tests can provide information about letha!, sub-

letha1 or safe levels. They general1y invo1ve bioassays, ,which 

are tests to detect the' presence ~r measure the effects of vari-

ous substances, was'tes or environmenta1 factors using aquatic 
, . 

organisms. In this respect a bioassay is considered an analyti-

cal tool useq to investigate the effect of toxicants on living 
1 organisms (Brungs, 1973). 

The types of flow used in bioassays are either static, or 

with'recirculation of test vater or flow throuqh r(dynamic). 
, . ( 

Bioassays' are classified according to the outcome of tqe test as 

lethal, sublethal and chronic. Depending on the duration of 

exposure of the organisms, bioassays can be considered as acute, 

/) subacute" subchronic, chron~c or long-terme Accordingly prefer­

ence -avoidance tests as performed in the present study can be 

characterized as dynamic, sublethal, acute bioassays. 

Lethal bioassays represent the bulk of the toxicity testing. 

They provide information Qn the lethal concentration of the toxi-, 

cant, which ls the on1y prese~tly accepted evidence of environ-
• 
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mental impact in the courts of law. The most frequently used 

terme are: . 

Lethal Concentration (L.C,) is the result of bioassays using 

. ~ethalitY'ae,a criterion of toxic1ty. 
"-' 

L.C.SO is the concentratibn of a substance for which 50% of test 

organisms are ~lled.followinq exposure. 
, . 

lncipient Lethal Concentration or sl~n~c~ip~i~e~n~t~~Le~t~h~aAl __ ~Le~v~e~l 

(I.L.CrSO or l.L.L.) is the concentration at which acute toxicity 
, 

ceases and 50% of the aquatic population can live indefinitely. 

It is also referred to as Lethal threshold concentration. 

Sublethal bioassays focus on sublethal or safe toxicant lev-

els and are used in establishing water quality standards. Some 

of the terms used in sublethal tests are: 

e or Inhibito 
, 

is the conc-

entration for which effects or inhibitions other than lethality 

are manifested (e.g. avoidance). 

Safe Concentration (s.C,) ls the maximum concentration for which 

no harmful effects are observed after chronic exposure (oQe or 

more generations). 

Maximum'Allowable Toxicant Concentration (M.A.T.C.l ls the concen-

tration of a toxic agent that does not restrict Any water usage. 

It provides the best prediction for safe leveis (Mount, 1977) and 

ie interpolated as the geometric mean of the lowest concentration 

I,having an effect ~the highest concentration having no effect. 

ApplicatioD Factor (A.F,) is defined as: 

A.F. = M.A.TtC. 
l.L.C.SO 

or A.F. = s.e, 
l.L.e.50 
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2.1.2 Toxicitv tests 

) - The main reason f!=>r' performing toxie! ty tests, !s', to , p~edict 

levels of toxicants that will be safe for ,the general well-'being 

of the receiving ecosystem. 

Toxicity bioassays can be used to predict the environmental 

impact of a toxicant discQarge, provid~g information on relative 

toxicities of various pollutants on different species under a . 

var!ety of conditions, a~d are aiso used to establish regulatory 
\ 
1 

restrictions on effluent discharges (Buikema et al., 1982). 

Toxicity tests at the organism level or lower, can a'nswer ques-
1 

tions best abo~~~locus and mode of action of the toxicant in 

question (Buikema ~ al., 1982) . 

The objective in the design and use of toxicity tests in 

bio-monitoring is the ability to predict with,known accuracy a 

concentrati6n that will not~harm an entire ecosystem and its ele-

ments, and make the prediction in a responsible and cost effec-

tive manner. L 

2.1.3 Preference-avoidance tests 

This, study can be classified according to its outcome, as a 

sublethal toxicity bioassay .. Reaction tests are not determinis-
, '" 

tic (SpragU~, 1971). Nevertheless avoidance-preference studies 

are, essential' in establishing the range of concentrations that 

fish avoid, in order to maintain fishing grounds intact~ If fish 

avoid a certain chemical, they will eventua~y_move tO'another 

ground with more favourable condit,ions, and the previous fishing 

ground will lose its·economic value (Ishiq, 1964). Complexity in 

, .. 
-.. -

.,' 
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behavioural responses increase by variables su~ as territo-
. 

~Iity, schooling and leveI of activity. Therefore it is neces-

sary to minimize the influence of these variables on avoidance 
, 

results by choosing appropriate species, apparatus and condi-

tions. Avoidance i8 exhibited as a characteristic of toxicity in . "-'..,. 

combination with level of detection, conditioning and acclimation 

(Bogardu8 ~ Al., 1976). 

Scherer (1975) proposed avoidance reactions as a criterion 

of toxicity ~ince detection and avoidance of sublethal concentra-

tions will help fish escape lethal levels, and alterep spatial 

distribution aff~cts the general ecosystem in addition th eco-

nomic considerations. The study of avoidance responses is essen­
Î 

tial since concentrations causing behavioural responses are dif-

ferent and lower from those causing physiologidal damage (West­
ç 

lake .!rt al", 1977). 
- '. 

Fish seem to spontaneously avoid a .compound of a specifie 

concentration, or they can develop the ability ~o dist~guish a~d 

avoid a pollutant given time. They can also detect changes in . .. 
concentration (Ishlo, 1964; Sprague & Drury, 1969). Among the 

different toxicitr tests, preference-avoidancê test~ are consid­

ered important and practical, since whole-organism behavioural 

responses cannot be predicted from physiological and histological 

Qr other toxicity studies (Mello, 1975; Giattina and Garton, 

,1983) • 
~ 

Preference-avoidance tests exploit the above mentioned abil-
, . 

ity of fiuh to det:ct environmental conditions ~t are not fav-

ourable for survival. In testing the direct r~nse to toxi-

{ 
ÎIÎI'>ÎiÎI'~_'-IIÎI'iii" _______________ ~ _____ ~~_· -------



·c 
cants ~ it may he qetermined if the Il species can detect the toxi­

cant, and if so, whether preference will render it more harmful, 
-

or avoidance will provide a chance for survival. 

Preference-avoidance tests may be divided in two major 

groups, temperature preference-avoidance studies and chemical , ~ 

.. , 
avoidance studies. Temperature, being a major factor for -envi-

ronmental conditions, has been studied extensively and results 

>are found in Cherry and Cairns (1982), for different species and 

temperature ranges. 

avoidance. : 

The present study has focused on chemical 

In the past, a variety of different experimental designs has 
\ 

been empIoyed ta expose fish to a chemical subsüance under simu~ 

Iated natural environmental conditions. The apparati used can be 

classified linto 3 major categories~ shallow gradient, steep gra­

dient and f1uviarium systems. A schematic representation of the 

different systems ~mployed in such studies ~ppear on Figurè 2.1, 

and a review of apparati and to~cants studied appear in Appendix 

A.l. AlI systems have distinct characteristics and advantages-
, .~ 

disadvantages, when compared with each other. In general, equip-

ment employing shâllow gradients better represent a natural envi-
, 

ronment. In contrast, uhey cannot give distinct directional cues 

for fish orientation. ~eproducibility of identical gradients 

,during replicate experiments is generally very poor. Steep gra­
( 

dients on the other hand', while not simulating "normal" concen-

tration gradients in natural systems, provide the necessary eues 

for directive movements. The data can be replicated with accu-

racy and have prpduced the -Most acceptable avoidance 
L-

eurves. 

. ' 

\ 



o~ 

( 

o 

INL ET 

ET 
~ 

...; ... 

1 

j 

1 

TOXIC 
SOLUTION 

-
ClEAR WATER 

<> ' 

-

ClEAR WATER . -
HIXED ZONE TOXle tlATER -.. 

SIMPllF1ED D~IGN A Plan vte« 

-AIR 

-._, • :- -. eD ••• _ •• 

• • \ Mt., :..: : ~ ~ : .0000000--"WASTE •• c,. • ., .... v .... .-.; ...... ~ 

WATER 
FOR ANALYSIS 

ACCESS-, -'-,.. .... 
POCKET' 

( 

SIMPLIFIED DESIGN 8 - S'ide v1ew 

9 

IN LET 
. 

.INL 

SIMPLIFIED DESIGN C - Sida v1ew SIMPLIFIED OEStGr~ D - plan 
view 

./ 

Figure 2.1 Apparati ùsed in avoidance-preference studies (after 
Hadjinicolaou, 1983). 



~ 

~ 

J 

, , 

1. •• 

• 1 

,-.-.. . 

SlNPLIFIEO DESIGN E - Sfde view 

BAFFLE 

-

® 

® 

.7 

RAIN 

TOXle 
WATER 

SIHPLlFIED DESIGN F ... Plan v1ew 

1 
POLl UTE 0 COMMON 1 ORAIN 1 AAEA 

NON .1 ~~-- ® 
t , 1 -

POLLUTEO 1 ~'"' 1 ! 

SIMPLIFIED DESIGN G - Plan view 

SU1PLIFIED DESIGN H - Sfde view 

Figure 2.1 (continued) 
." 

SUIPLIFIED DESIGN 1 - Plan 
view 

SIf.1Pl,IFIED DESIGN J 
Plan view 

r lNlETS, 

Y 
FWVlAR1UM 

CONTROL TEST 
CHANNEL CHANNEL 

DECISION AREA __ _ 

...-. 
QUTLETS\ 

SIMPlIFIED DESIGN K 
- Plan view 



o 

~ 

0 

--

Fina11y, the f1uviarium confiqur~tions can combine both sha110w 

and steep ~radient advantages, such as the assumed distinct con­

centration- interface between channets of different concentrations 
o 

that give concrete directional cue~ to thè ·organisms. As a dis-

advantage, concentration interfaces qannot be guaranteed, and 

previous fish exposure to'higher concentrations may alter the 

organisms~aviour, yielding poor reproducibility of results 

du~ing replicate experiments. 

In the present study, a channel (Spraggs et al., 1982 

-design H, Figure 2.1), was extensively modified ta exploit the 

advantages of bath shallow and steep gradients, by analyzing and 

establishing hydraulic conditions to yield repetitively ide~tical 

concentration profiles in the apparatus during actual experimen-

tation for avoidance-preference evaluation. 

Due to the sensitiv1ty of fish to detect very low leveis of 

toxicants, the most significant information provided by 

avoidance-preference testing is th~ establishment of the avoid­

ance threshold level or avoidance threshold 'èoncentration. This 

level can be proposed as a Safe Concentration (S.C.) for the tox­

icant in question. Various a~~hors have used the term jn a dif-

ferent pontext. Some ~ere referring to avoidanc~ threshold as 

the first concentration level where significant a~id~nce reac­

tion was observed (Giattina and Garton, 1983). Others used the 

term as the toxicant concentration effective at causing avoidance 

or the concentration corresponding to the intersection of the 

avoidance curve with the neutrai 1ine of response (usua11y the 

50t 1evei of number of fish in clear water or equiva1ent1y 50\ of 

) 



time fish spent in clear water). ~ 

~he present study uses the latter definition for the J. avol.d-

ance threshold level, while it ls expected that authors using the 

first mentioned deffnition may propose higher concentrations as 

avoidance threshold levels . 

./ 
2.1.4 Biol09ical basis of behaviour relevant te fish avoidance 

reactions • 
In bioassays the "measuring probe" ta evaluate the qUantifi-

, 
able parameter is the experimental organisme In avoidance 

J 
studies, changes in behaviour is the means of quantifying the ~ 

effect of the toxicant on the fish. 

Behaviour of fish ls affected by the previaus history of the 

organisms, social interactions, stage of development, physical 

characteristics of the experimental channel, ambient temperature 

and territoriality of the organisms (Adler, 1975). These factors 

influence the repeatability of results in avaidance-preference 

'bioassays and they were considered in the present study for deci-

sions on fish maintenance, pre-exposure, acclimation and exper­
• 

imental protocol. 

Mello (1975) proposed that avoidance is an integrated 
" 

ner-

,vous system respanse, 'since the nervous system controls Most 

bOdily functions. A ~ervous system stimulation~ caused by the 
/) 

toxicant on the organism, internally or externally, induces a 

change inlboailY functiOnj resulting in an avoidance-preference 

~reaction. The intensity and acuteness of avoidance reaction 

41;. depends on the level of the toxicant concentr~on as weil as on 

" 

• 
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the method of detectiqn apd transmission ~ the stimulus: It was 

suggested that ol,f.action pl1lys an impo~nt role in toxicant 

detection. simîlar-ly osmoregulation was prop05ed as a potential 

mechanism to produce behavioural changes. 

2.1.4.1 Mode of toxic action 

An element is said to be toxic if it injures the growth or 

metabolism of an organism, when supplied above a certain level. 

The most important,mechanism of metal toxic action is poisoning 
-

of enz~e, systems. Cu2
+, Hg2

+ and Pb2+ have a high affinity for 

amino, i~;no and sulfhydryl gr~ups, and can block the active 

sites of many enzymes in fish or replace an essential element 

such as Zn2+ (Alabaster and, Lloyd, 1980; Fergusson, 1982). 
l 

Metais are aiso readily che~ated by organic moiecules. Thus 
\ 

metai toxicity may be correlated with electronegativity, "stabil-
. " ity of" s~lfides, and stability of chelates. Considering the 

order of electronegativity of metal elements as prèsented below, 

Hg>Cu>sn>pb>Ni>Co>Cr>Cd>Fe>Zn>Mn>Mg>Ca>Sr>Ba, 

it is expected that copper should be more toxic than chromiurn or 

zinc, which is supported by findings in the Iiterature (Alabaster 

and Lloyd, .1980). fased on the or~er of stability of their sul­

fides.' which for the eiementai form of metals can be represented 

by the sequence: 

Hg>Cu>Pb>Cd>Co> >Sn>Mg>Ca 

be more toxic than Pb2 +, which is 
~ 

suggested .i.n the literature. The texic action is due to the for-

mation of insoluble sulfides by reacting with proteins, enzymes 
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and other ligands (Ferguson, 1982). , 
The arder of stability of the chelates which me~s form 

wlth blochemical Molecules ls represented 

sequence for the elemental form of the metals: 

Hq>Cu>Ni>Pb>Co>Zn>Cd>Fe>Mn>Mg>Ca. 
~ 

by' the fOllowinq 

Accordingly it is expected that Cu 2
+ will be more toxie than 
V 

Ni2 +,' whieh is supported from evidence in the l~terature (Alabas-

'ter and Lloyd, 1980). PhoSphate groups of Many biochemical mole-

cules al 50 offer potential ehelating sites for metals. Phosphate 
1 

being a backbone of DNA, if affected can cause ,incorrect genetic 

information to be transmitted. The outeome is that modified pro-
p 

teins and enzymes are produced leading to changes in the organisrn 

and produ~ing toxic effects. Terato-genesis and birth defects 

are also associated with metal interfetence with the DNA mole-

cule. Metal ions readily bind to phosphate in the following 

order: 

Mg2+<C02+<Ni2+<~+<Zn2+<Cd2+<Cr3+ 
, ' 

A similar toxie action was suggested by Sprague & Drury 

(1969), that avoidance response of fish depends on irritants that 

inhibit the sulfydryl group in enzyme systems of sensory recep-
~ 

tors. They elassified them as mercaptide forming agents such as 

hêavy metals, oxidizing agents, and alkylating agents. Zinc 

which belongs to the first category, or chromium in the second 

category in fact produced fish avoidance. Phenol, which could 

~ be classified in any of the above categories, does not stimu-

late avoiqance. 
~ • Another action mode metal toxia is impairment of O2 of 

.' n 
, " ; 
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-uptake, causinq deleterious effects on metab~lic processes, or 

interference with swimminq or respiratory ability so that actual 
~ 

02,consumption is lowered (Spraque, 1971) • .. 
Impairme~t of osmorequlation which requlates the salts bal­

ance of the boay fluids, is the mode of action suqqested for Cr 

, (VI) toxicity on fish (Van der Putte ~ li., 1981). 
\ 

Another proposed mode of action for a toxicant, is by côm-

bining with membrane cells, altering their permeability (e.g. 

AU+, Cd2+, cu2+, Hg2+, Pb2+, cr3+, U3+) (Alabaster and Lloyd, 

1980). These elements may affect transport of Na+, ~, c\- or 

organics across membranes, and possibly rupture the cells (strik 

et li., '1975) . 
) 

) 
1 

A mode of letha1 action is reduced water permeability of 

gi11s. Sprague (1968) and Van der Putte et al. (1981), suggested 

that taxic effects result from the actual concentration on the 

surface layer of the gills, which in turn depends on ambient tox-

icant levels and velocity of respiratory flow (Sprague, 1968). 

Taxicants also act on chemoreceptive organs or motor nervous 

systems affecting avoidance movements. Heavy metais in particu-

lar May affect the palatal chemoreceptors and dépress the 

response of the sugar and salt receptors (Spraque and Drury, 

1969: Hara, 1979i Hara ~ gl., 1976, 1983: Alabaster and Lloyd, 

1980). 

2.1.4.2 Hgchanisms of action 

It ls proposed (Alabaster and Lloyd, t1980; Mason, 1981) that 

toxicants act on fish to produce their taxie effects by: \ 

( 

'. 

, . 
• 
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1) Externai infIûenee on gi11 ,surface resu1ting in lowered oxy­

gen àvaiIability causing hypoxia (e.g. oxidizing agents, metaIs, 

chlorine). 

2) Inteirnally (e.g. chloramines) producing anoxia, which is" 

caused by converting functional blood hemoglobin to non-
o 

functional methemoglobin in O2 transport, and 

3) Ion regulating mechanismp of organ membranes ean be respon-
J 

sible for toxicity of ionie species. 

These meehanisms may be candida~es for elieiting avoidanee 

reactions as weIl. 
1 

Most of the metais that are to~ic beyond a certain concen-
~. 

tration are e5sential at very low leveïs for normal growth. Fig. , 

2.2 illustrates proposed dose-response eurves for essential and 

non-essential elements. 

2.1.5 Chemical consideration of the toxicants used in the 

present study 

It 15 generally aecepted that only several species of the 
. 

chemicals are taxie (Curtis, 1975; Fergusson, 1982; Sprague, 

1969). AlI metals that are bound in complex chemistry produce 

lower toxicity reactions. Simple salts affect fish more easiIy 

(S1ngh and Ferns, 1978; Brown and Parsons, 1978). Also the 

ionic ferro plays an important role (hydrated ion, oxy or hydroxy 

speeies, ~tc.) sinee its reactivity depends on the forme The 

moIeeu1ar form of the toxicant penetrates membranes more easily 
\ 

than the ionie form (Fergusson, 1982). 

·r· . •• _ ~I • 
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Chemistry of çbromi)lJR 

Chromium, with an atomic number of 24 and atomic weight 52 

oxidation states ranging from Cr(lll) to CrèVI). Most com-

/ monly, it oceurs as Cr(O), Cr{lII) and Cr(VI). Cr (II) dos very 
1 

unstable, rapidly oxidizing to Cr(III). Cr(VI) is a strong oxi­

dant and as a result, it is easily reduced to the Cr(III) forme 

only two forms, Cr(III) and Cr(VI), are found in nature. 

The Cr(VI) form appears fairly stable in water, mainly due 

to the laek of reducing materials. The Cr(IlI) form is associ­

ated m~nly with particulate matter, which suggests that organic 

particles may reduce and bind the element, Ieaving the Cr(VI) in 

solution (Cotton and Wilkinson, 1972). Other data suggest that 

chromium may be adsorbed on clay partieles, while Cr(I!!} as 

chromate readily penetrates biological (embraneso 

- Chromium is an essential trace element, and is found in 

almost aIl living matter ~well as in soil, water and air. The 

water content of rivera( in North America ranges frorn 1 to 220 

19/1 (Goulet et al., 1982), while in the vicinity of industrial 

discharges, levels as high as 20 mg/1 have been reported (Env. 

Can., 1983). 

Chromium occurs in most biologieal material in the Cr(III) 

form (proteins, nucieic acidS, blood plasma and low molecular 

weight ligands). Leveis up to 1 mg/g appear in liver tissue. 

Law concentrations of chromium have stimula~ory effects, but are 

toxie at htgh concentrations (see also Fig_ 2.2). 

Chromium exists in wastewaters in the HCro4- and cro42-

anionic forme. Acid reduetion of Cr(VI) to Cr(III) and subsequent 
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Figure 2.2.1 Dose-response eurve for essential elernents. 
(after Fergusson, 1982) 
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organism's health (after Mason, 1981). 
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\ hydroxide precipitation is the most common form of Cr(VI) removal 
\ 

(Patterson and Minear, 1975). 

Cr(VI) was found to cause impaired kidney and~l functions 

in trout, intestinal hemorrhages as weIl as swolle~alt cells, 

slime cells and hypertrophy, hyperplasia and hemorrhages on gill 

lamellae (Strik et al., 1975; Van der Putte >·.et al., 1981). 

Rainbow trout can be exposed'to acclimation periods in metal 

solutions, and although the y accumulate abnormally high concen-

tration of metal in sorne organs, survive as long as non-exposed 

fish (Al~baster and Lloyd, 1980). 

Rainbow trout cannat compensate for loss of plasma ions 
". 

(mainly Na·) when exposed ta Cr(VI), due to damaged kidney or 

gills (Van der Putte et al., 1981). On the other hand, toxicants 

may increase the water uptake of trout. This can result in 

higher resistance due ta increased urine production reducing 

deposition of toxicant on tissues. 

Chromium bioaccumulates and as is the case with other cumu-

lative toxicants, starts ta have an effect after reaching a crit-

ical level in the tissues (Mello, 1975). 

Two chromium compounds were used in the present study for 

assessing toxicity avoidance. Chromium is a known toxic agent, 

but it is not known under which form and at what concentration it 

has' an effect as may be seen by the broad ranges of effects in 

App. A.2. Two different salts were chosen basrd on their chemi­

cal characteristics, to cover the range of chemical forms in 

which chromium can be found in nature. Potassium dichromate 

" 
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tested. When CreVI)" wa$ used, all chromium' in ~olution was 

assumed to be in the hexavalent forro, due to the slow re~uction 

of CreVI) to CrvrII) with"a half life up to 1200 hrs (Benson, 
,.' 

1968). The equi.libr ia relevant t"b the study for CreVI) in 

aqueous solution are (Kemp, 1972) 

HaCrO ... :::: H+ + HCrO ... - K1 = 4".1 mo1e·I- 1 

HCrO ... - ~ H+ + CrO .. 2- K2 =...l-..... 3 X 10- 6 mole·l-l.. 

2HCrO ... --~ Cr 2 0 7 
2- + H2 0 K3 = 98.1 mo]e"l-l. jf 

i 

indicating that Cr 2 0 7 
2- is the predominant speciE:.s under the 

exper)fental condi~ions, while the H2CrO .. is the reactive form of 

Cr(VI~ in oxidation mechanisms. J 

When Cr(III) is injected in the channel CrOH2+, Cr(OH)2+ and 

Cr 3 + are expected to exist in solution, with Cr(OH)2+ being the 

MOSt abundant in solution. 

App. A.3. shows pH dependence and maximum concentration of 

the three Most simple Cr(Ill) ions. Note that the concentration 

of ions with 1, 2, and 3 positive charges decrease by 1, 2, and 3 

orders of magnitude for each increase of one pH unit. The 

kinetic inertness of Cr(Ill) causes the occurrence of many com­

plexes. A dim~ and soluble polymerie species also exist in the 

solution, but their biological activity is unknown. In nature, 

chromium ions are complexed with other ligands that ~ay be sol~ ~ 
1 

tible. Only with known composition of the medium, one may find 

the Most abundant complexes by aid of the compilation of stabil-

ity constants (Fergusson, 1982). 

The Cr(IlI) complexes are numerous (tho~sands). Their prin­

cip~l characteristic is their rela~ive inertpess in aqueous solu-
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tians. Li9.and-displacement Cr(III) complexès reactions of are 

very slow (half-life in the arder of 40 hrs). They persist for 

long perioqs of time in solution" even under thermodynamically 

unstable con~itions (Ferqusson, 1982). 

2.1.5.2 Uses of chromium , . 
Chromium is used to harden steel, manufacture stainless 

) 

steel and form use fuI alloys. It is also used to give glass an .. 
emerald col or and is widely used as ~ catalyst. Dichromates are 

~ . 
used as oxidizing agents, and in tanning leather. Lead chromate 

is used as a pigment, and in the textile industry as mordants and ~ 

by aircraft and other industries for ~odizing aluminum. The 

refractory industry uses chromite for forming bricks and sha~es. 

It is also used in cooling towers of large air- conditioning 

installations. 

Table 2.1 summarizes ~ the uses of chro~ium 1n the industry 

along with information on other metals. 

2.1.5.3 Chemistry of copper , 

Copper ls one of the most abundant trace metais. It has an 

atomic number of 29 and atomic weight of 63.· Copper is not 

encountered as free ion in the aquatic environment and'its oxida-
• 

tion state is usually cu2+. 

In aqueous media, co~r forms aquo· ions [CU(H20)6]2+ in the 

absence of other interfeting agents. Alkalinity, pH and hardness 

are the major modifying factors in copper speciation (Spear and 

Pierce, 1980). Under the given experimental conditions the most • 

." 
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abundant s:Qecies is expected to be CUC03 wi th. cu2+ and CUoS+ 
-

found at similar concentrations but approxi.ately 100 times less 

than 'CUC03 • Next i8 cu (c03) 22- , with a 1006 fold lower 

concentration compared to cuco3. Finally CU(OH)-3 exists in 

conoentrations 1~00 lower than CUC03 (Spear and Pierce, 1980). 

with organic ligands, copper forms the most stable organic 

cO!npl~xes. The bondipg strength in copper-organic complexes was 

highest compared to all'other divalent ions regardless of type or 

concentration of ligand (Spear and Pierce, 1980). Complexation 

capacity of organic ligands towards copper depends on pH and 

water hardness. 

In terms of copper solubility, water hardness and pH play 

the major role, with decreasing solubility as pH and ,bicarbonate 

levels increase. At constant pH, solubility increases with 

increasing bicarbonate levels. 

In general, dissolved copper levels in Canadian surface 

waters do not exceed 5~g/l. Copper exists in nature tas non-

labile co-ordination complexes and adsorbed forms. Rivers have a 
~;" 

higher assimilative capacity due to the presence of particulate 

matter held in ,suspension prôviding ~ substantial adsorp~ive sur- . 

face. Recommended standards [~~ubliC water supplies i~ 1000 

~g/l, while for protection of aquatic life, the level is at 5 . 
~g/I (US EPA 1976). 

In terms of bioaccumulation potential of copper, Duffus 
VI , 

(1980) suggested no evidence of food chain magnification. He . 
proposed ~hât copper's toxic action' is due to immediate expo8~ 

~ , 

to the element.. Thi~ i8 in agreement with Hodson gt Al. (1979) 

\ 
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who sugg~s~ed that labile and nct ingested dr adsorbed copper ls 

eausing taxie effects. Whole body copper concentrations deerease 

with increasing trophic level. Consuming organisms may be capa­

ble of organ 'specific accumulatjon and metabolic regulation. On 

the other end of'the ~rophic levels, plankton bioaccumulated cop-
" . 

per at 90,000 times the ~ient concentration (Spear and Pierce, 

1979.) . 

Copper inhibits oxygen consumption for aquatic biota which 

is proposed as a mode of toxic action (Hodson et al., 1979). 

Impairment of Qsmotic and ionic regulation is proposed as pos-

sible causes of death for inverte~rates. In fish, mainly osmo-

regulatory impairment is associated with death. For sublethal 

concentrations, the' lo~st levels of toxicant concentration caus-

ing physiological and reproductive impairment were comparable 

with upper levels of toxicant concentrations responsible for 

behavioural (avoidance) reactions (Spear and Pierce, 1979). (Also 

in Fig. 2.3.) 

A tabula~ion of the available information on copper and the 

toxicity of ·various pollutants is found in Beitinqer and Freeman, 

1983, and Hara et al., 1983. According to the data, fish are 

affected by copper weIl below lethal levels and sorne species 

could disappear without direct evidence of mortality (Hodson et 
• 

al., 1979). Fish aiso demonstrated a potentiai for acclimation 

son et al., 1979; Dixon and spragu~, 1981). 

i~ c6pper resu;tinq in increased tolerance at lethal ~~els (Hod-
y 
, 
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. "2.1.5.4 Soure.&; of copper 

Copper found in water is a waste product of humanactivities 

such as in the textile in~ustries, as an anti-foulinq agent in ~ 

paints, in the manufacture of electrical products, in eleetro­

plating and smelting. Copper eompounds are also used as funqi-
(' 

cides, pesticides~ algaecid$S and piscicides. 

2.2 Approach in the present study 

2.2.1 Need for the study 

~rious investigators Çsee 5.2.2) have expressed a need~for 

research on the impact of previous short or long term exposure 

and adaptat.ion to the effect of toxicants at sublethal levels. A 

development of a protocol for sublethal testing, especially when 

studying fish avoidance reactions was necessary. More informa-

tion was also needed on the mechanisms by which fish detect and 

avoid chemicals. Information on the sublethal effects of chro-

mium and particularly avoidance, was scarce and inconclusive and 
, 

information on lethal leve~s varied widely (App. A.2). 

2.2.2 Avoidance-preference as a tool for assessing toxicant 

impact on organisms 
1 

Behaviour has been recognized as a\method of assessing the 
() 

condition and weIl being of an organism (Hodson ~ Al., 1979). 

Certain behavioura~ characteristics m~y be associated with nor-

mality, while others may be associated with i11ness, in jury, and 

fatigue (Cherry and Cairns, 1980). 
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Avoidance-preference 1s considered one of the most sensi ti ve ',' 
'\ 

predictors of toxicant impact on organisms. Comparison of avoid-

ance data with lethal threshold values provide more sensitive 

estimates for safe levels of toxicity (Buikema et al., 1982). In 

addition, concentrations at which fish start exhibitin9 avoidance 

reactions may be correlated with threshold reproductive impair-

ment concentrations (Buikema et al., 1982; Hodson et al., 1979) 

(Fig.2.3). 

... 
2.2.3 The element of pre-exposure in the present study 

In natural situations, background concentrations of toxi-

cants are present in the water, while bioassays were normally 

conducted using organisms reared in purified water. Extrapola-

tien of lab results were questionable in terms of their applica-

bility in a natural ecosystem. 

The use of pre-~xposed fish in the present study provides 

information on the modification of fish behaviour due to pre-

exposure, and the range of pre-exposure concentrations that can 

be handled by fish homeostatic mechanisms, without causing irrev-

ersible effects (Fig.2.4). 

2 • .2 • 4 Factors affectin the outcome of avo tests 

The measurable parameter in the prese study is fish avoid-

ance reaction. 
1 

the following 

Fish 
Avoidance = 
Reaction 

-------
In a laboratory simulation of natural conditions, 

expression can he estahlished: 

System Hydraulics, System Chemistry, ) 
Organism Biology and Social Behaviour, 
Experimental Procedures 

~ -

(2.1) 
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Figure 2.4 The relationship betw~n physiological impairment 
fOllowing increasing ~ure to pollutants and the 
consequent disability of an organism (after Lloyd, 
1972) • , 

f 

.,< 

1 

.. ,':' 



• 
/ 

o 

AlI pararneters noted in equation 2.1 have a significant 

impact ~ the outcome of the avoidance-preference tests. They 

directly affect the transference and transfo~ation of the toxi-

cant in the water (Hydraulics, Chemistry, Biology) while repeata-. 
bility of avoidance data lies with two'factors that were not 

given the apprapriate attention in the past (Social behaviour, 

Experimental procedures). 
~~ 

2.2.5 Critical parameters for avoidance-preference testing 

The goal of any experirnental design is ta yield reliable and 

reproducible results. Jt is believed that paor reproducibility 
~ 

af avoidance data in the past is the result af insufficient con-

sideratian of the parameters involved, especially thase involving 

the experimental protocol. 

A list of avoidance-preference classification parameters is 

presented on Table 2.2. Critical ~arameters are those considered 

essential for thé reproducibility of results. At the hydraulic 

level the reproducibility of the concentration field depends on 

the time to reach steady-state in the channel. This is the situ-

ation when the concentration field is stable throughout the chan-

nel. Steady-state time is different from retention time, which 

is th~ time it takes the injected toxicant ta travel fromothe 

cross-section of injection to the channel end gate.) In the pre­

.sent study retention time was of the arder of 6 minutes, while 
\ 

steady st~te was established after 15 minutes. 

Standard water quality a~d knawn speciation of the toxicant 

are imperati?e to yield reproducible avoidance results. 

) 
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\ 
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For a fixed experimental protocol the following parameters 

are critical to the reproducibility of results: 

Territoriality load expressed as [total fish weight / tank vol­

ume]. Availability of adequate space for normal social behaviour 

is highly significant to the reproducibility of results. If this 

,parameter is violated, avoidance reactions are masked due to 

aggressiveness of individuals in the process to establish their 

territorial space. This parameter is affected by the size and 

developmental stage of the organisms. 

Channel acclimation period [T). Sufficient time should be pro-

vided for the organisms to familiarize with the georoetry of the 

avoidance apparatus as weIl as to recover from the stressful 

experience during their introduction in the channel. 

Fish distribution prior to actual testing. (A.P.O.) Each group 

of individuals used during experimentation does not necessarily 

distribute similarly through~t the channel. Any fixed consider-
/ 

ation of initial fish distrib~ion, such as 50/50 in the past, 

introduces a random bias fa~or if the distribution is not actu­

ally the assumed one, resulti~ in poor data reproducibility. 

Time for fish to reach steady-state. This is the time it 

takes fish to establish their positions in the channel, mani­

fested through infrequent position changes and relaxed swimming. 

It is longer than the time to reach channel steady-state. The 

sequence for the present study was 6 minutes retention, 15 min-

utes channel steady-state, 20 minutes fish steady-state. Read­

ings obtained prior to fish steady-state are prone to errors and 

poor reproducibility of results. 
~ 



3.0 Materials and Methods 

3.1 Materials 
, 

The present study employed a continuous flow-through system. 

This system consisted of 5 basic components (Figure 3.1): 

Water Treatment (1) 

Holding and Pre-exposure Facilities (2) 

Temperature Control (3) 

The Channel (4) 

Data Acquisition (5) 

A brief description of each component follows.; 

3.1.1 Water treatment 

Since the available water source is the city of Montreal 

water supply, and standard water quality is a prereguisite for 

this type of experiment, an additional purification system was \ 

incorporated to guarantee standard water guality in the syst~m. 

It consisted of: 

(a) an auto-activated carbon filter (A.C.) (OURO AAC-24) with 

automatic multi-valve control for backwashing, and 

(b) ultra-violet light water sterilizer (Aguafine MP-2-SL). 

The City of Montreal water passed through the A.C., where organ-

~s, amines, taste, color and chlorine were removed (efficiency 

up tp 95%) and was then sterilized by the ultra-violet lights 

>99% efficiency in microorganism reduction), to ensure that no 

bacteria May affect the fish r in the holding and pre-exposure 

c tanks as weIl as during the experiments in the channel. 

, 
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3.1.2 Holding and pre-expOsure facilities 

The facility was comprised of: 
<' • 

4 polyethylene drums (tanks A,B,C,D) 

• 2 rectangular tanks 

• 7 flowmeters 

• 4 air pumps 

• 3 water pumps. 

Tank A, with a capacity of 1900 litres, was the storage 

reservoir for purified water. The temperature was regulated 

accordingly, and a floater configuration con1~~ed the water 

1evel while preventing gas supersaturatio~ ~ing the win ter 

months, which mey cause gas bubble disease to the fish. It ~lso 

served as an emergency reservoir of water in the event of tempo-

rary system failure or when the A.C. filter waS backwashed. The 
"---., 

required head for water circulation in the Syst~ was provided by 

,a magnetic drive pump (March DP-GT-MD) located downstream from 

Tank A at a capacity of 130 l/min. 

Tank C was used as holding tank for the non-exposed fish 

population, and had a capacity of 1200- litres. A flowmeter was 
... 

attached with a 2.54 cm pipe to provide adjustable continuous 

flow. Air flow was regulated by aq/independent air pump (WISA 

model 200) and distributed through air stones. Standard 5.08 cm 

stand Pipe~control the overflow in the center of the drums and 

allow for drainage during cleaning. 

(identical with Tank C) together with the two rectan-

gular tanks capacity 400 litres each) 

1 fish to toxicants. Air was provided 

were us~ for pre-exposing 

thrOUqh~dependent air 
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pumps (Hagen Optima) and airstones. The drain configuration in 

Tank B was similar to that of Tank C, wh±le for the rectanqular 

tanks a 10 cm valve was allowing for drainage, which was accom-

plished through a perforated circular center drain, mounted flush 
• with the bottom of the tanks. Water was regulated by flowmeters. 

Tank D, capacity 1200 litres, was the he~ tank for the test 

channel. It receives 11-72 l/rnin water regulated by a flowmeter 

located downstream from Tank C. A 30 x 40 hale on the side of 

the tank, 25 cm from the rim, allows the water to enter in the 

channel. Two more~centrifugal pumps were used to introduce the 

toxicant in the toxicant discharge zone of the channel, and 

create identical flow conditions in the clear water zone cornpared 

to those in the toxicant;~harge, to eliminate bias fastors due 

to differential discharge conditions. The rate of discharge was 

regulated by flowmeters, downstream from each pump. 

3.1. 3 Temperature control 

A submerged heating unit (KTL-318-1 WMMR) was installed in 
& 

Tank A, with an automatic temperature control device (Chromalox 

HCP-GO). It provided a constant temperature of 14.5 ~ 1°C ta the 

system from October to May. 

In the summer, portable cooling u~its were provided for each 

of the fish pre-exposure tanks (batch exposure), while water for 

the system and Tank B (continuous flow) was cooled do;n to 14.5°C( 

by a large capacity cooling unit (60,OPO STU) immersed in Tank A. 
~ 

Waterproof temperature probes were used in conjunction wLth 

a YSI Model 44 Tele-Thermometer to obtain temperature readings on 

/) 
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the different system,components. 
~ , 

3.1. 4 Test channe l 
, 

The test chanhel was 9.15 m long, 30.5 cm wide, and the 

depth of flow was 30.00 cm. It was divided into 5 sections of 

~ 83 m each (Fig. 3.2). The sidewalls of the first section were 

made of plexiglass, while the other sections were constructed of 

; glass. 

The flow was split into two streams in the .. first upstream 
1 , 

section of the channel by a 6.35 mm thick plexiglass barrier 

placed on the center line of the channel, and extending ~rom the 

Middle of the first section to t~e end of the third (4.60 ml. It 

was partly glued at the bottom, partly removable, to allow for 

easier cleaning when the water was drained. This separation 

device is introduced to give the fish a choice between the toxi-

can~ discharge zone and the clear water side of the channel (Fig. 

3.2) . 

18 fish were used per experimental run and were confined via 

two perforated honeycomb gates within the 3 Mid sections of the -, 
channel. The first upstream section was used to accommodate tox-

icant and clear water injections through multiport diffusers, and 

provide space for complete mixing of the toxicant with the main 

water stream through a muYtistage impeller (Fig. 3.3). The last 

downstream section was used as a buffering zone to- provide an 

undisturbed flow field within the testing region (3 mid 'sec­

tions). The drain was of an overflow cionfi~ration over the end 

gate of the channel. 
'L 

The end gate was removable for rapid drain-
\ . 

\ 
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ing and ease in channel cleaning. 

The third section of the channel, which was undivided, pro-

vided fish with adequate space and a constant shallow gradient 

concentration field. This allowed fish to select the concentra-

tion they preferred, ranging from the level within the toxicant 

discharge zone to that in the clear water zone. 

A lifting gate was{, installed downstream from the edge of the 

barrier to confine fish in the non-separated section during the 

injection of the first concentration of the toxicant prior to 

establishing steady-state conditions in the channel. After 15 

minutes (time ta reach steady state), the gate was lifted, allow-

ing swimming throughout the testing area of the channel. 

The bottom of the channel was covered with~flon inserts 

kept in place with silicone glue. Squares were drawn on the 

inserts defining thus a reference system for monitoring the fish 

-position. Each square was 10 cm x 10 cm, forming a 18 x 3 square 

griq on the bottom within the area of interest for the present 

study. 

To allow for a three-dimensional view of the fish position 

in the channel, mirrors wer~ placed alo~g one side of the 3 sec-
" 

tions, at a 45°C angle. They also served as visual barriers so 

as not to disturb the fish from external sources. Additional 

portable separators were used to protect fish from disturbances 

during actual testing in the cqannel with consequent influence on 
ç 

their behaJiour. Three video cameras, positioned over the chan-

nel, were used to record the sequence of events during each 
'" 

experimental rune 

\ 

< ' 
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3 .1. 5 • Data acguisit10D 
1 

Durinq an experimental run, data were collected for the 

events in the three mtd-sections of the channel. Three cameras 

were positioned over these sections at 2.9 m above the channel, 

on moveable trolleys. Their visual field was set at wide angle 

setting, for a coverage of 5.49 m (1.83 m/camera), providing 

total coverage of the area of interest. 

Events are monitored on T.V. screens, and simultaneously 

recorded on tapes through three VeR's. This allowed fot further 

evaluation/analysis of the eiperimental dataJ AlI video gear 

were Panasonic. 

3.1. 6 Organisms 

Yearling rainbow trout were used" in the bioassay. They were 

obtained from a Quebec commercial hatchery. Fish when received 

were between S-7\cm long and weighed 2-3 g. They were maintained 

under flowthrou~ conditions and 02 concentrations at 90% of 

saturation level, for a minimum of two weeks in clear water prior 

ta introducing them in the pre-exposure tanks. Density of fish 

in aIl holding and pre-exposure tanks never exceeded 0.75 g per 

litre of water per day, compared to the 1-2 q/l/d suggested by 

biOaSSay.standard~'(EPS, 1980; APHA, 1980). 

The water t~erature in a1l pre-exposure tanks was main-

tained at 14.5 p 1.0oC (McCauley ~ Al., 1977). In the winter a 

simple f~exible duct system supplied cold outside air which was 

requlate~th air vents ta maintain the temperature in the tanks 
P ( 

at the desired level. Durinq the summer portable cool ers were 
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used to ma~~t~in the temp~rature at the pre-determined level. 

3 . 2 Meth1!ds 

3.2.1 Channel characteristics 

The flow characteristics and concentration distribution in 
"' , 

the channel-were established through tracer studies usin~methy-

lene blue injections. Flow rates for toxicant injections were 

determined from preliminary experiments to obtain uniform mixing 

and avoid settling of the injected solution at low toxicant 

flows. The cha~nel discharge was set at the actual experimental 

i'evel of 28.5 I/min in each separated section, Yiel~a velo­

city of 1.1 cm/s in the entire channel. 
j 

Methylene blue concentrate was pumped into the toxicant dis-

charge zone through a multiport diffuser (Fig. 3.3). Complete 

mixing was achieved via a multistage impeller located 30 cm down-

stream from the diffuser èross-section ( Fig. 3.3) • 

Sarnpling was performed in order to establish lateral, longi­

tudinal and depth profiles throughout the channel under actual 

experimentaltonditions. Samples were drawn simultaneously from 

8 different cross-sections spaced along the length ofOthe chan-

nel. Five samples/depth at 4 different depths were drawn per 

cross-section using a suction pump, pipettes and flexible tublng 

over a-60 minute periode AlI samp1es were analyzed spectropho­

tometrically at 652 nm. 'The dilution capacity of the channel was .. 
established by comparing :the sample concentration to the concen-

tration of the Methylene blue concentrate. 

The dye concentration was constant with depth in the non-

! 



separated zone. In the separated toxicant discharge zone, the 

concèntration was uniform tHroughout at steady state. The dilu-, 

tion capacity of the channel in the separated section was estab-

lished to be S = 0.0116 (S,= channel measured concèntration / 

stock solution concentration) at steady-state. The discharge 

rates were 57 l/min for the channel and 400 ml/min for the toxi-
~ 

~ant flow. 

3.2.2 Fish maintena~ce 
\ . Fish were received at a length between 5-7 cm and were ma1n-

tained in holding tank C for 2 weeks prior to pre-exposure and 

testing. Fish were--fed twice daily for fish up to 8 cm of length 

and once a day for fish greater than 8~ 
Fish were always maintained a a fish 

'" " 
1 

load per tank less 
1 

,j 

than 1 g/l/d. 

3.2.3 Pre-exposure of the fish ta toxicants 

Fish were transferred to the pre-exposure tanks where they 

, were exposed to sublethal levels of toxicant, for a minimum 

periOd of 7 weeks. " . Solut10ns were changed daily in the pre-

exposure tanks. This pre-exposure period was extended in the 

case of Cr(VI) up ta 20 weeks due-··to mottality at the 3.0 mg/l 
.5 

pr~-exposure level. The rationale was to perform avoidance tests 

on stable populations. A population was considered stabilized 

(steady-state pf 
~ 

pre-exposure), when ~o apparent differences in 

rnortalities were observed between pre-exposed and non-exposed 

fish for two weeks. 

, 

( 
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Samplinq of pre-exposure solutions was performed randomly 

prior ~d after changing the solution in order to establish the 

rate of toxicant loss in the tank over ttie period of\a day. 

3.2.4 AyoidanCe-preference protocol 

Experiments were performed in the channel using rainbow 

trout with an average test weight of 50 (range 37-64) 9 and ove­

raIl lenqth 14 (range 12-17) cm. The water temperatu\e was rain­

tained at 14.5 p 1°C and the water characteristics averaged 100 

mg/l total harqness as CaCo3, 50 mg/l aikalinity as CaC03 and pH 

= 7.2 (see also App. B.1). 

3.2:4.1 Channel acclimation 

Prior to testing, fish were acclimated for 2 or 7 days in 

the experimental channel under clear water flow through ,- condi-

tions. 

3.2.4.2 Avoidance-Preference testing with single and step 

function increasing concentrations 

In<jividual 
) 

concentrated solutions of the toxicant were pre-
... 

pared for each of the concentrations scheduled for testing. They 

were delivered to the channel by means of a pump and flow regula-

tor. 

prior to starting the experiment, fifteen readings of the 

fish distribution were taken one minute Aparte They were used as 

the pre-testing reference fish distribution. The fish were then 

~ restricted to the'third non-separated section of the channel for 

• 
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15 minutes prior to toxicant injection. After 15 minutes from 
< 

initiation of the toxicant injection (Channel steady-state condi-

tion), ~ were permitted free movement in the channel. --Avoid­

ance reaction readinqs were recorded at fish steady-state distri­

bution, which for the present apparatus and conditions was estab­

lished at 20 minutes. 15 readings at l'minute intervals (21-35 
\ 

minutes from initiati~f toxicant injection) were considered 

adequate to establish the avoidance-preference reaction of a pop-

ulation exposed at the set toxicant concentration. 

During single concentration testing, the recording of data was 

extended to 60 minutes to account for probable differences in 

reactions dueJrto longer ~ecording periods. Data sugqested that 

once fish had reached steady state distribution (after 20 minutes 

from injection) extension in time of exposure at each level 

beyond 35 minutes was not justified. 

OUring mu}tiple concentration or step function increasing concen-

tration testing, a new higher concentration level of toxicant was 

introduced in the channel following a previous 35 min channel 

exposure periode This step was repeated depending on the number 

of concentration levels being tested. Fish tended to maintain 

positions on either side of the channel. Occasionally, fish were 

positioned in the mixing zone (Fig 4.1), and considered as avoid­

ing or not dependinq on their location relative to the channel 

centre l ine. 

Throuqhout the testing in the channel, clear ~ter wa$ 

injected within the clear water zone at identical discharqe con-

, di tions as in the toxicant discharqe zone. " 

Fish that were used for 2 or 7 da ys channel acclimation 

periods were discarded followinq testing. 
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~ 3.3 Data evaluation and analysis 

o 

Each experimental point on the avoidance curves presented in 

this study is based on 3 replicate experiments and 15 readings 
t-

·pe~ experiment recorded at system steady state. The total of 45 

readings were combined to produce a mean and a standard deviation 

value that was plotted on the avoidance curve. Statistical sig-

nificance of aIl results was assessed at the 0.05 probability 

level. The sequence for handling and analyzing raw data is 

described below. 

The 15 readings taken before injection of the toxicant were 

combined to yield the average pre-testing distribution (A.P.O.). 

The significance of this parameter was outlined in section 2.2.5. 

The fish distribution as a percentage was calculated by 

Eg. (3.1) 

% fish in clear = [ 0.5 x N.F.P. - A.P.O. ] x 100 
water zone A.P.O. 

where N.F.P. = actual number of fish in the toxlcant zone 
A.P.D. = average pre-testing distribution 

( 3 • 1 ) 

The mean of 15 readings was calculated for each test concen-

tration during a single experiment (5 concentrations per exper-

iment. This process was repeated for each of the three replicate 

experiments. 

A onu way analysis of variance (ANOVA) was performed on each 



set of the 3 replicates for data obtained under identical condi­

tions. Thus the similarity of mean avoidance reaction~ from the 
( 

three replicate experiments was established. 'of fish in clear 

was used as the dependent va~\able and the number of replicate 

experiment as the independent variable in the ANOVA. In aIl 

cases, no significant differences were detected between means 

obtained from the 3 replicates. AlI data from the 3 replicates 

were combined, and the mean of aIl 45 readings (3 x 15), obtained 
./ 

under identical'conditions, were used to produce the avoidance 

curves (t fish in clear vs. toxicant concentration in the chan, 

nel). A regression analysis was performed on each set of data 

that produced the final avoidance curves using a SAS non-linear 

prpcedure in order to establish data trends (linear or otherwise) 

and inflection points. 

In experiments involving testing pre-exposed populations 
'J6., 

under identical conditions /c2 series per Jtoxicant), a one-way 

ANOVA was performed with pre-exposure level as the independent 

variable and avoidance reaction as the dep~ndent one. The. proce­

dure suggested whether pre-exposure led to differences in fish 

avoidance behaviour, while aIl other ptameters were identical. 
/\. . 

On the ANOVA tables, 1f (PR > F =) < • 5, then the means of theD 

\ compared populations are considered significantly different. 

The vaIidi~y of results using an ANOVA requires that several 

assumptions be satisfied. Variances associated with each treat­

/ ment in the experiment are to beçequal. Each treatment popula­

tion should be normally distributed. The effects in the model 

C~ must behave in an additive fashion and the errors are to be stat-
1 
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istically independent. 

AlI the above assumptions were satisfied by the data 

In addition, the experimental procedure introduced a , 
factor, only within each experimental run, since more than one 

effect was applied on the ~e population. ANOVA may be applied 

with a time scale factor sinee, 

a) Experiments performed with single concentration per 

experiment yielded similar means in avoidance reactions, and 

Ob) aIl populations considered in the ANOVA were subjected to 

,identical treatment in the channel for each series of experiments 

involving identical sequence in concentrations and time exposure 

at each level. 

A Duncan's multiple comparison test was performed on the set 
\ 

of data used for the avoidance curves. It served to classify the 

mean avoidance values into different categories, once it was 

established by the ANOVA that population means were statistically 

different. The values needed for the Duncan's test were selected 

based on a 0.05 pr~lity level and in most cases 176 degrees 

of freedom. For-DUNCAN results, only populations wnose means are 
, 

characterized with different_letters (e.g. A,B,C) are considered 

significantly different. 

Both restrictions for thê'validity of Dun\an's 
1 i.e. equal sample sizes and population me ans ~ot 

~ 

different between them, were satisfied by aIl sets 

test results, 

significantly 

of data. A 

multiple-Jinear regression procedure was used where regression 

analysis was needed, such as in the case of e~tahlishing the 

tredd of changing avoidance threshold values wlth pre-exposure 

) 
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level. Val~es of a2 ,from ~egres.io~ analyse. ranged batwaen 0.88 . 
- 0.99. For av~;dance threshold variations R2 • 0.73 for' CreVI) 

and~ - 0.82 for CreIl). All anplyses of data were performed on 

th~SAS system installed on the main frame of McGill universit~. 

• 
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4.0 Results 

4.1 Characterization of hydraulic channel and establishment of 

experimenta1 test conditions 

4.1.1 Channel hydraulics 

Measurements are obtained in any laboratory experiment using 

adequate .and reliable instrumentation. In the present study, the 

primary instrument for running the experiment, a~t from the 

fish, is the experimental channel. The equivalent of a labora­

~ry i~t cali~~ation is the determination of the disper­

sion-dilution~haracteJistics of th~channel under actual exper-
,-

imental conditions. This was determined using methylene blue 

tracer injection. ~ 
( 

Figure 4.1 demonstrates the lateral/and longitudinal dilu-
, \ 

tion characteristics of the hydraulic channel once the channel 

reached steady-state conditions. The dilution field May be 

trans1ated into a concentràtion field by simply multiplying the 

dilution factor in the channel by the concentration of the stock 

that is injected into the toxicant discharge zone. Under actual 

éXperimental conditions, the concentration of any injected toxi-

cant was established te be constant throu~hout the toxicant dis­

charge zone after the channei reached steady-state. The time to 

reach ,steady-state was established at 15 minutes after the ~om-

mencement of tracer injection. 

For aIl experimental runs the dilution factdr in the toxi~ 

cant disC'harge zone of the channel was S = /0.0116, where 

s = J toxicant discharge (l/min) 
channel d1scharg~ in the tox~cant zone Cl/min) 

'. 

, 
)~ 
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The mixing'zon, at the down~tream end of the channel can 'be 

c~aracterized by three regions (Fig.4.1). AlI mixing took place 
>... 

within the dashed line prismatic region downstream from the edge 

of the dividing barrier. outside the broken J:.ines of Fig.4.1, ~ 

both clear and toxicant stream concentrations were maintained at 

the separated str~a~ levels. 

~e advantage of establishing the aetailed concentration 

field under experimental conditions-is that fish positio~ can be 
-j' '", . 

directly ~anslated to actual toxicant concentration levels which 

fish prefer or avoid during experimentation. Thus, only occa-
4 

sional sampling is required for toxicant levels in the channel, 

.simply to verify consistency between theoretically expected and 

actual toxicant concentrations. Overall deviations of actual vs. 

expected levels of toxicant in t~~ channel ranged between -7 and 

+13% of the ~heoretica lyexpected concentrations (See App.B.2) . .. 

1ish 

es 

~attery of preli 'nary experiments was performed to estab-

ai) Optimum number of test organisms 9ased on fish load 
" 

(g/ljday) and territoria1i~y 10ad (g/èxperimental chan-

ne1 volume) 

b) Experimental protocol (single concentration exp~riments -. vs. &tep ~unction inC~ing concentra~ion testing) 

c) Effeot of length of acclim~tion of fish in the channel 

d) Effect Of sha110w versus steep concentration gradient in 

the experimental channel 

o )-

.', 

• . . 
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4-. 1 • 2 . 1 Optimum number of f ish 

Standards for bioassays suggest, that fish should be exposed 

to a minimum of 1-2 litres of water per gram of fish per day 

(EPS, Env. Can.1980). Water flow in the hydraulic channel 

yielded 82 l/g/d throughout experimentation, far beyond that 

required by standards. 

Since the present study concerns behavioural patterns in 

fish, the optimum number of test organisms in the channel should 

be defined in terms of the channel capacity to handle the popula-

tion of fish with minimum aggressive behaviour. A minimum number 

of fish is required for statistical validity and meaningful 

results, since behaviour of one fish in a tank, as was the case 

for most avoidance studies in the past, i5 obviously a poor 

representation of an actual environmental situation. However, as 

the fish load increases, aggression may alter fish distribution 

due ta territariality laad. 
~ 

It was observed by several researchers (Gibson, 1978; Chis-

zar et al., 1975) that fish exhibit an aggressive behaviour when 
~ 

introduced into ~ confined space. For data reproducibility it 

was necessary to determine the maximum number of organisms that 

could co-exist in the channel without apparent fighting for ter-
, . 

titorial space, based on ~h size an~,experimental appa~atus 

conditions. Experiments wer~ormed using 15 to 30 fish 

experiment and the results are presented in Fig.4.2. 

and 

per 

When 30 fish were introd~ced to the channel, the level of 

their reaction to a ten fold increase of toxicant concentration 

4r was not significantly different over the range of toxicant con-

Q • 

/ 
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channel exposed under identical conditions to Cr(VI). 

o 
; 

10
2 

o 

0 

-~ 

~~ 

4 

Ut :i 
w ~ 

~~ 

... ;;: 
~:( 

>~ 
..I-~ 

-'--~ 
,-~ 

~ : ~~~- -'~(~~ ,_ ~~ ... _'~L ... ~ 



c 

centrations used. In addition, fighting for territorial space 

was evident at aIl times, when fish were reacting ta the presence 
4 

of the toxicant atternpting to evacuate the toxicant)d~sCharge 

zone. Eventually sorne fish were forced by othe~viduals to 

retreat to the position they occupied in the toxicant discharge 

zone prior to the toxicant injections, thus rnasking actual fish 

avoidance reaction levels. Therefore, it was decided that 30 

fish of the size and age used cannot co-exist in the available 

volume of the tank and still provide useful avoidance data, since 

territoriality instincts masked their real avoidance reactions. 

Similar results were obtained with 25 fish in the channel. 

Although avoidance reaction increased with higher ,toxicant con-

centrati6ns in the channel, results were not significantly dif-

ferent for the different channel concentrations. Comparison to 

results with 30 fish in the channel aiso yielded no significant 

differences (Table 4.1-). 

Fish did react differently when e~fosed to higher concentra-

tions of the toxicant in the channel, when 20 fish were used in 
• r 

o 
the experiment. Again, aggressive behaviour was evident for the 

highest concentration to which fish were being exposed, re~ulting 

in sorne organisms retreating to the positions they occupied prior 

to toxicant injection. 

When 15 fish were used in the channel, the results obtained 

were significantly different, between aIl higher toxicant concen­

tration levels (Table 4.1). There was no evidence of consistent 

aggressive behaviour in the channel, indicating that the volume 

of the tank was providing adequate territorial space for aIl 
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Channel Concentrations [mg/Il 1 
.. 

Cr(VI) 0.3 0.8 3.0 8.0 
. - Number of Fish ANOVA ANOVA ANOVA ANOVA • 

in Channel 
F=48.36 \"=73.27 F=85.65 F=105.7 .. 

1==30 PR > 'F = 0 . 000 1 
2=25 

~ 

DUNCAN DUNCAN DUNCAN DUNCAN 
3==19 
4=18 ASC2 ASC2 ASC2 A5C2 
5==15 A 4 C 1 A 4 COl A 4 0 1 A4Dl 

AB 3 B3 AB 3 83 

Table 4.1 Resu1ts of the ANOVA procedure and DUNCAN tests, from ~ 
~-- populations subjected to idtntica1 channel exposure to 

/ 

Cr(VI), with only variable the number of fish in the 
channel. (N=225, a = 0.05, DFANOVA=224, DFoUNcAN=221) 

~ 0 

~ 



orqaniSIDS. 
1 

1he optimum number of fish was established at 18 under 

actual experimental conditions. The larger the number of organ-
" \ , 

isms involved, the less weiqht each organism bears for the evalu-

ation of the Mean population reaction. statistically, results 

based on 15 or 18 fish were not significantly different (Table 

4.1) • Mean avoidance values obtained using 19 fish were consis-

tently lewer altheugh not statistically different (Table 4.1) 

compared te results based on 18 fish over the range of concentra-

tiens used. Therefore 18 was established as the maximum number 

of fish that the channel could handle to yield reproducible and 

representative reSu1ts for aveidance preference reactions, under 

the set of experirnental conditions used throughout this study. 

This yields a territoriality load of 2.09 g/1. For easier refer-

ence, the territoriality 10ad can be established at 2 g/l. 

4.1.2.2 Single versus step function increasing concentration 

testing 

Two rnethods have been reported in the literature for running 
,1 

actual avoidance preference tests. One single concentration per 

experiment and step function exposure of the fish population te 

two or more concentrations of the toxicant. (Sprague, 1969, 1970; 

Sprague and Drury, 1969; Giattina et al., 1982; Scherer, 1975; 
t' 

Cherry et al.~ 1977)1 

a 

The 

The adva~~ of obtaining a larger set of information from 

single pOPula\on using step function testing is indisputable. 

only major drawback was the questionable method for stat!sti-

- , 
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cal analys;s of such data, sinee widely used statistical tests 

presume independence of population to yield'valid results. 

For the present study, experiments exposing 18 fish to: 

a) 1 concentration per experiment; b) 3 concentrations; c) 5 con-

centrations; and d) 6 coacentrations per experiment, are pre-

sented on Fig.4.3. ~ 

Resu1ts were obtained runnin~ experiments employing one con-

centration per experiment for 0.3, 0.6, 0.8, 1.0 and 3.0 mg/1 

Cr(VI). The levels of avoidance reactions from single concentra-

tion experiments were almost identical for aIl concentration lev-

els compared to those obtained from the multiple exposure exper-

iments. Statistical tests suggested no significant differences 

between results obtained using either method (Table 4.2). In 

addition, one single concentration experiment with 0.6 mg/l 

Cr(VI) in the channel, yielded results that matched the level 

suggested by the established fish avoidance reaction curve (see 

also Fig. 4.5). This, in turn, suggests that results obtained by 

either method are compatible and the avoidance reaction curve can 

closely predict fish avoidance reactions for the entire concen-

tration range employed in the present "study. Experiments, using 

three concentrations per experiment, were performed employing 

0.3, 0.8 and 3.0 mg/l Cr(VI) levels in the channel. The 

subsequent data for avoidance reactions yielded no statistically 
t 

different results compared tè either cases of single concentra-

tion or 5 concentrations per experiment (Tàble 4.2). 

Results obtained using 5 concentrations (0.08, 0.3, 0.8, 3,0 

and 8.0 mg/l Cr(VI) per experiment and those obtained using 1 or 
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Channel Concentration Û'ng/Il 

Cr(VI) 0.3 0.8 3.0 

ANOVA ANOVA ANOVA 
Number of Test 

F=O.39 F=O.23 F=O.47 
Concentrations 
in Channel PR>F-.83 PR>F~.93 PR>F-.71 

-' 

1 =1 DUNCAN DUNCAN DUNCAN 
..,. 

3=3 A3Al A 1 A 3 A 1 A 5 

5=5 AS AS A3 

Table 4.2 Results of ANOVA procedure and DUNCAN tests, from 
populations subjected to identical chemical concentra­
tions, with only variable the method of introduction of 
the toxicant in the channel (single vs. step function). 
(N=135, a = 0.05, DFANovA=134, DFoUNcAN=132) 

~ 

o .... 

o 
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4t::~ 3 concentrations per experiment vere not statistically different 

(Table 4.2). 

) 

The sequence of concentrations used for"6 levels per exper­

imental run was 0.001, 0.01, 0.1, 1.0, 10.0 and 30.0 mg/l Cr(VI). 

Reaction at the only common level, 1.0 mq/l Cr (VI) for 1 

conc./exp. yielded similar results (Table 4.2). No statistical 
~ 

comparison can be drawn for any other condition, due to different 

concentration levels used for the previous cases (1-5 concentra-

tions/experiment) • Again, the overall trena of avoidance reac-

tion, over the range of concentrations employed is compatible 

with the one suggested by fish reactions established from exper-

iments using 1-5 concentrations per experiment. 

Overall, results obtained at steady state under the same 

experimental conditions, yielded no statistically significant 

differences due to the method of introducing the toxicant (single 

versus step function inçreasing concentration). Mo+e efficient 

multiple exposure of 5 or 6 levels per experimental run was 

adopted for the bulk of this pr9ject. 

4.1.2.3 Channel acclimation period 

Different periods of time have been used for acclimating 

fish in experimental tanks prior to avoidance testing (Sprague, 

1968; Spraque and Drury, 1969; Scherer, 1975; Ishio, 1964: Bies-

inger ~~, 1976; Giattina et~, 1981; Bogardus et al., 1976; 

Beitinqer and Freeman, 1985.). previous investigators employed 

channel acclimation periods ranging from 10 min to two days. To 

establish the effect of channel aèclimation on avoldance, exper-
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\ 
iments' were performed with CU(N03 )2 as toxicanti followinq 

acclimation times of a) 20 minutes h) 1 day and c) 2 days. 

Results for aIl acclimation times are presented in Fig.4.4. 

Three replicate experiments were performed following each accll­

mation period ta establish reproducibility of results. 

Results fOllowing20 minutes of channel acclimation (0 days) 

gave avoidance reactions over a ten fold increase of toxicant 

concentrations, that were not significantly different. This sug-

gests an indifference to the toxicant. In addition, the apparent 

trend of the avoidance reaction was not the sarne for aIl repli-

cate experiments (Table 4.3). 

Although there ~s a tendancy for the avoidance to increase 

with increasing concentration, the increase was insignificant. 

Other stressors mask the actual avoidance reaction of the organ-

isms, such as the netting experience during fish introduction in 

the channel. Fish have not yet settled after 20 minutes in the 

channel. This was manifested,through fish being highly mobile 

and alternating places quite frequently compared to the rate of 

position change after a two day acclimation periode 

Avoidance reaction of fish was evaluated after one day of 

acclimation in the channel and was significantly higher (Table 

4.3) than avoidance reaction after 20 minutes acclimation in the 

channel, except at the Il.25 ~g/l level. Results obtained from 

the replicate experiments did not behave consistently, being 
. 

in sorne instances significantly different (Table 4.3). The ave-

raIl trends suggested similarities for higher concentrations, but 

poor reproducibility and statistical differences indicated that 

D 
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Acclimation Cu(lI) Channel Concentration [ua /11 
in Channèl 11.25 22.5 45.0 72.5 100.0 

A N 0 V J 

o Days f=1.33 F=19.9 F=2.99 F=29.53 F=43.15 

1 =Replicote # 1 PR>F-.23 PR>F-.OOOl PR>F-.OO11 PR>F-.OOO1 PR>F-.OOD1 

2=Replicote #2 0 U N ( A N 
3=Replicate #3 A1A3 A 2 B 1 A382 A2C3 A 3 8 1 . 

A2 A3 A8 1 8 1 82 

A N 0 V A -
1 Day F=5.41 F=2.24 F=13.64 F=50.84 F=5.63 

1 =Re~icate # 1 PR>F-.OO2 PR>F-.042 PR>F-.OOOl PR>F-.OOO1 PR>F-.OJJ , 

2=Replicate #2 0 U N ( A N 
3=Replicote #3 

A382 A 1 8 3 A 1 8 3 A382 A 1 83 

- B 1 A2 A2 B 1 , AB 2 

Table 4.3 Results of the ANOVA procedure and DUNCAN tests from 
populations subjected ta identical channel exposure, 
with only variable the length of their acclimation 
periode (a = 0.05. For individual cases, i.e. 0,1,2 
days. N=45, DFANovA=44, DFoUNcAN=42. For comparisons, 
N=135, DFANovA=134, DFDUNcAN=132) 
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Acclimation Cu(ll) Channel Conèentralion walll 
in Channel 11.25 22.5 ,...45,,0 72'.5 100.0 

A N aQ V J 
20àys -

f=1.07 - F=1.19 F=2.21 F=6.99 F=O.89 
1 =Replicote #1 PR>F •• 4~ PR>F-.18 PR>F-.057 PlbF-.OOO5 PR>f-.87 

2=Replicate #2 0 . 'U N ( A N 
3=Replicate #3 A 1 A 3 A1A3 'A1A2 A281 A1A2 

1 - A2 A2 A3 A3 A3 , 

A N 0 V A 
. 

Comporison _ 1 
F=15.19 f=20.64 F=54.28 F= 1 09.8~ F=220.25 

1 =0 Deys PR > F = 0 .0001 
2=1 Day 0 U N ( A ,N .'. 
3=2 Days 

A,382 A 3 8 1 . A·381 A 3 C 1 A3C1 " , , 
B 1 A2 . / . A2 B2 AB 2 
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channel were not yet readY· 

65 
1 

, ~ 0 

fis~ lafter 'onè ~ay acclimation in the 
1 • , 

" 
/ 

to fbehaVe consistently and reliably in terms of avoidance reac~ 

ti~,s. r 

This in turn suggested that wit6in one day of acclimation in 

the channel ~ish had not completely forgotten the netting experi­

ence. The incpnsistency of results, between the replicate exper-

iments, indicated that fish were not fully acclimated in the 
) 

channel environmerit. Avoidance behaviour based on one day accli-

mation periods appear variable with large standard,deviations and 
\ 

therefore ~s considered unacceptable to provide reliable avoid-
\ 

ance data. 

Results after two days acclimation are presented on Fig.4.4. 

The reproducibility as weil as the consistency in trends and ove-
. 

rail behaviour of fish stocks before and during the experiment 
... 

suggest that the two day period is ade~ate for fish to a) ovet-
J" 

come .>he netting experience and b) to become familiar to the new 
! . 

environment. Results yielded no significant differences at any 

levelc (Table 4.3), and consistent curve trends. In addition, fish 

behaviour prior ta starting the experiment indicated ho stressful 

reactions. The fish. appeared relaxed and content with their 

established terriüorial space. Aggressive behaviour was not 

observed. 
r 

4.1.2.4 Effifct of concentràtion~ gradient on fish avoidance 

reactions (shallow vs. steep) 

In the vast, two methods w~re emp~oyed for creating thé t~x- , 

icant concentration zones in avoidance tanks, each with its' own, 
c.:v .' 



c 

apparatus ~esign. One was a completely separated toxicant zone 

from clear water zone, resuiting in a steep gradient. The alter-

native was a concentration gradient ~ormed as parailel streams'r. 

assumed immissible, with ç:fferent concentrations in increasing 

mànner (see Section 2.1.3). 
1 

Differences in avoidance reactions (see also Section 5.1.1) 

were proposed qy Westlake et al., 1974, between resu1ts obtained 
? 

(,on apparati with steep compared to shallow conc~ntration~gra-

\ dients. The present avoidance channel combined both steep and 

shal10w gradient characteristics (Section 4.1.1). Ta de termine 

if behavioral differences cou Id be accounted for by steep or 

shallow gradients in the apparatus, resu~ts were evaluated for 

two different cases; when fish occupied the sepatated zones and 

when fish mainly ocCupied the non-separated section of the chan-

nel. 

since the pre-testing distribution was always considered ~n 

the calculation of the net fish avoidance (% fish in clearl, data 

based on populations occupying the separated or non-separated 
~ . . • zones respectively yieided statistically similar results (Table 

4.4) . This suggests that fish avoidance reactions evaluated at 

steady-state conditions are mainly triggered by the absolute 

levei of the toxicant rather than by the concentration gradient 

in the chànnel. 

/ 

-
4.2 Avoidance Behaviour of fish exposed to K2 Cr 2 0 7 

Figures 4.5 to 4.11 present the results of fish avoidance 

reactions to the presence of K2 Cr 2 0 7 (Cr(VI». 

. , 

, 
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-- ---- -- --------- --- ---------------------------------------------------------

Channel Concentration [mg/I] 

Cr(VI) 0.1 0.3 0.8 
Data from ,Fish ANOVA ANOVA ANOVA 

in Steep or Shal-
F=O.49 F= 1.02 F=O.BB 

low Gradients -

in Channel PR>F=.5J PR>F-.J6 PR>F-.42 

1 = 1 st Occasion 
DUNCAN DUNCAN DUNCAN 

-, 

2=2nd Occasion A 3 A 1 A 1 A 3 A2Al 
3=3rd Occasion A2 A2 , A3 

--- - - ~--- _ .. _.~-_ .. -

----- c 

Table 4.4 Results of ANOVA procedure and DUNCAN tests from com­
parison of DATA obtained in shallow or steep gradient 
concentrations. (N=45, a = 0.05, DFANovA=44, DFoUN -

cAN=42) 

• 

~ 
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· Concentrations in the channel ranged from 0.001 to 30 mg/l 

as .. Cr(VI), while pre-exposure levels ranged from 0 (non-exposed) 

to 3.0 mg/l as Cr(VI). AlI results for avoidance-preference are 

presented in terms of per cent f~sh present in clear water versus 

the level of toxicant in the channel expressed in mg/lof Cr(VI) 

on a logarithmic scale. Values higher than 50% indicate avoid-

ance, whereas values lower than the 50% level suggest preference 

for the toxicant. At 30 mg/l as Cr(VI), the pH in the channel 

dropped to 6.6. This leve~ is not considered to produce any 

effect on fish avoidance behaviour (Barton et al., 1985). 

1 
,-' 

4.2.1 Avoidance behaviour of Rainbow Trout wB' h have not been 

exposed to CreVI) 

The avoidance behaviour of trout which had not been pre-

viously exposed to Cr (VI) is illustrated in F,igure 4.5. No sig-
" 

nificant avoidance wa~ observed at t~e lowest test 

0.001 and 0.01 mg/l Cr, while at 0.08~9/I, 54% of 

concentrations 

the fish popu-

lation preferred the c1ear water zone. Avoidance was more pro-

nounced with increasing concentratiot in the channel. Two linear 

relations~ps on a log-normal sc'ale\ as plotted in Figure 4.5. can 

be represented by equations 4.1 (Table 4.5). These expressions 

yield an avoidance threshold levei of 0.026 mg/l, and an avoid-", 
ance res~onse of 91% at the 96 hour L~50 value of 100 mg/l pro-

posed by USEPA (1976) . Avoidance thresho~d is defined as the 

effective concentration beyond which avoidance reaction begins 

and increases steadily with increasing level of toxicant concen-

~ trations. In practice, it ls defined by the point of intersec-

\ 

'. 
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~ Avoidance to Cr(VI) = Equation # Threshold ~ 

Cr(VI) P-E [mg/Il 8elow ABP. . ~ Abave ABP. (mg/t) 
61.4 + 4.4IoglI:r(Vl)1 (a) 

Control 
66.98 + 11.97IoglI:r(VJ)J (b) 

0.01 NIA 59.B7 + B.59IogOCr(vt)1 

0.1 N/A 57.96 + 12.J2IogOCr(VI)1 

0.3 NIA 57.64 + 9.96IogO:r(vt)J 

0.8 NIA J6.78 + 16.7IoglI:r(V1)J 

1.0 ; 
" NIA 46.35 + 13.8IogO:r(VJ)J 

Threshold 
Avoidonce logCThreshold AvoidanceJ - 0.201 + 0.746IoglP-EJ 

Variation -
L-___ . _________ _. __ .-

• ABP-Avoidance Breakpoint level 
fP-El.Pre-Exposure Concentration 
(Cr(VI)l-Chromium Concentration in the Channel 

\\ 

4.1 0.026 

4.2 0.071 

4.3 0.22 

4.4 0.17 

4.5 5.8 
\ 

4.6 1.8 

4.7 

Table 4.5 Equations and threshold avoidance levels based on data 
obtained from avoidance tests on rainbow trout exposed 
to Cr(VI). 
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tion of the 50% avoidance line and the avoidance curve. 

~.2.2 Avoidance behaviour of trout which have been pre­

exposed to Cr(VI) 

71 

Figures 4.6 to 4.11 present resu1ts from fish populations 

AlI pre-exposed pre-exposed ta different levels of KC207. 
populations were tested after two and s en days 1hann~l acclima-

°tion periods except for the case of 3.0 1 Cr(VI) pre-exposure 
, 

level. In that case, mortality of the population was signifi-

cantly higher than the controls (36% vs. 1.5% for the controls). 

There were not sufficient numbers of fish to run both sets of 

experiments after two and seven days acclimation in the channel. 

Two single linear relationships were used to best fit the data 

points on a log-normal scale and are presented along with the 

threshold avoidance value on Table 4.5. 

The avoidance behaviour of rainbow trout prê-exposed at 0.01 

mg/l Cr is presented in Figure 4.6. Fish pre-exposed at 0.01 

mg/l Cr(VI) are sensitized by the toxicant compared ta the 

response of fish which had not been pre-exposed to Cr(VI). This 

was evident as a slightly higher avoidance when exposed to the 

tWG lowest channel concentrations (0.001 and 0.01 mg/l Cr(VI» 
d 

(Fig. 4.5 and 4.6). Statistically this difference is not con-

'[\fidered significant. Similar sensitization, observed in lethal 

bioassays, is mentioned by other researchers for populatiqns pre­

exposed to low levels of toxicants (Weis and Weis, 1983; Dixon 

and Spraque, 19a1). At channel concentrati0,s within the range 

of 0.001-0.1 mg/l, there was no significan~eaction of,the fish. 
1 
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C The act;ual mean of % fish in clear at 0.01 mg/l Cr ;Ï-n the channel 

was 50.9% (ST.D. = 6.2) compared to 51.3% (ST.D. = 4.0) and 52.7% 

(ST.D. = 6.2) for 0.001 and 0.1 mg/l Cr(VI) /~spective1y, indi-

cating a minimum avoidance reaction at concentrations equal to 

the pre-exposure level. Beyond that particular level, all avoid-

ance reactions lire lower compared 

recorded from non-llposed populations. 

to avoidance reactions 

For channel test concentrations higher than the pre-exposure 

level, the fish avoidance behaviour increased with increasing 

levels of chromium. This behaviour can be represented by equa-

tion 4.2 (Table 4.5) Based on Eg. 4.2 the calculated avoidance 

threshold value of 0.071 mg/l Cr is higher than that derived for 

the non-exposed population. Results presented in Figure 4.6 also • indicate that the avoidance response of fish following a 7 day 

channel acclimation period yielded an avoidance reaction curve 

that was siinilar to that of a non-exposed population~ with no 

differences suggested from statisticai tests at any level of 

Cr(VI) in the channel (Table 4.6). 

mg/l 

The avoidance behaviour of rainbow trout pre-exposed at, 0.1 

Cr(VI~ is presented in Figure 4.7. At concentrations weIl 

below the pre-exposure level (0.001 mg/l) a slight preference 
1 

45.2% (ST.D. = 6.3) was observed. At the next higher test con-
. 

centration, fish exhibited a slight ,avoidance 54.0% (ST.D. ,= 

4.5) . When the toxicant level in the channel reached the pre-

exposure level, an inflection point was observed on the avoidance 
~ 

curve, with 46.3% (ST.D. = 4.1) of fish in clear water. As con­

centrations of Cr in the channel increased above the pre-exposure 
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Channel Concentrations [mg/I] 

Cr(V!) P-E 0.08 0.3 0.8 3.0 8.0 

A N 0 ~ A 
Series (1) 

Y:'1.39 F='1.07 F=0.98 f=1.57 f=2.29 

t =Control PR>F-.08 PR>F-.13 PR>F-.22 PR>F-.06 PR>F-.048 

2=0.3 mg/' [ U N C A ~ 

3=0.8 mg/' A1A3 A 1 A 3 A 1 A 3 A3A2 A 1 A 2 
A2 A2 A2 A 1 A3 

Series (II) 0.01 0.1 1.0 10.0 30.0 

1 =Control A N 0 ~ A 

2~ .01 mg/! F=3.63 F=J.02 F=57.63 F=68.22 F=74.73 
PR>f-.OOt PR>F-.OO2 PR ~ f = .0 001 

3-:0.1 mg/' 
[ U N C A N 

4=1.0 mg/' 
A4Bl A3A4 A 1 AB2 A 1 8 2 A 1 B J 
8283 A 1 A82 A3C4 83C4 82C4 

--- -_._- -_.-

Table 4.6 Results of ANOVA procedure and DUNCAN tests, on pre-
exposed populations acclimated for 7 days in clear water 4 

as compared with reactions of non pre-exposed rainbow 
trout. (N=135, a = 0.05, DFANovA=134, DFD~cAN=132) 

J 

<> 
_,;;o-"~",,,"_ 

"----_ .. -



~ 

o 

1.. 
Id 
al -U 

c .-
..c 

CI) .-
L-

N 

A~ 

.' 

• 
se ") 

ae 

70 r Avoldance 

li " ,/ 
/' 

Ga ~. 1 ~-- ~ 

b ~~ -~-- -/" 
/ ...... " 

S0 ~~= -- -----'" -----

40 Prc-(xpoaure 
PreTe rance leva 1 

30 1111 ,,,1 ""I_~_'~I-----I_LLLlLL_~_J_,,,I_LILIII 
" -3 
le lé2 101 

10
B 

10
1 

mg/l Cr in Channel 

Figure 4.7' Avoidance reaction of rainbow trout pre-exposed to 0.1 
mg/l Cr(VI) ( • ) and after 7 days of acclimation in clear 
water ( • ). 
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level so did the avoidance reaction of the fish. Equation 4.3 

(Table 4.5) represents the avoidance behaviour of rainbow trout 

for concentrations equal to or greater than the 0.1 mg/l pre-

exposure level. 

The actual threshold value of 0.22 mg/l was higher than in 

the case of the non-exposed population. Results presented in 

Figure 4.7 and Table 4.6 following a 7 day channel acclimation 

period, indicate that the avoidance response of fish pre-exposed 
1 

at 0.1 mg/l was similar to that of the non-exposed population. 

The avoidance behaviour of trout pre-exposed to 0.3 mg/l 

Cr(VI) is presented in Figure 4.8. At the lowest concentration 

tested (0.08 mg/l) , the avoidance response was not statistically 

different (Table 4.7) than that of the non-exposed population. 

However, at channel test concentrations equal to or greater than 

the pre-exposure level, the response was significantly different 

from that of the non-exposed population. (Table 4.7) Again, a 

behavioural change was observed at the point where the level of 

Cr(VI) in the channel was similar to th~pre-exposure concentra­

tion. An inflection point in the avoidance curve was observed at 

th~s concentration which suggests that the degree of avoidance is 

a minimum at concentration, equal to the pre-exposure level, with 

increasing a~oidance at concentrations less than or greater th an 

pre-exposure concentration levels. At channel test concenJra-. ' 

tions higher than the pre-exposure level, the fish avoidance 
~ 

behaviour can he represented by equation 4.4 (Table 4.5). This 
-

expression yields an avoidance threshold 'level of 0.17 mg/l 

Cr(VI), which is higher than for non-exposed fish. Results pre-
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Channel Concentrati~ns [mg/I] 

Cr(V!) P-E 0.08 0.3 0.8 3.0 8.0 
Series (1) ANOVA ANOVA ANOVA ANOV/\ ANOVA 

1 =Control F;:::43.39 > F=58.96 F=330.7 F=250.5 F=195.6, 
, 

PR > F = 0 . 000 1 1 

2=0.3 mg/I .. 1 

DUNCAN DUNCAN DUNCAN DUNCAN DUNCAN 
3=0.8 mg/I 

A283 A 1 C 3 ,A 1 8 4 A 1 C 4 A 1 C 4 
4=3.0 mg/I A 1 8 4 8204 82C3 8203 82C3 

Series (II) 0.01 0.1 1.0 10.0 ' 30.0 

1 =Control ANOVA ANOVA ANOVA ANOVA ANOVA 
, 

2=.01 mg/ F=34.98 F=16.21 F=232.3 F=223.5 F=207.1 
PR > F = 0 . 000 1 

3=0.1 mg/I i , 

DUNCAN DUNCAN DUNCAN DUNCAN DUNCAN 
4=1'.0 mg!1 

A283 A 1 B 4 A 1 C 4 A 1 C 4 A 1 C 4 
A 1 8 4 A2C3 82C3 8302 8302 

0 

Table /4.7 Results of ANOVA procedure and DUNCAN tests, on popula­
tions subjected to identical channel exposure to Cr(VI), 
with only variable the level of pre-exposure (N=180, a = 
0.05, DFANovA = 179, DFDUNcAN = 176) 
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sented in Figur~ 4.8 and Table 4.6 indicate that the avoidance 

response behaviour of fisb accltmat~d for 7 days in the channel 

clear water following the 0.3 mg/l p~e-exposure period was simi-

lar to that of the non-exposed population. 

The avoidance behaviour pattern of trout pre-exposed to 0.8 

mg/l cr(VI) is presented in Figure 4.9. At the lowest channel 

test concentration (0.08 mg/l), no significant difference in 

response was observed from a pre-test fish distribution. At 

higher channel test concentrations, increasing preference for the 

toxicant was observed, reaching an inflection point on the curve 

representing maximum preference at ~he pre-exposure concentra-

tion. This preference behaviour was in sharp contrast to the 

avoidance _response of a non-exposed population or populations 

pre-exposed to lower concentrations. 

Equation 4.5 describes fish avoidance behaviour for concen-
'. 

trations higher than 0.8 mg/l Cr (VI), the pre-exposure level <' 

(Table 4.5). 

The experimentally determined avoidance threshold value is 

5.8 mg/l Cr(VI), higher than the threshold avoidance of non­

exposed populations. After 7 days acclimation in channel clear 

water following the pre-exposure period at 0.8 mg/l, the avoid-

ance response of the fish (Figure 4.9 and Table 4.6) was similar 

to that of a non-exposed population. 

The avoidance behaviour of rainbow trout pre-exposed at 1.0 

.mg/l Cr(VI) is presented in Figure 4.10. At a concentration weIl 

below the pre-expoBure level, a Blight preference was exhibited ~ 

43.7% (ST.O. = 3.7) at 0.01 mg/l Cr(VI). At a concentration 
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Figure 4.8 Avoidance reaction of rainbow trout pre-exposed ta 0.3 
mg/l Cr(VI) ( • ) and after 7 days of acclimation in 'clear 
water ( Â ) • 
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Figure 4.9 Avoidance reactions of rainbow trout pre-exposed to 0.8 
mg/l Cr(VI) ( • ) and after 7 days of acclimation in clear 
water ( Â ). 
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lO-fold lower than the pre-exposure level, a net population shift 

was noticed towards the clear water which was again reversed as 

the concentration approached A the levei of pre-exposure. From 

then on a plearly increasing avoidance with ch~nnel concentration 

levels was exhibited. Equation 4.6 describes the avoidance 

behaviour of rainbow trout pre-exposed at 1.0 mg/l for concentra­

tions higher than the pre-exposure level (Table 4.5). 

The actual threshold avoidance value was 1.8 mg/l Cr(VI), 

again higher compared to that of non-exposèd populations. 

Results obtained after 7 days acclimation of fish in channel 

clear water indicate that fish behaviour was not similar to that 

of the non-exposed population (Fig.4.10 and Table 4.6). Such 

behaviour suggested that fish had not fully recovered their ~he-

moreceptive capacity wlthin a 7 day clearance periode 

The effect of pre-exposure at 3.0 mg/l Cr(VI) on the avoid-

ance response behaviour of the 'fish is presented in Figure 4.11. 

An increase in the degree of avoidance was obs~~ed with increas­

ing channel test concentrations reaching a maximum avoidance' at 

the highest test concentration below the pre-exposure level (0.8 

mg/l) . An inflection point on the avoidance curve was again 

observed at a channel test concentration equal to the pre-

exposure level. Lack of a larger number of experimental points 

beyond the pre-exposure level makes the proposal of a predictive 
1 

equation meaningless. 

'\ 

Avoidance threshold values from al~ pre-exposure levels are 

presented in Figure 4.12. There was a Iinear increase in threshold 

values with increasing levels of pre-exposure with-slight devia-
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tions at 0.3 and 0.8 mg!l. Equation (4. 7) ('r~le 4.5) describes" 

the change in avoidance threshç:>ld values y-s"~' the' level of pre-" 

exposure. 

Overa~ it was~observed that populations pre~~xposed between 
(' - , 

0.1 and 3.0 mg/l as Cr(VI) yielded avoidance curves characterized 

by similar trends (see figures 4.6 ~o 4.11). In aIl cases the 

avoidatice curves exhibited an inflection point, :that coincideQ 

with the pre-exposure l~vel of the population. Avoidance behav-

iour of pre-exposed populations for test concentrations equal ~or 

... 
greater than the respective pre-exposure level was always lower 

and statistically different than that of a non-exposed population 

(Table 4.7). Avoidance reactions decreased with increasing levels 

of pre-exposure, for concentrations beyond the respective pre-.. 
exposure leve 1 . Such reactions reacned a minimum for a popula-

tion pre-exposed at 0.8 mg/l Cr(V!), where p~:erence reactions 

were mainly recorded for concentratlon~ up' to 5.8 mg/l, the 

avoidance threshald for that pre-exposure concentration.' Fish 

p~lations pre-exposed beyond the 0.8 mg!l Cr(YI) level.exhi­

bited higher avoidance reaction levels compared to the 0.8 mg!l 

Cr(VI) pre-exposed population. Beyond the 1.0 mg/l Cr(VI) °pre-
(;) 

exposure level, the trend, again, was decreasing avoidance reac-

tians with increasing levels ~ pre-exposure for concentrations 

higher th an the respective pre-exposure level. 

of 

Avoidance threshold values increased with 
~ 

inc'reasing level 

pre-exposure as illustrated on Figure 4.12 where a ~near_ 

relationship may be observed. Fish aVOida/ce behavi,our . after 7 
/ 

days acclimation in clear water in th? channel was in general. 

1 
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significantly different than the same population's reaction 
, , 1 

2 ~ays in ~he channèL For all populations pre-expo~ed up to and 
J ~ , 1 

including the 0.8 mg/l ·èr~v.l) level~ avoid~nce reactions were 

similar to the non-exposld population. (Table 4.6). 

Fish 
,:"', ,.J 

pre-exposed beyond the 0.8 mg/l\ Cr(Vl) leveî, after 7 
1- • 

days channel acclimatiotf, réacted statistically different than 
~ 

the non-exposed population (Table 4.6). Mathematical expressions . , 
~ 

for threshold value variations ~nd avoidance reactions, for val-
'l ~ 

ues beyond their respective pré-exposure level are summarized ,in 

Table 4.5. 

4.3 Avoidance-Preference testing with trivalent chromium 

(CreIll) ) 

.~fiqu~es 4.13 to 4.19 illustrate fish avoidance reaction 

using a trivalent form of chromium as Cr(N03)3' 
, . 

Experimental concentrations of Cr(N03)3 ranqed from 

0.001 mg/1 to 30 mg/l as Cr(llI)d while pre-exppsure levels 

ranged from 0 (non-exposed) to 3.0 mg/l as Cr{Ill). At 30 -mg/1 

as 'CreIl!), the pH change was insignificant (from pH 7.3 to 
) . 

7.14) • 

There,' was no mortility during the entire pre-exposure 

period at any concentration level, when fish were exposed to 

Cr(N03)3' This observation suqqested.tpxicity dif;trences between· 

the two chromium compounds. Mathematical expressions and thresh-
Go, 

old, avoidance values were obtained to best represent the data, -
and are tabulated in Table 4.8. 
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" Avoidance to Cr(lII) = 
CrOIl) P-E I"nig/Il Below ABP. Above ABP. 

, 

Control 511.71 + 2.11IoglCr(llI)l(a) 4'-13 + 35.21agICr{JU)~b) 

0.01 88.1 + 8.131oglCr(.)~a) 34.es + 38.OIoglCr(IU)~b) 
: 

\ 0.1 NIA. 85.24 + ta.OJoglCr(lU)l 

0.3 NIA 2.21 + 54.5elogu::r(lIl)l 

0.8 NIA 28.jO + 33.21ogu::r(IM)l 

1.0 NIA 45.72 + J5.7IoglCr{lII)] 

3.0 NIA 45.27 + 7.1I11aglCr{lI)l 

Threshold 
Q 

Avoidance IogObrnholcl Avoldanu] - 0.1114 + 1.1I11aglP-[] 

Variation 
c 

• ABPII!I~voidonc. BreO,kpoint level 
lP-El-Pre-Expoaure Concentration 
ICr{UI)J-Chrornlum Concentration in the Channel 

Equation' 

. 
4.8 

4.9 

4.10 

4.11 f 

4.12 

4.13 
, 

4.14 , 

4\15 . 

Table 4.8 Equations and threshold ~voidancé'levels based on 
data obtained from avoidance tests on rainbow trout 
exposed to Cr{III). 

" 

Threshold 
(mg/l) 

> 

0.0026 . 
0.012 . 

.- . , 
0.029 

0.37· 
-:=--- ~_'!:... - ~ _..:::.:=-

- .. 
4.05 , 

1.32 
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4.3.1 Avoidance behaviour of~trout which have not b@en pre-

eXposed to Cr(III) 
1 

Figure 4.13 illust~ates the avoidance curve lof a non-

. previously exposed population after inje,ction of Cr( III) in the 

channel. No significant avoidance response was observed w~~hin 

"il 

the range 0.001 and 1.0 mg!l Cr(III) in the channel. 

Further increase in toxieant concentrations beyond the 1.0 

mg/l Cr(III) resulted in an abrupt change in avoidance reaction, 
. 

especially beyand the 3.0 mg/l Cr(III) level. Throughout the 
~ 
range of concentrations used, avoidance reaction increased with 

increasing levels of Cr(N0 3 )3 in the channel. 'l'wo linear 

y." tnathematical expressions are proposed for the two distinct ranges .. 
of avoidance reaction and are included in Table 4.8. 

The avoidance threshold value for Cr(III) can be established 
p 

at 0.0026 mg/l, while 100% avoidance can be expected for the 

96h-LCSO value of 100 mg/l Cr proposed by USEPA (1976). 

4.3.2 Avoidance preferencetbehaviou~ of trout which have been 

pre-exposed at different levels of Cr(III). 

Figure 4.14 presents results obtained from popUlations pre-

exposed to 0.01 mg/l Cr(III). The general avoidance reaction 

trends were similar to the non-exposed population. Fish appeared 

more sensitive at 1.0 mg/l Cr(IlI), compared to the avoidance 
:.. 

reaction of the non-exposed population. A slightly higher rnean 

avoidance reaction was observed at 1.0 mg/l Cr(III), °compared to 

~on-eXJ>Osed 1) fish, 
1 

although no;t statistically different (Table 

,4.9) • 
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, Channel. Concentrations [mg/I] .. 
-Cr(UO P-E 0.01 0.3 0.8, 3.0 ';, 30~O 

Series (1) ANOVA ANOVA ANOVA ANOVA ANOVA 
.. 

1 :=Control F=O.87 F=61 .. 26 F=9B.95 F==95.22 F==246 .. 1 . 
PR > PR>F-.459 F ='0. 0001 1 

'2=0.3 mg/l 
.DUNCAN DUNCAN DUNCAN ' DUNCAN DUNCAN i 

3==0.8 mg/ 
A483 A1C2 A 1 84- A1C2 A1C3 

r 
, .' 

." 

4==3.0 mg/I A2B1 8403 A2C3 8304 82C4 

Series (II) - 0.01 o. , --' : 1.0 10.0 30.0 o 

"" 1 =Control" ANOVA ANOVA ANOVA ANOVA ANOVA (? 
-- , F=17.22 F=724.26 F==84.43 F==38.63 F=5.50 2=.01 mgll 

J PR > F == 0 .. 000 1 PR>F-.OO1 
'" 

3=0.1 mg/I 
. 

DUNCÀN 
-

DUNCAN DUNCAN DUNCAN DUNCAI" •• 

4=1.0 mg/I 
A2C~ ; , A 1,8,4 A 4- 8'1 A 38.4 A3A2 

" . 83C1 A283 B2C3 8~1 A 1 B 4-
-

~ 
, .. 

... ~ .. t 

Tabie 4. g..." Result:.s df.,'ÀNOVA procedure and DUNcAN teS!,es, on PQpu .... 
.~..-, l.atlons subjépted to identical channel expas1J,re ta 
~' Cr(III~, with- anly variable the level of pre-exposure 

'; (N::::l.80, a'::I Q':0.5, DFANOVA. :::: b79; DFoUNCAN :::: 176)' 
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For concéntrations beyond the 1'0: 0 mg/l level, avoidance c 
- .' 

'" . .. ", 

reactions were lower than the non-exposed, population. - The riverall" . 
~rend b~ond th~ pre-exPosure level was iricrea~~ng avoidance with , 

increasing toxicant level. Again fish avoidance reaction was-at . -

a~ min~~~~_ fottf0.xicant level in the clÏa~el coi?~iding wi th . th1 
pre-expbSure concentration, as in aIl cases with Cr(Vl). Result .. 

, from populations after a 7 day channel acclimation period yield~~ 
-. ... ~-_!.tr-~ 

• 111 

an avoidanc~reaction curve with similar trend characteristics to 

that of the no~-exppsed. On~the 

were iD general significantly 

other hand,' àvoid~nce levels 

low€r" (Table 4. 10) compared to 

reactions~of similar populations acclimated for 2 days in the 
( 

channel.1 f 

~ Results after two days s~g~est that a 0.01 mg/l Cr(IlI) pre-
_ ,f.l-

exposure'lev~,1 
........ l.~-+ 
J -

does not significantly affect fish avoidance 

behaviour compared t,a that of non-exposed .. 
.;.~. 

Mathematical express~ons and threshold values are s~rized 
, 

itl Table 4. Q • ; -

Figure 4.15 presefit~ resultsfbtai~ed from a population p~e_o 
ô ,- q 

exposed at 0.1 mg/l Cr(III) after 2 and 7 days channel acclima-

tion peri'~ds'. In the range 0.01 - 1.0 mg/l Cr(IlI) afterla2 day 
'\ ~ 

chapnel acclimation period, fish did not exhibit dramatic changes 
.. ~~ ,: ... :.. :... 

in avoi~ance reaction, butowere sensitizèa~compared to the non-

exposed population, exhibit~ng higher avoidan~e-reactionJ. Mini­
\. 

mum reaction was re~orded at the level of pre-exposure r as 

observed in aIl previous cases. Avoidance reactions within the 

above mentioned range were significantly ~ifferent compared to 

non-exposed fish (Table 4.9). Beyond the 1.0 mg/l Cr(~II) level, 

• 
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fish avoidance reaction was different- compared to that of lower 

levels in the channel and those of the non-exposed populations, 

except at 30.0 mg/l Cr(Ill) , test classified where DUNCAN' s 
""-" \ 

results in the sarne class (A) (Fig. 4.13 and 4.15 and Table 4.9). 

Avoidance reaction trends for the 0.1 mg/1 Cr(IlI) pre­

exposure level were similar for 2 and 7 days channel acclimation 

periods. Values after 7 days were consistently lower than after 

2 days (Table 4.10). Beyond the 1.0 mg/l Cr(Ill) level, reac-

tions were significantly lower after 7 days compared to simiiar 

acclimation in the case;of the 0.01 mg/l Cr(Ill) pre-exposure 
< 

level. Mathematical expressions and threshold values are provi~d 

in Table 4.8. Threshold avoidance values increase with level of 

pre-exposure, suggesting a higher tolerance for higher pre-

exposure levels, as is suggested by various researchers (see 

5.2.2). ,. 

Figure 4.16 presents results obtained from a population pre-

exposed at 0.3 mg/l Cr(IlI) after 2 and 7 days channel acclima-

tion periods. Minimum avoidance reaction at the pre-exposure 

level for both curves suggests recognition of familiar environ-

ment as observed with aIl pre-exposed populations, even after 7 

days çlearance of the toxicant. Beyond their pre-exposure level, 

avoidance reactions increase with increasing levels of toxicant 

in the channel. In the present case, avoidance reactions fol-

lowed similar trends compared.to the non-exposed but avoidance 

values wer~ significantly lower (Table 4.9) except at the 0.8 

mg!.l Cr(IlI} level. This in turn suggests an increasing level of 

tolerance with increasing pre-exposure levels. Similarly, avoid-

u 
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Pre-Exposure - Cr(JII)C7 Channel Concentration ring/Il 
Jevel 0.01 0.1 1.0 10.0 30.0 

ling/Il A N 0 V A 

F=4.95 F=2.22 F=477.5 F=368.6 F=305.4 
• 

0.01 PR>F-.02i PR>F-.D'4 PR>F-.OOOl PR>F-.OOOl PR>F'-.OOOl 
"., 

0 U N C A N 
A 1 8 2 A1A2 A 1 B 2 A 1 B 2 A 1 B 2 

A N 0 V A 
F=162.4 F=169.B F=7B.B3 F=376.2 F=278.7 

0.1 PR>F'-.OOOl -: PR>F-.OOOl PR>F-.OOOl PR>F'-.OOOl PR>F-.OOOl 

0 U N C A N 
A 1 82 A 1 B 2 A 1 B 2 A 1 B 2 A 1 B 2 

. A N 0 V A 
F=14.2 F=O.73 F=2.15 F=10.19 F=O.36 

1.0' PR>F-.OOO3 PR>F-.3941 PR>F'-.1461 PR>F-.002 PR>F-.5485 

0 U ~ C A- N 
, 

A 1 B 2 A2Al A1A2 A 2 B 1 A2Al 

Table 4.10 Results of ANOVA procedure and DUNCAN tests, on pre­
exposed populations acclimated for 2 days as compared with 
reactions after 7 day acclimation of the same populations in 
clear water. (N=90, a = 0.05, DFANOVA=89, DFoUNCAN=88) 

o 

./ 

1 

1 .. ~ ... ~...,,~;...r~ 
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, , Pre-Exposure Cr(llI) Channel Concentration [mg/I] 
level 0.01 0.1 1.0 10.0 30.0 

üng/Il A N 0 V A 

F=3.87 F=O.66 ~=48.86 f=41.41 f=12.18 

0.3 PR>F-.052J PR>F-.~187 PR>F-.OOO1 PR>F-.OOO1 PR>F-.OOO7 

(Whe,. 0.1 mg/J read O.Jmg/l) 0 U N C A N 
A2A1 A2A1 A 1 8 2 A 1 8 2 A 1 8 2 1 

A N 0 V A 
1 

1 

F=4.69 F=O.66 F=3.80 f~17.66 F=78.61 
0.8 PR>F-.0331 PR>F-.4196 PR>F-.0545 PR>F-.OOO1 PR>F-.OOO1 

(Whe,. 1.0mg/1 r.ad O.8mg/1) 0 U N C A N 
A2A1 A.2 A 1 A 1 A 2 A 2 B 1 A 2 B 1 

) 

A N 0 V A 
F=57.01 F=1.80 F=2.00 F=63.60 F=O.27 

3.0 PR>F-.OOO1 PR>F-.1837 PR>F-.1604 PR>F-.OOO1 PR>F-.8068 

0 U N C A N 
(Wh ... 1.0mg/l read J.OmgJl) A 1 8 2 A 1 A 2 A2A1 A 2 8 1 A2A1 

____ o ••• _ -_ .. -

Table 4.10 (continued) 
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, Figure 4.16 Avoidance reaction of rainbow trout pre-exposed to 0.3 
mg/l Cr(III) ( * ) and after 7 days acclimation in clear water 
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ance threshold followed the sarne tren~, increasing wlth the levei 

of pre-exposure. 

Avoidance reactions beyond the pre-~xposure level afte~ 7 

days channel acclimation period follow the sarne general trends as 

for the 2 day channel acciimation experi~ents with mean aVbidance 
~ ,~ 

values significantly lower after 7 days channel acclimation. 

Populations pre-exposed between 0.01 and 0.3 mg!l Cr{III) 

sàare several common characteristics. Fish avoidance behaviour 

at or below 1.0 mg!l Cr{IlI) in the channel and after 2 day chan­

nel acclimation periods'was ~imilar to that of a non-exposed pop­

ulation with the sarne avoidancè reaction slope. Abrupt change in 

avoidance reaction was observed at the sarne lëvel as for the non-

exposed population. Beyond 1.0 mg/l Cr(III), the avoidance curve 
( 

was parallel to that of the non-exposed population. After 7 days 

channel a~climation, avoidance reactions of pre-exposed fish were 

significantly reduced compared to the reactions after 2 dàys 

In addition, after 7 days of clearance fish 

reacted favourably te the level of their pre-exposure. 

~ oidance threshold values and mathematical expressions ta 

fit the data are included in Table 4.8. 

Figures 4.17 te 4.19, present results ebtained using popula-

tions pre-exposed at 0.8, 1.0 and 3.0 mg/l Cr(III). AlI three 

avoidance curves yielded similar trends and behaviour. In aIl 

cases the avoidance curve exhibited an inflect!en point that 

coincided with their respective pre-exposure concentration level. 

This behaviour suggested that fish do recognize and are attracted 

ta a famillar environment. It also suggested that for the case 
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Figure 4.19 Avoidance reaction of rainbow trout pre-exposed to ) .• 0 
mg/l Cr(lII) ( * li and after 7 days acclimation in clear 
water ( ~ ). 
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of Cr(III),' ev~n 7 days in clear water were not sufficient to . ~ 

.' erase the memory of the level of pre-exposure. 
-

In aIl three cases, (0.8,-1.0 and 3.0 mg/l C~(IIl)), after 7 

days in clear water, the avoidance reaction was similar for two 

and seven days channel acclimation periods (Table 4.10). 

Considering aIl pre-exposure leveIs, the lowest avoidancè ( 
.,J. ..... 

reaction was observed at concentrations coinciding with the pre-

exposure level. 

Avoidance reactions decreased with increasing level of pre-

exposure, considering values beyond the respective pre-exposure 

level. A minimum to such reactions was reached at a pre-exposure 

level of 0.8 mg/l Cr(III) which is the sarne as for the Cr(VI) , 
case suggesting a generally similar mechanism of triggering 

avoidance reactions. Fish populations pre-exposed at 1.0 mg/l 

Cr(III), exhibited a new higher avoidance reaction compared to 

"" the 0.8 mg/l Cr(III) population. At pre-exposure levels beyond 

the 1.0 mg/l Cr(III), the trend again was lower avoidance reac-

tions with increasing levels of pre-exposure, for concentrations 

beyond the respective pre-expo~ure level. 
fi 

Avoidance threshold values increased linearly with increas-

ing levels of pre-exposure (Fig. 4.20). For populations pre-

exposed between 0.8-3.0 mg/l Cr(IlI), fish avoidance behaviour 

beyond the respective pre-exposure level after 7 days acclimation 

was slightly higher compared to that after 2 days acclimation. 

Mathematical expressions for avoidance curves and avoidance 

threshold vat'iation are swmrtarized in--Table 4.B. 

, , 

-'1 
" " 
" 



'. 
" 

~ 
,1 

;~ 

'" 
;. 

" 

r' 
l, 

, . 

;.-.. 

>' 

c, 

<, 

" ::: ~ .. ~ "'-'-
~~~,l'!i:~:- .... 

" 

.. .. 

--H 
H 
H -&. u 
-" r .... 
"0 -0 
s:; • • &. 
s:; 
t-

• 0 

i 
"0 -0 

~ 

' 1 

~ 

lat 

t 
.... 

lB- ~ 

1 

ui' 

t ..... , 

Iii 

Iii 
-1 

lB 
..... 

lB 

11 

~ 

/ 

... 

• 

-1 
lB 

• 

/~ 

• 10 

, 

Pre-Exposure Leve1 [mg,1 Cr(III») 
l 

.. 

1 
. lB 

Figure 4.20 Rainbow trout avoidance threshold variation with increas­
ing level of pre-exposure to Cr(III). 
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4.4, Avoidance prefere'nce testing wi th copper (Cu (II) ) 

Figures 4.21 to 4.26 present results of fish avoidance reac-
\ 

tions, using copper in the forro of CU(N03 )2. 

'Experimental concentrations ranged from 11.25 to 100 lJ,g/l 

aS Cu(II), while pre-exposure levels ranged'from,O to 72.5 ~g/l 
, 1 

was 'r Cu(II). At 100 lL9/l no significant drop of pH 

fbse~ved (pH from 7.4 to 7.1). The ranges of concentrations in , 
the channel and ' the pre-exposure ~~lS, were decided 

based on information about lethaI leveis for copper. Results are 

presen~ed in the s~e format as for the chromium compounds. (t 
fish in clear vs. ~g/l Cu(II) in the channel). Tbe horizontal 

3 
(x-axis) is in normal scale. 

Figure 4.21 presents results obtained from a non-exposed 

population, while Figures 4.22 to 4.26 refer to results trom pre-

exposed fish to different levels of CU(N0 3 )2' Again tests were , 

performèd after 2 and 7 day channel acclimation periods. 

There was no mortality during the entire pre-exposure period 
~ . 

at any concentration Ievel. This suggests that for the ~iven 

water quality, pre-e~posure period and levels of Cù(II) us~d, 
1 

concentrations were sublethal. 

Mathematical expressions to best fit data and threshold 
.t 

avoi~Rnce values are pres~nted in tabular form on Table 4.11. 

~ 

4.4.1 Avoidance behaviour of Rainbow Trout which have not been _ 

_ ~re-exPosed to Cu ( II) 
., 

For i.\ - non-exposed population, the avoidance curve (Fig 0. 

4.21' consi~ts of two distinct linear ~ranehes. '!'Wo linear 
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,. Avaidonce ta C~(l1) -

CuCU) P-E rug/l]; 8elow ABP. Above ABP. 
1 

Control 10.11 + 0.71:11(I)l (CI) 71." + G.1411:u(l)l (b) 

. 
22.5 NIA 10., + O.22ICu(I)J 

-
JO.O ~ NIA 31.17 '\ O.4a::u(1)J 

45.0 N/A , 54.03+ G.'51Cu(I)l 

.50.0 1 

NIA 11.85 + O.2I8:u(l)J . 
72.5 

, 
- 41.14 + 0.1I3Da(1») (0) 40.4' + O.4'8:u(I)J (b) 

, , 
-h 

Threshbld 
, .. 

~ Avoidonce ThrahoIcI #nid. - 0.52 + O.l8IP-D NIA 
Variation 

• ABP-Avoldance Breakpoint Leval 
IP-EJ-Pre-Expoaure Concentration 
lCu(n}l-coppër Conc,entratlon ln the Channel 

~ .. 

-, 

c Threshold' EquaUeh', 
, ("'9/1) \ 

" ~ 

" 
4.16 

a 2.1 

4.17 14.1 
1 

4.18 31.8 
, 

4.19 3.2 

4.20 0.0 

4.21 3.7 

. . 
'#4.22 -

• 

• 

j-

Table 4.11 E~àtions and threshold avoidance levels based on ~ 
data dbtained from avoidance tests on rainbow trout­
exposed to CU(II). 

·,1 

• 

o 

, 

,....' o 
Ut: 

" ~-' -': ... , .. :'_ .... -.,;""...:-";..~ 



~~-r:~~:'-' 

~ 
.r; 
t>" 
~; 
P 
~~~1 

~' 
~ 

~i' 
}r;~t-
~".: 
iF 
~t 
1t~'" 

~ ;/ ~ 
f~;-
", \",,"'-
ç: 
\':' 
.;....,. 
rI 
, 
)"') ,-
i . 
i~ 

.'. 

~~ 
"~ 

" 

,'f 
-0' 

r 

\, 
!,I:~ 

o 

~ 

" 

""-
, 

" 100dr-----~------~------------------~------~--~ 
~ 

90 
(' ---- -- --

1 
L 
~ 80 
GJ - 1 AvoldancB 

U 
70 Eq. 4.lIS(a) 

C -
.c 60 
11)-.-

l.&. 
50 ------------------------- ... ---

X 

40 Prefèrence 

3B 

10 20 ' 30 
\ 

4B SB \ SB 79 90 9B uae , 
'~ 

\' pg/l Cu in Channel 

~ 
.a \ Figure 4.21 Avoidance reaction of nowpre-exposed rainbow trout ta 

CU(N03 )2 
\ 

" r .... --.~ 

" r:!:):..;:"._"<l',,,-"--,~.~ _', ,_ , 
~~~.t'::':;''''~'' .. ;.,;, ;,ot!<:\'êr,- - -, -~ - • " --J,). ... 

," 

o 

'. 
(\ 

,'" 3 ~ ~ 

~ r~:; 

'; 

,....~ 

o 
'(1'\ 

~ ~ 



, " 

mathematical expr~ssions are proposed for those two distinct . 

ranges of avoidance reaction (Table 4.11). Fish avoidance to 

eu(II) increased with increasing concentration levels. The 

avoidance curve inflection point occurred at 45 ~g/l. 

For the concentration range below 45 ~g/l CuCII) avoidance 

clearly increased with increasing level of CuCII) in the chan:îel. 

Beyond 45 ~g/l Cu(II), avoidance reactions did not increase 

s~gnificantly, although rnean avoidance valUes followed an 

increasing trend with increasing Cu(II) concentration in the 

channel. 

For a non-exposed population, using the established mathe­

matical expression to fit the experimental data, a threshold 

avoidance value of 2.1 ~g/l Cu(II) can be proposed. 

4.4.2 Avoidance behaviour of rainbow trout which have been pre-

exposed to Cu(II) 

Figures 4.22 to 4.26 present results from populations pre-

exposed between 22.5 to 75 ~g/l Cu(II). AlI avoidance reaction 

curves after 2 days acclimation followed similar trends and 

characteristics compared to the non-exposed avoidance curves. In 

aIl cases, the avoidance reaction curve after a 2 day channel 

acclirnation period exhibited an inflection point, that coincided 

with the pre-exposure level of the population. Avoidance behav-

iour of pre-exposed populations for channel concentrations beyond 

their respective pre-exposure level, was significantly different 

compared to avoidance reactions of non-exposed populations (Table 

4.12). 
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Figure 4.22 Avoidance reaction of rainbow trou~ pre-exposed to 22.5 ~g/l 
Cu(II) ( • ) and after 7 days acclimation in clear water ( 0 ). 
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Figure 4.23 Avoidance reaction of rainbow trout pre-expased ta 30.0 ~g/l 
eu(II) ( • ) and after 7 days acclimation in clear water ( 0 ). 
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Figure 4.24 Avoidance reaction of rainbow trout pre-exposed to 45.0 ~g/l 
Cu(II) ( • ) and after 7 days acclimation in clear water ( 0 ). 
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Figure 4.25 Avoidance reaction of rainbow trout pre-exposed to 50.0 ~/l 
eu(II) ( • ) and after 7 days acclimation in clear water ( ~ ). 
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Figure 4.26 Avoidance reaction of rainbow trout pre-exposed to 72.5 ~q/l 
Cu(II) ( • ) and after 7 days acclimation in clear water ( ~ ). 
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~ 

Channel Concentrations ÜJg/IJ 
" 

Cu(lI) P-E 11.25 22.50 45.00 72.50 100.0 
Series (1) ANOVA ANOVA ANOVA ANOVA ANOVA 

1 

1 =Control F=1.35 F=24.94 F=262.9 F=55.56 F=95.97 

2=22.5ug/1 
PR>F-.261 PR :> F = 0 • 000 1 

DUNCAN DUNCAN DUNCAN DUNCAN DUNCAN 
3=45.0ug/1 

A1A3 A3A4 A4C2 A 1 B 2 A182 
-,' 

4=72.5ug/1 A2A4 A 1 B 2 B 1 D 3 84C3 A 4 C 3! .. } 

Series (II) 11.25 30.00 50.00 72.50 100.0 
" 

1 =Control ANOVA ANOVA ANOVA ANOVA ·ANOVA 

F=5.11 F=198.6 F=251.9 F=67.06 F=56.88 

2=30.0ug/1 PR>F'-.OO7 PR > F == 0 • 0001 

DUNCAN DUNCAN DUNCAN DUNCAN DUNCM 

3=50.0ug/1 A382 A3C2 A 1 8 3 A 1 B 3 A 1 83 
BA 1 8 1 C2 C2 C2 

- - -_.- - .. - -_ .. - - --~-- - -_._._--

Table 4.12 Results of ANOVA procedure and DUNCAN tests, on pop­
ulations subjected to identical channel exposure to 

~ 

Cu(II), with only variable the 1evel of pre-exposure 
(N=180, a = 0.05, DF~oVA = 179, DFDUNCAN = 176) 
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Avoidance reactions decreased, in general, wi th increasing 
~-level of pre-exposure. They reached a minimum at levels in the 

range of 45 u.g/l pre-exposure to Cu( II) • For all pre-exposed 

populations beyond their pre-exposure 1evel and particularly 

beyond tpe'45 ~g/l CuCII) level in the channel, avoidance reac­

tion started increasing again to levels that were higher than 

those obtained from populations pre-exposed be10w the 45 ~g/l 

CuCII) level. This signifies a sensitization of populations pre-

exposed beyond the 45 u.g/l Cu (II) level. Avoidance reactions 

for aIl po~ulations pre-exposed at or beyond the 45 u.g/l Cu(II) _ 

level were significantly different when comparing reactions from 

concentrations beyond their respective pre-exposure level (Table 

4.12). 

Avoidance threshold values for pre-exposure levels below the 

45 u.g/l Cu(II) are increasing with pre-exposure level. Compari­

son of threshold values for populations pre-exposed above 45 ~g/l 

CuCII), where another slope exists for the avoidance curve, is 

not straightforward. The only practical consideration would be 

to establish avoidance thresholds based on the mathematical 
( 

expression for avoidance behaviour above their respective pre-

exposure level (Table 4.11). 

For populations pre-exposed below the 45 u.g/l level, avoid-

ance reactions after 7 day channel acclimation period were in 

general higher in mean avoidance values, although not always 

statistica~ly different (Table 4.13). For populations pre-

exposed at or beyond 45 Ug/l Cu(II) the avoidance curves after 7 

days have a similar trend with the 2 day channel acclimation 

" 

" 

v 



fI!\ 

Pre-Exposure Cu(lI) Channel Concentration rug/l] 
level 11.25 22.5 45.0 72.5 100.0 

ÜJg/IJ A N 0 V A 
F=20.7 F=14.4 F=8.89 F=76.56 F==45.02 

22.5 PR>f-.OOO1 PR>F-.OOJ PR>f-.OOJ7 PR>f-.OOO1 PR>F-.OOO1 

-0 U N C A N 
A 2 B 1 A281 A 1 B 2 A281 A 2 8 1 i .. A N 0 V A 
F==8.91 F=354.6 F=531.6 f=125.9 F=2.51 

30.0 PR>F-.OOJ7 PR:>F-.OOO1 PR:>F-.OOOl PR:>F'-.OOOl PR:>F'-.117 . 
0 U N C A N 

(Wh ... 22.5ug/l read JO.OUg/l) 
A 2 B 1 A 1 B 2 A 1 B 2 AI 1 8 2 A1A2 

A N 0 V A 
F=3.98 F=O.24 F=3.27 F=160.86 F=56.39 

45 .. 0 PR>F-.0491 PR>f-.8249 PR:>f-.07J8 PR>f-.OOO1 PR>f-.DOO1 

0 U N C A N 
A 1 B 2 A 1 B 2 A2A1 A 2 8 1 A281 

-------

Table 4.13 Results of ANOVA procedure and DUNCAN tests, on,pre­
exposed populations acclirnated for 2 days as cornpared 
with reactions after 7 day acclirnation of the sarne popu­
lations in clear water. (N=90, a = 0.05, DFANovA=89, 
DFDUNCAN=88) 
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.... Pre-Exposure Cu (II) Channel Concentration ÜJg/IJ 
level 11.25 22.5 45.0 72.5 100.0 . 

rug/l] A N 0 V' A 
F=51.66 F=360.5 F -":4.52 F=O.27 F=18.29 

50.0 PR>f-.OOOl PR>f-.OOOl PR>f-.OJ62 PR>F'-.606 PR>f-.OOOl 

(Wh.ra 4S.0ug/l read :SO.Oug/l) 0 U N C A N ..... 
- A 1 B 2 A 1 B 2 A1B~ A 1 A 2 A 1 B 2 

A N 0 '-

V A 
. 

l 

F=5.60 F=2.15 F=137.54 F=104.4 F=18.20 

72.5 PR>F'-.0201 PR>F'-.146J PR>F'-.OOOl PR>f-.OOOl PR>f-.OOO1 

./ 0 U N C A N 
A 1 B 2 A 1 A 2 A 1 B 2 A 2 B 1 A 1 B 2 

-
·Table 4.13 (continued) 
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curves. Mean values aft~r 7 days channel acclimàtion for popula-.. , . 
tions pre-exposed beyond the 4S 119/1 Cu(II) level a~,e in general:' 

* 
higher in mean values and signiticantly different from thoSè 

after 2 days (Table 4.13). 

Avoidance threshold values increased with increasing levels 

of pre-exposure up to the critical level of 45 ~g/l Cu(II). Fur-
~ 

ther increase'in pre-exposure yielded lower avoidance threshold 

values. The mathematical expression for the avoi~ance threshold 

variation is included in Table 4.11 . 

p 
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5.0 DISCUSSION r 
5.1 Experimental apparatus and procedUreS 

5.1.1 Channel 

The hydraulic channel used in this experimental work for 

avoidance preference reaction testing provided the means of 

establishing a uniform and stable concentration in the toxicant 

zone, totally separated from a clear water zone. A weIl defined . ~ 
concentration and flow regime down~tream from the barrier com­

bined both steep and shallow concentration gradient characteris-
, 

tics. In the past,_ avoidance preference channel designs were 

,either steep or shallow gradient apparati. Kleerekoper et ~ 

(1972), Ishio (1964), Lubinski (1979) and Westlake et al. (1974) 
\') 

have proposed that fish avoidance as weIl as locomotor behaviour 

depend not only on the magnitude but also on the concentration 

gradient. ,Lubinski (1979) and Westlake ~ ~(1974) stipulated 

that steep gradients may elicit avoidance reactions, while shal­

low gradients may result in preference to~ards the toxicant. The 

present configu~ation provi~ fish with the option to choose Any 

concentration ranging from clear water to the concentration in 
, 

~e toxicant discharge zone. A configuration that combines both 

steep and shallow gradients can be used to eliminate the discre­

pancies that were encountered in the past, due to the fixed co~­

centration gradient, steep or shàllow, within the experimental 

tank. Results obtained ~om experiments during which 
\ 

fish were 
~ 

mostly occupyinq the downstream non-separated region (shallow 

gradient) w~re statistically similar to results from experiments 

o during whicb fish had retreated to the channel separated sec-

\ 

) 
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tièns (steep gradient) (Table 4.4). This suggests that either 
, 

gradient, stelp or sh~llow, yields similar avoidance results, 

which is in agreement with Giattina gt ~ (1982). The ratio of 

1:2 of non-sep~rated to separated volume in the experimental 
, r] 

tank, provided the needeà space for the fish to select the appro-

priate concentration levei of preference, without masking behav- ~ , 

iour pa~terns. f\ctually, the apparatus providea equai volumes \ 

for toxicant, clear and, varyinq concentration zones. Aiso of 

primary importance is the fact that with such configuration the 

entire fish population can bff accounted for at .any time, with 

clear indication of the preferred level of toxicant concentra­

tion. Hence, a proper stat!ltical analysis can tie perf~rmed. In 
li 

the past, where a decision area was provided in the experimental -

channel, fish occupying positions in sucQ areas could not he 

accounted for in the .avoidance evaluation. Thus, either missing 

values vere acknowledged Jin the/,-statistical. analysis or 

researchers calcul~ted avo~ce based on the behaviour of the 

fish ~resent in the separated sections only. The latter approach 

was both statistically and practically invalid, since results 

vere not obtained from the same~8pulation at aIl times . 

.. . 
5.1.2 Experimental test procedUre§ 

5.1.2.1 OQtimum number of fisb 4, 

J ... 
When more than one orqanism i8 placed in the channel, terri-

__ torial behaviour may re~uIt in a form of aggresslon, 

Al. (1975), maskin9~reference-~voidance reactions. 

hand, employin~ mqr~ than one fish ma~es results more 

~. 

Chi~ar g 

On the other 

repres~1::lI:"",-'" . 
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ative of a real-life situation. Resulta obtained from exper-
. , 

iments performed to establish the optimum' number of fish, under 
" 

the standard experimental conditions, indicated the signifiçance 

of overcrowdinq in the channel. 

The results obtained usinq the selected,optimum number of 18 

fish compared with those obtained usinq 19 fish in the channel, . 

demonstrated the ifuportance'of the territoriality load, since the 

results were different (Table 4.1) •. previously, researchers had 
... 

considered aggressiveness of fish in the experimental channel as 
• 

a natural • expressl.on of and ~here~ore they social behaviour 

acknowled~ed it as a non~influencing parameter in their avoidance 

reactions. Results from the present study indicate that if 
, 

avoidance reactions are to be evaluated, agqressive behavipur can 

and, must 'be controlled or even eliminated so that it does not 

exert masking effects on the ac€ùal fish avoidance behaviour. ~he 

need to reduce avoidance re~ction maskin9 factors~led t~ the 

concept of territoriality load, which was calculated at 2.09 9/1 

or for ~asier reference can be established at the 2 9/1 (total 

weiqht of organisms per experimental tank volume). This load is 
'1 t. 

. proposed as a quideline to establüs~e maximum capacity of an 
" '--,J 

experimental ,tank to handle fish when behavioural studies are 

performed. 

5.1.2.2 Single cioncéntration expe~iments versus step function 

'\ conc~qtration testing 
~ 

Two methods wer~ ~yaluated for 
'1 _ 

runninq avoidance-preference 
0' ' 

tests. T~e first invol ved exposing~e ~ish to a single toxicant 

.' - \ • 

~ ( <J' /Il , J 

~ 

.. ' 

1 
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4It concentration for the entire testinq periode The second employed 

a sequence of iricreasinq concentrations using the same fish popu-

( 

\ 

; 

c 

\ " 

, 
1atipn during the 

, . test. Results obtained from the two methods 

were similar (see 4.1.2.2). Similar responses using the same two 

procedures were reported by Spraque (1969), Bogardus ~ al. 

(1975) and was &,lso ~oposed by Giattina et gh- (1982). The 

latter authors compared reqression lines obtained using the two 

methods an~ found no statistically significant differences. 

Statistical similari~y of results using either method of 

testing, suggested that previous exposur~ at lower concentrations 

had no influence on fish avoidance reaction at subsequent higher 

concentration levels. Thus it i5 proposed that the step function 
, ' 

concentration testing, in addition to being a far more efficient 

" exploitation of resources, is a valid technique to evaluate fish 

avoidance-préierence reactiorts. Giattina ~ ~(19B2) suggested 

that the step function concentration procedure is valid for 20 

minute exposure intervals and up to 4 concentrations per exper-

iment, a maximum exposure of 1 hr. and 20 min. The present study 

demonstrated that a step functfon concentration testing can yield 

valid results for intervals of 35 minutes with up to 6 concentra­

tions per experiment, with a maximum exposure O~b'.5 hrs. 

since avoidance reaction i5 an acute response to stress 

inqu~~d by the presence of the toxieant, the critical elements in 
~ 

the step function concentration testing is the length of the 
,J'> 

intervals of each concentration level and the collection of data 

at system steady-state rather than the total length of experimen­

tation. ; This is. supported. by the repeatability of results, 
u 

\ 

\ 



• where experiments were performed with 1 - 6 concentrations per 

experiment, while the time interval of each exposure level was 
, 

the same (35 minutes). Therefore it 1s prbposed that any number 

of concentrations per experiment is expected to yield similar 

avoidance results as with single ooncentration experiments pro­

vided that the exposure duration and conditions are identical for 

aIl experimental runs and avoidance is evaluated at system steady-

state. Further, it is proposed that such a procedure be adopted 

for aIl avoidance-preference studies, given the significant time 

and expense savings over the single concentration avoidance 

experiments. 

5.1.2.3 Channel acclimation period prior to testing 

In the process of elim~nating masking and avoidance influen-

cing factors, the significance of the fish acclimation period in 

the channel was evaluated. The behaviour of fish in the channel 

was erratic before the fish recovered from the netting experience 

and became familiar with the testing chamber. Such erratic behav-

iour was observed during the 20 minute and the one day acclima-

tion periods described in section 3.1.2.3. Previous researchers 

had employed acclimation periods ranging from 10 minutes to 2 

days prior to subjecting fish to a toxicant concentration field 

in the channel. The large difference in acclimation periods used 

by the different researchers may be attributed to differences in 

sizes of apparati, species, number O~h in the experimental 
~ 

tank and primarily the time it took for t~e fish to be distrib-

uted evenly in the channel. However, there is one significant 
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influencinq parameter, present in bioassays, which was not con-

sidered adequately in the pasto The netting pracess ta introduce 
..JI 

organisms from the holding tanks to the experimental tank results 

in a stressful impact on the organism independent of experimental 

set-up. Thè recovery period following a stressful experience was 

proposed by Barton et al. (1985) and Wedemeyer et al. (1979) to 

be 2 days, based on the tirne it took for certain biological par-

ameters, used as stress indicators, to stabilize to normal lev-

els. This corroborates what was observed in the present study, 

repeatabi1ity of results after 2 days of channel acclimation and 

inconsistency of results after shorter channel acclimation peri-

ods. A 50-50 fish distribution in the channel prior to perforrn-

ing the experiment is not sufficient proof that fish are accli-

mated te the new environment. In a 1 day channel acclimation 

experirnent, described in section 4.1.2.3, even though fish were 

equally distributed in the channel prior to testing, the avoid-

ance results were different from other experiments conducted fol-

lowing 1 or 2 day channel acclimation periods. On the other 

hand, in 2 day channel acclirnation experirnents, even when fish 

were not distributed equally prier to testing, the results were 

consistent, provided that the pre-testing dis~ribution was con-

sidered in the evaluation of fish net avoidance (see section 

2.2.5). Evaluating the acquired experience on fish pre-testing 

acclimation, it is":p,roposed that repeatability of results is the 

determining factor for ensuring fish acclimation in the channel. 

This can be achieved only when influence of ,other stressful fac-

tors, such as nettinq experience, are fully subdued. 
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-5.2 Avoidance-Preference testing with Cr(VI) 

5.2.1 Avoidance behaviour of Rainbow Trout ta Cr(VI) 

Experiments performed on a non-exposed population yielded an 

avoidance response curve described by Eq. (4.1). Observed fish 

avoidance reactions increased linearly on a log-normal scale with 

increasing levels of toxicant in the channel. This is in agree-

ment with aIl previous reported avoidance 
~ 

reactions, wherever 

avoidance to the toxicant was observed. A threshold avoidance 

value of 0.026 mg/l Cr(VI) was established. This is similar to 

the 0.02 mg/l total chromium proposed in the new draft of the 

Canadian Water Quality Guidelines (in press). The 0.02 mg/l 

level reported as maximum concentration for any water use, was 

established using Daphnia magna as the test organisme To date 

the existing safe level was set at 0.05 mg/l Chromium (EPS Env. 

Cano (1980), USEPA (1976». There is a large range of sensiti-

vit Y to Cr(VI) among different organisms reported in the litera­

ture (App. A.2). Varying water characteristics make results even 

more difficult to interpret and direct comparisons impossible. 

The threshold avoidance reaction level is aiso included in Table 

4.5. The exhibited sensitivity of avoidance reactions can clas-

sify avoidance testing as an efficient means of predicting safe 

concentration levels for any toxicant, simply by using the estab-

lished avoidance threshold level as the proposed safe level for 

the tested toxicant. In addition, a threshold avoidance level 

establis~ed employing fish bioassays could also provide predic-

tian of safe levels for lower organisms (0.026 mg/l Cr(VI) for 

f~sh compared ta 0.02 mg/l Cr(VI) for Daphnia magna. Thus avoid-
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ance-preference tests can he considered as a potential tool for 

fast and efficient determination,of safe t~icant levels for a 

wide range of levels of biologieal integration. 

5.2.2 Ayoidanee behaviour of Rainbow Trout. pre-exposed to CrCVI) 

Populations of rainbow trout pre-exposed to Cr(VI) demon-

strated several general avoidance reaction trends. Fish pre-

exposed to Cr(VI) exhibited lower avoidance reactions compared to 

non-exposed fish. This decrease in avoidance reaction was con-

sistent for increasing pre-exposure levels and reached a minimum 

when fish were pre-exposed at 0.8 mg/l Cr(VI). At the next 

higher pre-exposure level, 1.0 mg/l Cr(VI), fish avoidance reac-

tions were higher compared to the 0.8 mg/l Cr(VI) pre-exposed 

population. Further increase in pre-exposure levels yielded 
l, 

aga~n a trend of reduced avoidance reactions with increasing 

leveis of pre-exposure indicating that 0.8 mg/I Cr(VI) can be 

considered as a critical level for fish pre-exposure to Cr(VI). 

This reduction in avoidance reactions suggests an increased 

tolerance with increasing levels of pre-exposure. This trend is 

widely accepted as valid in freshwater and marine species and for 

a variety of toxicants as reported by Oixon and Sprague (1981,1; 

1981,2), Luoma (1977), Weis ~ Al.(1981), Saliba and Krzyz 

(1976), Rahel (1981), Pascoe and Beattie (1979),McKim ~ Al. 

(1976), Beattie and Pascoe (1978), Oixon and Hilton (1981), Wede-

meyer §t §l.(1979) , and Spehar ~ Al. (1978). AlI research 

results suggest that fish exposed sublethally to a toxicant at 

~ any life stage from eggs to adults become more tolerant 
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and usûally more resistant to the presence of the sarne toxic 

agent in the environment. 

Sprague (1969) suggested that fish become more tolerant for 

pre-exposure levels up to 0.6 toxic units where: 

x (toxic unit) = toxicant concentration 
96 hr LCSO value for the sarne toxicant 

Based on the results of the present experimental work, a 

critical level of 0.8 mg/l Cr(VI) was supported by two alterna-

tive r~tionales. 

On the one hand, a slight change in slope in the avoidance 

curve of the non-exposed population oceurred in the range of 0.8 

mg/l Cr(VI) (Fig. 4.5 and further discussed in section 4.6.2) 

suggesting a change in avoidance behaviour mechanism. Secondly 

at the 0.8 mg/l Cr pre-exposure level, fisn demonstrated the low-

est avoidance reaction curve compared to aIl pre-exposed popula-

tions. In fact, fish pre-exposed at the proposed critical level 

of 0.8 mg/l Cr(VI) exhibited preference for any toxicant concen-

tration up to the threshold avoidance level of 5.8 mg/le 

A wide range of proposed 96 hr LCSO values for Cr(VI) was 

found in the literature (11-118 mg/l Cr(VI» (See App. A.2). If 

11 mg/l Cr(VI) is accepted as the 96 hr LCSO value, the ratio 

0.8/11 = 0.07 toxie u:li ts is almost ten times lower than 

Sprague's. (196~} proposaI. Experimental conditions and type of 

toxicant for Sprague's experiments were different. On the other 

hand, a level of 0.6 toxie units was established with different 

considerations for referring to the level as critieal. In 

4Cl Sprague's case, tolerance was evaluated at lethal levels through 

. , 



96 h LeSO values. In the present work, 0.8 mg/l Cr (VI) is pro-

posed as critical because of several indicators such as 1) 

increased mortality for populations pre-exposed beyond that crit-

ical level 2) change in the avoidance behavioural pattern 

beyond 0.8 mg/l Cr(VI) and 3) return to a normal behaviour pat-

tern compared to non-exposed fish after a short clearance period 

following pre-exposur~ at concentrations up to the critical 

level. 

Van der Putte et al. (1981) suggested that fish pre-exposed 

at 2.0 mg/l Cr (VI) were biologically significantly different 

than controls, which supports present findings of altered pattern 

in avoidance reactions beyond the proposed critical level of 0.8 

mg/l Cr (VI). 

AlI pre-exposed populations of rainbow trout demonstrated an 
h 

attraction towards a familiar envirorument for concentrations that 

corresponded to their pre-exposure level. This was demonstrated 

graphically by the inflection points on aIl avoidance curves 

(Figs. 4.5 to 4.11). 

Despite the fact that fish were acclimated in clear water 

for 2 days prior to testing, they still demonstrated a distinc-

tive attraction towards their familiar environment. This behav-

iour has not been reported in the literature. If this behaviour 

was applicable in natural waters, regulatory standards should be 

reconsidered in light of this physiological trap, especially 

sinee avoidance of pre-exposed populations is lowered with 

increasing sublethal pre-exposure levels. 

AlI equations included in Table 4.5 were derived to describe 
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fish avoidance behaviour for concentrations higher than their 

pre-exposuze· level. They can serve both as predictive tools for 

establishing avoidance reactions of pre-exposed fish as weIl as 

provide threshold avoidance values for populations under similar 

pre-exposure conditions. 

Avoidance threshold values for aIl pre-exposed populations 

increased linearly with increasing levels of pre-exposure. Avoid-

ance threshold values can be correlated to tolerance and as sug-

gested by various researchers, tolerance towardp lethal levels 

was increasing with increasing sublethal levels of pre-exposure. 

Therefore, the same behaviour patterns in terms of tolerance can 

be established either through lethal tests or sublethal avoidance 

reaction testing. This may suggest that avoidance reactions or 

behaviour in general can be correlated to results at lethal lev-

els. The advantage of avoidance reaction testing is that a 

relation between pre-exposure level and level of tolerance 

(avoidance threshold) may be established. In addition, this 

relation may be used as a predictive tool for safe concentration 

levels given the pre-exposure level of a particular fish popula-

tion. 

Fish populations pre-exposed up to the critical level of 0.8 

mg/l Cr (VI), followed by acclimation for 7 days in clear water, 

demonstrated a functional recovery of their chemoreceptive capac-

ity. This was evident from the similarity in the respective 

avoidance curves compared to that of the non-exposed population. 

While clear~nce of the toxicant from flesh may be rapid, clear­

ance from other orqans and gills is a slow process for a variety 

,'- .1 l1>,' 
-__ \'"', ,:l ~ .,:~, " 
, , 

,.~ 

',' 
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of t!>Xicant( For avôldance rea?tlon testinq. - i t ls suqqested 

that flesh toxicant leve1s plaY,a minimal role in avoidance reac­

tions. On the other hand, gills and olfactory receptors are pro-

posed to 'play a major role in inducin~avoidance reactions. 

Singh and Ferns (1978) and Bara et al. (1983) suggested a 12 week 

rehabilitation period for biologically affected fish after pre-

exposure that reached steady-state in toxicant content in the 

organisms. Results for Cr(VI) from the present work suggest that 

there is a much shorter period for functional recovery from 

Cr(VI) exposure to behavioural levels comparable with those of 

non-exposed populations. For populations pre-exposed beyond the 

0.8 mg/l Cr (VI), fish have been biologically affected by such 

pre-exposure levels. This was evident by the difference in the 7 

day avoidance curve of a population pre-exposed to 1.0 mg/I Cr 

(VI) compared te the non-exposed curve (Fig. 4.5 and 4.10). It 

was also supported by the increased mortality at 1.0 and 3.0 m6/1 

Cr (VI) compared to controis (respectively 14 and 36% cempar,ed to 

1.5% in the controls). These observations reinforce the hypothe-

sis that 0.8 mg/I Cr(VI) is a critical levei of exposure, beyond 

which fish 'cannot'recover their avoidance behaviour sensitivity 

within a short period of time. 

5.3 Avoidance-Preference testing with Cr(III) 

5.3.1 Avoidance-Preference testing with Rainbow Trout not pre­

viously exP0sed to Cr(III). 

Avoidance-preferance experiments performed on trout using 

Cr(III) as the toxicant yielded an avoidance response curve 
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described by equations presented in Table 4.8. It ' was evident 

that no sinqle loq-linear mathematical expressi~n could fit the 

Cr (III) data. Therefore two separate loq-linear expressions are 

proposed depending on concentration ranges. The change in avoid­

ance reaction occurs around 3.0 mg/l Cr(III). Avoidance reac-

t · . ô d 'the . (III) t t' Ith h 10ns 1ncrease W1 1ncreas1ng Cr concen ra 10ns, a oug 

results were not significantly different over a wide range of 

concentrations up to 3.0 mg/l Cr(III). This behaviour is in gen­

er~~ agreement with observations by Mearns (1985), Pickering and 

Henderson (1966), and Clarke (1974), where they proposed that 

Cr(VI) i5 more effective in eliciting toxic effects at low chro-

mium concentrations, while Cr(III) yields higher toxicity at high 

concentration levels (Fig. 4.5 and 4.13). This is further evi-

dence that avoidance behaviour can be directly correlated with 

toxicity results based on lethal bioassays. 

A threshold avoidance value of 0.0026 mg!l Cr{III) was 

determined from the experimental data, which is 10 times smaller 

than the Cr(VI) respective threshold. This is also 8 times 

smaller than the 0.02 mg/l total chromium, proposed by the Cana-
• 

dian Couneil of Resource and Environment Ministers (in press) and 

siqnificantly lower than the existing standard of 0.05 mg/l total , 

chromium reported by EPS Env. Cano (1979), and USEPA (1976). 

Threshold avoidance values and mathematical expressions are sum-

marized in Table 4.8. 

) 

" 



c· -5.3.2 Avoidance-Preference testing with Raitibow Traut pre-
'" exposed ta Cr(II!) 

Fish avoidance reactions follo~~ng 0.01 and 0.1 mg/l Cr(III) 
" 

pre-exposure were not different compared 'to the behaviour of non- ~ 

exposed fish. This suggests that the impact of such levels of 

pre-exposure on the fish was not significant. Considering the 

strength of Cr(III) bonding and adsorption effici~ncy, the exper­

imental data can support two possible explanations. Strongly 

bonded Cr(III) resulting dfrom pre-exposure is not mobilized 

within the two days acclimation pe~iod in the channel, whereas 

non-exposed fish readily bind Cr(III) on gills and olfactory mem-

branes to levels similar to the pre-exposed populations. 

Aithough not supported by quantifiable data, this proposaI is 

plausable sinee Cr(III) binds readily and bonding is extremely 

strong on biologicai membranes (Ferguson 1982, Tobin 1986) . 
. 

Alternatively, pre-exposure levels up'to and including 0.1 mg/l 

Cr(III) do not affect fish. This proposaI is supported by Clarke 
\] 

(1974), where the lowest concentration of Cr(III) tor toxic sub-

lethal effects was established at 0.33 mg/l. 

Populations pre-exposed at 0.3 mg/l Cr(III) and bey?nd, when 

tested at concentrations beyond their pre-exposure level, demon-

strated reduced avoidance reactions with increasing levels of 

pre-exposure. Reactions reached a minimum at th~ 0.8 mg/l 

Cr(III) pre-exposure level similar to the case of Cr(VI) pre­

exposure. Overall avoidance reactions of populations pre-expo4ed 
~ 

at 1.0 mg/l Cr(III) levei were higher compared to those obtained 

for populations pre-exposed at 0.8 mg/l Cr(III). At concentra-
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o tions beyond the 0.8 mg/ 1 Cr ( I}:I) level of pre-exposure" avoid-

ance reactions started decreasing with increasing levels of pre-

exposqre (see Figures 4.18 and 4.19). ;:omparing results between 

--~ Cr(VI) and Cr(III) pre-exposures, the similarity in behaviour at 

o 

1 

the 0.8 mg/l Cr(III) p'l~-exposure level, which was suggested from 

Cr(VI) tests as a critical level of chromium pre-exposure or in 

appropriate terminology as a maximum allowable toxicant concen-

tration, is not coincidental. 

Fish exposed tb any form or chromium, if given sufficient 

time, eventually accumulate chromium in its trivalent form (Singh 

and Ferns' (1978». The fact that similar overall avoidance 

behaviour was observed between the several pre-exposed popula-
~ ... 

tions to two different chromium compounds can be attributed to 

the assumption that long term exposure of the population negates 

the effect of initial differences in ionic speciation. After 

several days, Cr(VI) will be eventually transformed to Cr(III) 

and further accumulation at steady-state of pre-exposure would • 
yield biologically similar populations, even if such populations 

were initially exposed to different ionic species of the same 

toxicant. 

The differences in mortality of populations exposed at 1.0 

mg/l and 3.0 mg/l betwe~n Cr(VI) which exhibited mortality, and 
~ 

q. 

Cr( III) with no mortality, can be a't'tributed to higher acute tox-. 

icity of hexavalent chromium, over the trivalent form (Clqike 

(1974». Additional supportive evidence of the range wher~ 

Cr(III) bpcomes an acutely effective toxicant can be d~ f~om 
the avoidance reaction curves of non-exposed populations (Fig. 

" 

n 

. 
w. 
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1 4.5 and 4.13) subjected to Cr(III) and Cr(VI). Il 
The actua1 

change in slope of the ,avoidance reaction curve 
1 

for Cr(IlI) 
/ 

occurred at 3.0 mg/1 Cr(III) with a steepe~ slope, compared to 

Cr(VI). This suggests that Cr(III) becomes a more effective tox­

ica8t beyond the 3.0 mg/l Cr(IIl) level for cases of acute expo­

sure compared to Cr(YI). Similarly, the actual avoidance reac­

tion levels are. in general ~igher for Cr(Vl) at low concentra­

tions up to the range of 3.0 mg/l and~for aIl pre-exposed popula-

tians up to the critical pre-exposure level of 0.8 mg/le Beyond 

the proposed critical level, avoidance reactions of pre-e~posed 

populations ta Cr(III) are higher compared to respective Cr(VI) 

pre-exposed populations. This evidence further supports the idea 

of a- direct correlation between avoidance data and toxicity 

effects. 

Consideration of similarities and differences in avoidance 
. 

reactions of populations exposed at the same net chromiurn levels 

different chromium compounds, indicate that Cr(YI) is of 

.~~~ed toxic potential compared to the Cr(IlI) form for acute 

e, within a range of sublethal concentrations below the 

3.0 mg/l level. CreYI) is also propased ta'be more taxie than , 

Cr ( III) for short term cantinuous expasure beyand q the suggested 

maximum allowable toxicant 'concentration (MATC) of O.§ mg/l as 

total chrornium, as suggested by the increased mortality of the 

Cr(VI) pre-exposed populations. On the ather hand Cr(III) is the 

forro that fish eventually accumulate and store ~n their tissues • 
.' 'V 

This, was stated by Singh and Ferns (1978) and aIse suqgested by 
.t 

theipresént results sinee fish populations pre-exPased ta either 
( 

Cl 
j 
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• 
Cr(VIl or Cr(III) exhibited a-similarity in avoidance response 

'" - , 
trends over the entire range of pre-exposure levéls. Results 

obtained using either chromium compound yie14ed the sarne critical' 
, " 

level for long term pre-exposure, based on the- similar response 

of populations pre-exposed at 0.8 mg/lof, chromium. (Fig ... 4.9 and 

4.17). Slight differences in 1evels of actual avoidance can be 

attributed to the bioassay. 

A comparison of avoidance curves obtained from non-exposed 
Il .J 

populations subjected to Cr(III) aRd Cr(VI) in the channel, sug--. 
gests that at chromium concentrations beyand the 10.Orng/1 l~l, 

1 

Cr(III) is~more effective in eliciting stranger avoidance reac-

tions compared to Cr(VI) (Fig. 4.5 and 4.13). Similar results 

were observed from a compârison of results from aIl populâtions 

pre-exposed ta Cr(III) and C~(VI). Cr(III) was ~e effective in 

eliciting avoidance responses beyond the 3.0 mg/l level. This ~ 

reductian in the level that causes stronger avoidance reaction 

for Cr(III) comp",fed, ta Cr(VI~' be'twe~n nan-exposed an~-
exposed populations," may be due to the accumulation o~hromium , .... 

in organisms in its trivalenÉ form (Singh and Ferns (1978». 
') { 

The observed,higher avoidance reactions due to Cr(III) com-

pared ta those due to Cr(VI) at high chromium 1eveis ( > 3.0 
17 

mg/l), can also'correlate indirectly avoidance behav~our, with 

takicity, since Clarke (197}r reported higher Cr(~II) toxicity 

campared to Cr(VI) at high nominal chromium concentrations. 

One apparent inconsistency between avoidance reactio~ trends ,. 

for the two fo~ms of chromium as stated above, occurred at'the 

0.3 mg/1 pre-exposure levei (Fig. 4.8 and 4.16). Avoidance 

l , 
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curVè~ for Cr(III) a~d Cr(VI) at the 0.3 mg/l pre-exposure level 

follow identical trends with avoidance reactions ta Cr(III) being 
l 

consistently lower. 

The first pre-exposure level where fish-avoidance reactions 

differed from the non-exposed populations occurred at 0.3 mg/l 

Cr (1 II) . Therefore 0.3 mg!l Cr(III) can be proposed as the 

effective concentration to yield significant'avoidance reactions. 

This is also corroborated by Clarke (1974), who reported 0.33 

mg/l Cr(III) as the lowest level to produce toxic effects. This 

suggests an additional correlation between avoidance-preference 

data and levels established using other lethal bioassay tech-

niques. 

Threshold avoidance levels are surnmarized in Table 4.8. 

Threshold avoidance values were consiste'1tllY higher w1th 

increasing levels of pre-exposure, indicating ~mproved tolerance 

with increasing levels of pre-exposure. This is in line with 

observations of previous researchers as stated in section 5.2.2. 

For aIl populations pre-exposed below the 0.8 mg/l critical 

level, avoidance reactions after a 7 day channel acclimation 

period were generally lower compared to those after the standard 

2 day channel acclimatioR periode 

It appears that avo~dance-preference reactions are mediated 

through çhemoreceptors on nose, paratal and gill membranes. (See 

section 5.6.2). On the other hand, the bulk of the accumulated 

toxicant is cleared through' a tissue-plasma-gill pathway. Since 

,qills _~e the last step in the clearance process and a key sen-
( \ 

sory\organ to contribute in avoidance reactions, anyaccumulation 
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of toxicant due to clearance on the qill epithelium may cause a 

change in avoidance level. Therefore, a reduction of avoidance 

reaction due to the different clearance period (7 days compared 

to 2 days) may be attributed to an increased CreIII) concentra­

tion on the gil1 especially considering the bonding strength and 

the affinity of Cr(III) for biological membranes (Tobin (1986». 

A probable mechanism to explain the change in avoidance 

reactlon would involve a comparison of the test concentration to 

that of the epithelial level. If the epithelium concentration is 

higher than the ambient water concentration of the toxicant then 

a neutral or mild reaction ~~ight be expected as long as the 

epithellum remains below satura~n. Therefore for two fish pop­

ulations tested under the same channel conditions, the one with 

higher initial gil1 toxiçant concentration, due to a longer 

clearance period, is expected to react at a lower level, as was 

the case for populations pre-exposed below the 0.8 mg/l Cr(III) 

cri tical level. 
t 

Populations pre-exposed at or beyona the 0.8 mg/l Cr(IlI) 

exhibited higher avoidance reactions after a 7 day channel accli-

mation period compared to those after the standard 2 day channel 

acclimation period, as long as channel concentrations were beyond 

the respective pre-exposure level. Fish avoidance reactions due 

to toxicant impact are concentration range specifie. 
ç Reactions 

in general follow a three stage pattern, alarm - resistance -ex-

ha~tion. This is also demonstrated graphically in Fig. 2.2 and 

2.4. Avoidance results can establish a similar 3 range concen-

~ tration pattern to describe the toxicant impact on orqanisms. 

\ 

l 
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The tirst range consists of the sate zone of exposure or no 

affect zone. It expands from non-detectable levals of the toxi­

cant and is upper bound by the avO'idance threshold level of the 

population considered. This is further proposed as the maximum 

toxicant concentration for safe water use. The second range 

extends from the threshold value to the critical toxicant level, 

as established in the present study. This zone will be further 

referred to as the elastic expo~~r: z5ffie, because fisn exposed to 

toxicant concentrations within ~hat range will be biologically 
, 

stressed in an elastic or reversible fashion. Fish p~e-exposed 

within this zone maintain the capacity to recover to their ini-

tial or normal state after the removal of the pollution source 

(Fig. 2.4). 

The proposed critical level is established using the avail-

able avoidance curves of non-exposed and pre-exposed populations. 

It is the minimum of the two levels established from the range 

wher.e a change in slope of the avoidance reaction curve oceurs 

and from the pre-exposure levei that yielded a curve with the 

~inimum intensity in avoidance reaction. 

The critical level can be proposed as a M.A.T.C. This 's 

concentration where fish start being biologically affe ted and 

long term exposure beyond that level will produce inJleased popu­
,P 

lation mortality. The third range of toxic~ concentration 
_/ . 

ranges from this criticai levei to beyond the Le50 value. F1sh 

exposed within this range will be irreversibly biologically 
I? 

affected to sllch a degree that even if there is no Immediate mor-

tality observed, recovery to a normal state of health is not 

,. 

1 
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guaranteed, especially within a short time periode 

Avoidance reactions are stress induced and the intensity of 

'the stress is re1ated to the detection capacity of the fish. The 

" detection capacity can be a1tered by the clearance process fo1-

lowing a long term expooure of fish to the toxicant. In fish 

bioassays the gills are the 1ast step in a clearance process and 

at the same time, a major toxicant detection centre. If a toxic 

substance such as Cr(III), which binds strongly on biological 

membranes such as gills, is cleared from aIl other tissues and 

organs, it will accumulate on the gills before it will eventually 

be cleared from the organisme The longer the clearance period, 

the more lik~ly for an increased level of Cr(III) to exist on 
1') 

gill membranes, and therefore altered avoidance b~haviour may be 

observed. On the other hand, fish of the same species and same 

overall characteristics of age and sex are expected to have simi-

lar capacities of binding and clearing Cr(III) on gills when sub­

jected to the same test conditions and before reaching satura-

tion. It appea-:ps, (therefore, probable that the leve1 of Cr (III) 
~ ,1 

on the gi11 surface, should be increasing with the level ofo pre-

exposure for the same clearance period until the gill membrane 

becomes saturated with Cr(III). For low pre-exposure 1evels, 

be10w the 0.8 m~/l level, avoidance reactions after 7 days chan­

nel acclimation were lower than the equivalent 2 day channel 

acc1imation period and were in genera1 decreasing with increas-

ing pre-e};posure levels. The observed behaviour is in agreement 

with the assumption of higher concentration of Cr(III) on gill 

epithelia for the same clearance period, as long as gill surface 



concentration had not reached saturation. Therefore hiqher 

Cr(III) 9111 concentration can be corre1ated to decreased avoid-
-

anee reaction if qill epithelium èoncentration ia below satura-

tion level. If during clearance the gi11 membrane became satu­

rated, fish would no longer be able to handle an external Cr(III) 

burden on the gills. The subsequent avoidance reaction is 

expected to be stronger compared to fish subjected to a shorter 

clearance period as long as their 9ill concentration was below 

saturation. This mechanism also provides a plausible explanation 

for the behaviour of fish after 7 days channel acclimation, which 

were pre-exposed at and beyond the 0.8 mg/I Cr(III) level. Those 

populations demonstrated an increased avoidance reaction compared 

to their respective 2 day channel acclimation results. 

It can be generally suggested that the effectiveness of a 

toxic compound in eliciting avoidance, and indirectIy its toxic-

ity, depends on two characteristic parameters of the toxicant: 

1) the range of concentrations tha't the toxicant is encoun-

tered in nature and 

2) the affinity and binding strength of the toxicant on 

biological membranes. 

An avoidance preference test can direetly and sensitively 

provide qualitative and quantitative information on both aspects. 

5.4 Ayoidance preference testing with CUeII) 

contrary to the limited information on ehromium toxicity in 

the literature, a plethora of papers has been published on copper 

toxicity, s~ce CU is respected as an extremely toxie agent. The 
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purpose of testing fish avoidance reactions to copper, using the 
....-" 

established methodology, was to determine if fish react simi-
/ 

larly to the response observed with chromium when exposed to a 

different toxic agent. 

Similar experiments were performed using fish populations 

with the same characteristics as with chromium, and following the 

same experimental procedures. Pre-exposure levels were chosen to 

coyer a range between 0.05-0.30 toxic units. Le50 values for 

rainbow trout exposed to Cu(II) using water with the same quality 

chacteristics were provided by Dr. P. Anderson (personal communi-

cation) and was established at 256 - 270 ~g/l as Cu(Il). 

5.4.1 Avoidance-Preference testing with Rainbow Trout which 

have not been previously exposed to Cu(II) 

Two distinct avoidance reaction expressions representing two 

slopes in the avoidance curve can be established for 'trout tested 

with Cu( II) . The expressions are presented in Table 4.11. The 

initial steep slope of the avoidance curve yields an avoidance 

threshold of 2.1 ~g/1. This concentration is among the lowest 

reported values based on avoidance or other methods of establish-

ing water quality standards. Only Folmar (1976) in Giattina and 

Garton (1983) reported a lower avoidance threshold of 0.1 ~g/l 

Cu(II) for rainbow trout in water with 89.5 mg/l hardness. Fol­

mar's 0.1 ~g/l Cu(II) level is the lowest reported concentration 

to affect any species in any bioassay technique. This is an 

indication of the sensitivity of the avoidance-preference method. 

~ USEPA (1980) suggests 5.6 ~g/l as a 24h average in the water 

, " 



quality criteria for copper. This levei ls proposed as safe to 

protect any form of aquatic life. Canada accepts a 5 ~g/l levei 

for the protection of fresh water aquatic life (EPS, En. Cano 

(1980». The level for protecting fresh water aquatic life is 

the lowest suggested compared to criteria for any other water 

use. The background concentration of Cu(II) in the source water 

for the present experiments was undetectable. Therefore total 

Cu(II) in the channel to yield threshold avoidance was in fact 

2.1 ~g/l. Unfortunately, researchers do not always report back-

ground Cu(II) concentration levels, which for low test concentra-

tions May introduce a high percentage of discrepancy between 

results obtained on different experimental set-ups. A threshold 

avoidance level of 2.4 ~g/l Cu(II) was previously reported by 

Sprague (1964) for Atlantic salmon (Sa~o salar) with a water of 

total hardness of 18 mg/l compared ta the 100 mg/l total hardness 

as CaC03 in the present study. It is weIl established that 

toxicity increases with decreasing hardness because of less 

potential complexation of the toxicant. A field concentration of 

17-21 ~g/l Cu(II) has been suggested ta cause downstream movement 
~ 

of Atlantic salmon while a level of 38 ~g/l Cu(II) prevented 

upstream migration of the species (Sprague et al. (1965». 

Westlake et al.(1974) suggested a 5 ~g/l threshold avoidance for 

goldfish in water with total hardness of 5.4 mg/le Similarly 

D.G. Stevens (in Giattina et al. (19~» proposed a threshold 

value of 14 ~g/l Cu(II) for rainbow trout in water with 28 mg/l 

total hardness. Finally, Hara et al. (1976) reported that a 

threshold concentration of copper required to cause a minimal 
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depression in rainbow trout bulbar response . when combined with 

the olfactory stimulant L-serine was 8 ~g/l. AlI reported cases 

for avoidance thresholds in terms of absolute values are not far 

from the 2.1 Ug/l eu(II) set by this study, if the background 

eu(II) concentration of laboratory water of previous studies (2-) 

Ug/l) is disregarded. Considering the lower total water hardness 

as CaC0 3 for aIl reported cases (ranges: 5.4 - 28.4 mg/l) com-

pared to the present study 100 mg/l, the sensitivity of determin­

ing effective thresholds using the proposed methodology appears 

to be an improvement over previous methods. Rainbow trout avoid 

copper at concentrations within the range of the proposed water 

quality standards for safe water use and definitely belor aIl 

chronic toxicity values reported for copper in EPS Env. Cano 

(1980) and USEPA (1980). 

The overall behaviour of the Cu(II) avoidance curve for the 

non-exposed population of rainbow trout presents characteristic 

similarities as in the case of Cr(III), where two distinct slopes 

were evident. The upper limit of the first range for Cu(II) was 

45 Ug/l. The level, where the avoidance, curve changes slope, was 

proposed in the case of Cr(III) to be considered as a MATe. Win-

ner and Farrell (1976) suggested a level > 40 ~g/l Cu(II} as 

criti~al for reduction in survival and growth rate in 4 species 

of Daphnia. Similarly, Williams and Anderson (1986) (private 

communication) have established MATC for zebra fish between 30-76 

ug/l eu(tI) using a water source with ~he same water qua1ity 

characteri~tics as in the recent study. In addition, Hodson et 

al. (1979) mentioned respiration and osmoregulation problems for 
.1 

" 



"_ ••• ' <. 

143 

rainbow trout in the range of 40 - 60 ).I.g/1. Sprague ('1964) meas-

ured avoidance reactions of Altantic salmon (Salmo salar). In 

light of the resu1ts of the recent study, a re-examination of 

Sprague's data (Fig. 5.1) indicate that a change in slope occurs 

-in the range of 40 JLg/1 eu(II). These findings support the pro­

posaI of 45 JLg/1 Cu(II) as a probable MATC level for rainbow 

trout, established through avoidance testing. Further it sup-

ports the method as capable of establishing MATe's as weIl as~ 

safe concentration levels through threshold avoidance values. 

(See also discussion in section 5.3.2). McKim and Benoit (1971) 

established MATe for brook trout exposed over a long terrn period 

to eu(II) between 17.4 and 9,.5 JLg/1 as eu(II) based on results 

from survival, growth and reproduction. The discrepancy between 

their MATC values and the one proposed by the present study can 

be attributed to the difference in total water hardness, 45 mg/1 

as CaC03 for Mc Kim and Benoit'( 1971) compared to 100 mg/l as 

CaC03 for the present study, and the use of different test 

species. Ta ernphasize the importance of the effect of hardness 

on Cu(II) toxicity, data presented by Bell (1976) in Forstner and 

Prosi (1978) demonstrated that the lethal threshold for Cu(II) 

and rainbow trout increased over 120% (from 80 JLg/l Cu to 180 

~g/i Cu) with an increase in CaC03 hardness from 45 to 100 mg/le 

Giattina et al. (1982) correlated their avoidance thresho1d value 

with MATe values suggested by McKim and Benoit (1971) and Drum­

mond !i al. (1973) obtained on brook trout. The present work 

c1early distinguishes and establishes a threshold avoidance value 

that correlates to safe leveis of water use, while MATC is corre-
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lated with the suggested'critical .level of the toxicant as estab­

lished irr the present study. 

Avoidance reactions tend to increase with increased Cu(II) 

levels in the channel for concentrations beyond 45 ~g/l CU~I). 

The apparent difference in slope and the linearity of response 

for both ranges of concentrations (up to 45 ~g/l and beyond 45 

~g/l), suggests that avoidance reactions are not triggered by 

the sarne biological mechanism in the two ranges. Hara (1976) 

suggested that depression of the bulbar response increased with 

increasing concentration of Cu(II), while irreversible damage to 

the olfactory chemoreceptors of rainbow trout occurred at 50 ~g/l 

Cu (II) . Therefore a very strong correlation can be established 

between olfactory chemoreception and the upper limit of the lower 

range of avoidance reactions of rainbow trout, since within the 

same range, when fish finally lose their chernoreceptive capacity 

(at 50 ~g/l eu(II) according to Hara (1976», the avoidance reac-, 

tion curve changes slope (at 45 ~g/l Cu(II». Similar results 

were obtained for two estuarine species, by Gardner and LaRoche'· ... · 
/' 

; 

(1973), who found physical damage on olfactory chemoreceptors / at 
1 

50 ~g/l Cu(II), which was the lowest concentration they tested. 

It was reported by various authors on different species (Black 

and Birge (1980); Maciorowski et al. (1977), Hara and Sherer .. 
(unpublished data) in Giattina et al. (1982», that organisms 

exhibited a strong attraction to high centrations fol-

lowing initial avoidance at lower levels. What reported 

in most cases was the relationship of evels to the 

lethal levels for the species tested. In aIl cases where organ-

# . 
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~ iama were attract~d to copper, concentrations of CU(II) in the 

channèl were 10 ~ 100 times the lethal levels for the species 

tested. From "the present study and existing relevant informa-

tion, it appèars that fish exposeq to copper up ~o one toxic unit 

will eve,ntually avoid at 100% lethal concentrations of the 

metal (Spraque and Drury (1969), Giattina ~~. (1982». If on 

the other hand, concentrations of copper increase to extremely 

high lethai leveis (10-100 toxic units), attraction -may result 

due to narcotic effects (Jones 1947, 1948) or changes in sensiti-

vit Y of chemoreceptors. 

Results demons~rating attraction at extremely high levels 

are not supported by evidence in natu'ral systems. Once concen-

trations have greatly exceeded lethal levels (10-100 toxic units), 

the population i5 biologically affected to such an extent that 

any consideration of avoidance reactions and attempts to compare 

re~ult5 between biologically different populations, is meaning-

less. The use of a sensitive and effective method at sublethal 

levels to predict effects on fish at extremely lethal levels is 

an attempt to conduct an analysis outside of the use fuI range of 

the methodology. 

Fish exposed at highly toxic concentrations, being on the 

verge of death, are not expected to respond to the toxicant fol-
.~ 

lowing the same mechanism as for sublethal concentrations. 

Available data on fish avoidance reactions in nature indi-

cate that fish do react ~n the presence of low CU(II) concentra­

tions, by avoiding the polluted area, therefore indicatinq that 

~ avoidanee can be an important influencing factor on the miqra-

! '. 
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tion, distribution and ~urvival of fish (Spraque.t Al- (1965); 
é~ 

'Sutterlin and Gray (1973); Geekler ~ Al~ (1976». 

Fiah kills by extremely lethal (10-100 toxie units) levels 

of Cu(II) are non-existant or rare, suqqestinq that avoidanee 

data obtained at these levels are of limited practical siqnifi­

canee. Due ta the mechanies of toxiçant transport in natural 
~ \. 

waters, and the response of fish ta chanqes~ in ambient water 

chemistry, avoidance preference tests should be performed within 

a range of -concentrations with LC50 as the upper limite 

5.4.2 Avoidance-Preference testing with Rainbow Trout pre-exposed 

to CUCIn 

Pre-exposed fish avoidance reactions to CU(II)after 2 days 

channel acclimation were in general significantly different com-
.t­

pared to nan-exposed populations. AlI pre-e'xp1>sed populatIons 

demonstrated severaI general avoidance reaction trends. 

Pre-exposed fish avoidance reactions decreased with increas-

ing levels of pre-exposure yielding a minimum avoidance reaction 

" curve when fish were pre-exposed at 45 tg/l Cu(II). At the next 

higher pre-exposure level, 50 19/1 eu(II), fish avoidance reac­

tions were hiqher compared to the 45 19/1 CU(I!) pre-exposed pop­

ulation. Further increase in pre-exposure levels yielded again a 

trend of generally reduced avoidance reactions with increa~inq 

levels of pre-exposure. This overall CU(II) avoidance behaviour 

is in agreement with both c~romium cases. The observed reduction 

_in aVQidance reactions suggests an increased tolerance ta CU(II) 

~'~ with inereasing leveis of pre-exposure. fbis is in aqree.ent 

? 
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with evidence presented by vartous 

specifically <for Çu(!I) "and trout 

Avoidance reaction curves obtained 

investigators (S~5.2.2) and 

by Dixo~ and Spra e (1981,1). 

from pre-exposed as .well as 

non-exPosed populations demonstrated a chang~ in slope that 
-, 

~ccurred always in the range o~ 45 Ug/l. This suggests that 45 

~g/l is a critical level for Cu(II) exposure. In addition, it 

implies that avofdance driving mechanisms are independent of pre­

exposure level. 

For Cu(II), 45 ~g/l can be established as a critièal level 

of pre-exposure and be proposed as the MATC for CU(IIl especially 

in light of the information presented in 5.~.1 about the minimum 

levels, where biological alterations or toxic effects start 

occurring. 

AlI pre-exposed populations o~rainbOw trout demonstrated an 

attraction towards a familiar environment for concentrations cor-

responding to their pre-exposure level. This attractiOn can be -

depicted from the inflection point of the avoidance 

aIl pre-expose~ns (Fig. 4.21 - 4.26). 

observed behaviour it may be proposed that fish can 

.)nVironment 
.. 

familiar in terms of water quality and 

';." ... 

curves for 

Based on .the 

recognize a 

return there 

if given the option. Fish can also distinguish a familiar sensa-
~ 

tion when faced with subtle changes im toxicant concentrations. 

The observed behaviour may link avoidance reactions directly to 
, ~ 

h9ming and May demonstrafe th~ignifiCance o~ avoidance-

preference at least for migratory fish~ This attraction towards 

a familiar envirohment was independent of toxicant (sarne for Cr 

and Cu) and independent of level of pre-exposure. 
4 

, 
" 
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Threshold avoidance values for aIl pre-exposed populations 

along with mathematical expressions for avoidance curves to pre-

~ dict avoidance reactions beyond appropriate pre-exposure levels 

and variation of avoidance thresholds with pre-exposure level are 

j summarized on Table 4.11. These expressions can give an estimate 

( 

, 
of avoidance reactions given the appropriate pre-exposure condi-

tions. 

Rainbow trout pr~-exposed to the critical level of 45 ~g/l 

after 7 days channel acclimation, demonstrated a generally higher 

• avoidance reaction compared to results from the respective 2 day 

channel acclimation tests. For fish pre-exposed beyond t~e cri ti-

cal level, avoidance reactions after 7 days channel acclimation 

were in general lower than the respective 2 day channel acclima-

• tion avoidance response. This observation further supports the 

proposaI of 45 Ug/l of Cu(II) as a criticai levei for rainbow 

trout exposed to copper,~since recovery from pre-exposure was not 

evidenced within a short period for populations pre-exposed 

beyond the 45 ~g/l Cu(II) level. 

The above information suggests that clearance is concentra-

tion dependent and is not driven by the sarne mechanism over the 

entire concentration range of the toxicant. It was proposed by 
rd 

Buhler et al. (1977)-~hat the clearance rate of Cu(II) is faster . . 
at lower concentrat~ons compared to high CuCII) levels for both 

natural and laboratory reared populations. Therefore it i5 

expected that a ~igher rate of Cu(II) losses will occur for fish 

that were pre-exposed at low pre-exposure levels. This will 

resu1t in 10wer concentrations on the gi11 epithelia compared to 

-
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populations pre-exposed at high pre-exposure levels (beyond the 

45 JJ,g/I). 

Toxicant elimination in organisms occurs mainly through a 

tissue-plasma-gills clearance model. In addition Cu(II) has a 

high binding strength and low saturation uptake (Tobin (1986». 

Considering the difference in clearance rate as suggested by Buh-

1er et al. (1977), it is expected that populations pre-exposed at 

low pre-exposure levels will have a low gill epithelium concen-

tration of Cu(II) after the 7 day channel acclirnation periode On 

the other hand, population pre-exposure at high Cu(~I) sublethal 

levels will lead to fish loaded with Cu(II) on their gills after 

the 7 day acclimation periode The above rationale can explain 

the observed avoidance reactions of aIl pre-exposed populations 

to Cu(II), after a 7 day channel acclimation periode 

5.5 Similarities in avoidance reactions of Rainbow Trout when 

exposed to chromium and copper 

Examining results obtained during the course of the present 

work, several similarities can be established in terms of fish 

avoidance reactions when exposed to different ionic species and 
• • t 

toxidrnts. Although levels of avoidance reactions were, in gen-

eral 'differe~t, depending on the toxicant and its concentration 

in the test channel and during the pre-exposure p~riod, there 

were severql general trends that can be established independent 

of the toxicant involved. 
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5.5.1 Non-EKposed P9Ru1ations 

In aIl i~stances, the impact of the toxicant on the fish 

behaviour was immediate, yieldinq a stable level of reaction 

within a very short period of time (20 minutes for the present 

study's experimental conditions) with an excellent degree of 

reproducibility of results. Avoidance reactions were stabilized 

within the same period of time independent of the toxicant used, 

thus classifying the method as eligible for use with any other 

toxic substance, with the possible exception of highly volatile 

toxicants, where a modificatioh of the apparatus configuration 

may be required. 

Results pbtained, following the procedure established in 

the present work, yielded threshold avoidance values that were 
~ 

either below or very close to the lowest existing water quality 

stand~rds, independent of the method used to establish such safe 

levels (microorganisms, invertebrates or algae). 

The inflection point, where the avoidance curve changes 

slope for non-exposed populations or the critical level of pre-

exposure coincides with the range of concentrations that,can be 
~ 

proposed as MATe. Concentrations of the toxicants beyond this 

point of inflection were either accompanied by higher mortality 

or fish were significantly impaired in different biological func-

tions as suggested by biological information. 

5.5.2 pre-Exposed populations 

Pre-exposed fish cou Id distinquish and were attracted ~ the 

presence of the toxicant at the level of the pre-exposure concen-
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tration. This concept suggests that familiar sensations, even if 

harmful to~he organisms, may be preferred to a neigbbouring 

lower risk environment, especially if fish have associated such 

sensations with feeding or breeding grounds. 

In general, an increased tolerance c41pre-exposed fish popu-

lations to the toxicant was observed, witnessed through lowered 

avoidance reactions cornpared to non-exposed fish. 

In aIl cases, the minimum avoidance reaction curve occurred 

in the same concentration range where the non-exposed population 

avoidance reaction curve changed slope. This concentration was 

considered as a critical level for toxicant pre-exposure. At 

this critical level, fish have exhausted their capacity ta adjust 
,-

and compensa te' biologically to adverse conditions caused by the 
• 

presence of the toxicant (Lloyd, 1972). The estimated critical 

level can be used to predict a MATe for the particular toxicant. 

It was observed that threshold avoidance values for pre­

exposed fish were in general increasing with increasing levels of 

pre-exposure. This observation can link avoidance-preference 

tests with results obtained from lethal bioas~ays (LeSO's, 

I.L.L.'s), since similar behaviour was observed by previous 

researchers for the influence of pre-exposure on fisn tolerance 

at lethal levels. 

Results obtained after 7 days clearance during the channel 

acclimatian period demonstrated the role of the chemical form and 

speciation of the toxicant used for pre-exposure. There are 

three essential characteristics that determine the differences 

between toxicants following a pre-exposure period: the saturation 

: 
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uptake of the toxicant on a~y particular bioloqical membrane and 

espacial1y for avoidance-preference tests on the gi11 epit~elia1 

the bindinq strength of the toxicant used: and the adsorption 

constant. 

The uptake-clearance process can be described by an adsorp­

tion isotherm of the Langmu~r fonu 

Eq. (5.1) 

where: q = metaI uptake (M(toxicant) 1 M(organism membrane») 

Cf = final solution concentration of toxicant in [M/L3] 

qL = saturation uptake [M(toxicant / M(organism)] 

b = adsorption constant [L3/M(toxicant)] 

It ls proposed by Tobin (1986) and O'Connor (1980) that the 

level of uptake of cations increases directly with molecular 

weight or alternatively with the ionie radius. The greater the 

ionic radius, the greater the number of functional groups which 

may participate in binding the ion on the membrane. On the other 

hand, the decreased strength of hydration of large ions may con­

tribute ta their inereased biomass binding strength. The affi-

nit y that the solute (toxicant) had for the solid (membrane) is 
~I ,-

due,to a combination of ionie, physical (Van der Waals) and chem-

ical forces. O'Connor (1980) proposed that for short term con-
o 

tact of toxicant to the membrane, the rate limiting step for 
t' 

adsorption (or èlparanC~) i8 the transport from (to) the liguid 

film to (from) the surface of the membrane. O'connor (1980) also 

suggested that diffusion of the toxicant in the membrane pores 

and fixation of the metal on interior pores or capillary surfaces 

appears to Play no significant role for conditions similar to 

l 
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those of the 'présent work • 

A multiplicity of non-equivalent uptake sites with differinq 

affinities for various ions is present in any biomasse Adsorption 

sites may' consist of 2 or more different functiona1 qrou~s par­

ticipating to various deqrees in binding the ions. The strength 

of bindinq (b in Eq.5.1) depends on the type, the number and the 
" '>r_",-

spaeinq of a11 functional groups involved as binding sites. Fur-

ther, metallic anion uptake involves mainly electrostatie binding 

to positively eharged functiona1 groups involving amine groups of 

hexosamines and proteins, (Tobin 1986, Strik et al. 1978) while 

cations form bonds with phosphate and carboxyl groups. 

Sulphydryl groups of the protein fraction provide another 

metal binding site. They are a small fraction of the proteins 

and unlikely to be a major factoxlin the metal uptake process 

lTobin 1986), but they mey abe involved in producing toxie 

effects (see 2.1.4.1). 

sinee in the present study the only difference between 

experiments was the toxicant used and the 1evels of exposure, the 

characteristics which possibly lead to differenees in resu1ts 

were the atomie weight, different charge of the prominent ionie 

species, maximum metaI adsorbed on membranes and binding . 
strength of eaeh toxicant. Table 5.1 inc~udes characteristics 

for CreIll) and CUeII). 

Accordinq to the data in Table 5.1, it is suqgested that 

CueIl) has higher affinity and bindinq strength compared to 

Cr(IlI) (bcr = 1.28 < bCu = 7.2). lt is a1so expected that a 

biological membrane can absorb larger quantities of chromium com-

J & 
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Table 5.1 Absorption parameters of Metal cations with respect 

to biological membranes Cafter Tobin, 1986). 

Meta l Ionie 
mmcir/9 

95~ b 9s~ 
Ion Rad i u s Confidence L/mmol nfidence 

(Al Interval nterval 

Cr 3+ 0.69 0.59 0.09 0.29 

La 3+ 1 .15 0.35 0.04 5.4 

Mn 2+ 0.80 0.22 0.04 '13.5 5.3 

Cu 2+ 0.69 0.25 0.02 7 .2 1.13 

Zn 2+ 0.74 0.30 0.06 2.72 0.67 

Cd 2+ a .97 0.27 0.05 6.3 2.4 

--Ba 2+ 1 .35 0.41 0.07 6.32 2.04 

Hg 2+ 1.10 0.29 0.12 3.5 2.8 

Pb·2+ 1 .• 20 0.44 0.06 12.9 13.9 



~ pared ~o copper (qLCU • 0.25 < qLcr • 0.59). The latter implies 

that fish will be affected by copper at a much lower concentra­

tion compared to chromium. Therefore, toxic effects will start to 

appear faster on copper exposed fish since copper binds stronqly 

(b) and membranes are quickly saturated (qL). In fact, observed 

avoidance reactions to copper were higher in me an values and 

o 

observed at much lower toxicant concentrations compared with the 

respective chromium leveis. simiIarIy at lethai conc~ntrations, 

the literature suggests that copper is significantly more toxic 

than chromium when the same bioloqical organisms are involved. 

For Cr(VI), data for (b) and (qL) are not available, but if 

the same concept is applied, it is expected that qLcr(III) < 

qLcr(VI) and bCr(VI) < ber(I!I)' This hypothesis is corroborated . 
qualitatively by strik et al. (1978), and supported by the 

present study's avoidance response of fish to chromium, for low 

concentrations, since avoidance reactions were lower for Cr(III) 

compared to Cr(VI). Lamb and Tollefson (1973) suggested that, 

toxic effects on biological oxidation were in the order of Cu2+ > 

Cr6+ > Cr3+. A relationship for qL/s and biS between the three 

ionic species, of the form qLCu(III) < qLCr(III) ~ qLcr(III) and 

bcr(VI) < bcr(I!I) < bCU(II) could support the interpr~tation of 

" aIl results obtained from pre-exposed populations for 2 and 7 

days channel acclimation periods. 

Wherever avoidance reactions were reduced after 7 days 

acclimation in clear water, strong binding and 'high saturation 

capacity on gills during clearance is suggested. PracticallY, if 

saturation has not been reached, there are more sites available 

• 

, 
" 

'> 



on the bio1ogica1 mèmbrane (gi11) for additiona1 toxicant to 

bind, if it binds ~91Y and rapid1y. Increased avoidance 

reaction after 7 days channel acclimation compared to the respec­

tive 2 day channel acclimation response indicates low binding 

strength and low saturation capacity dur~ng clearance. Due to 

low binding strenqth, the toxicant that reaches the gi11 surface 

from the plasma readily passes to the clear water whi1e toxicant 

in the ambient water cannot bind on contact. In addition, if the 

bi91ogica1 membrane has low saturation capacity for the toxicant, 
i 

then any available increase in ambient water toxicant con~ntra-

tion cannot be handled by the fish, because there are no addi-

tional sites available for binding, and fish tend ta avoid the 

polluted zone. 

5.6 Mechanisms ta support the observed avoidance-preference 

reactions 

5.6.1 Single versus two mechanisrn avoidance-preference model 

To-date, avoidance preference reactions were thought of as 

being driven, independent of toxicant concentration, by one 

single biological mechanism. Therefere, resu1ts were always pre-
\ 

sented with an effort te linearize the fish avoidance preference 

behavioural pattern. This task was not difficult, considering the 

wide scat ter of data points, obtained by previous investigators, 

about the propo~ed mean values. 

Initially in this study, the ~ndividual results obtained for 

Cr(VI) from different populations, pre-exposed or not, were con­

sidered using the one mechanism rationale for driving fish avoid-
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reaations. In that respect, one single mathematical expres-

sion was proposed as a tool to predict fish 'avoidance reactions 

to Cr (VI) for concentrations beybnd the level of their pre­

exposure (Anestis and Neufeld, 1986). 
4· 

. Combining the information of aIl avoidance reactions d~e to 

different conditions of toxicant testing, a schematic representa-

tion of the present study findinqs is illustrated in Figures 5.2 
i 

5.4, where aIl data for reactions beyond the respective pre-

exposure level, is eombined on one qraph for eaeh toxicant used 

(Cr(VI), Cr(I!!) , Cu(!!» • 

The figures suggest a two mechanism avoidanee-preference 

model, independent of toxicant used. It is also suggested that 

the same set of mechanisms apply to aIl pre-exposure levels, 

since the point where a change in slope oceurs, referred further 

as the avoidance break point, is evident for any pre-exposed pop-

ulation 

of the 

in the ~me concentration range. In addition, the slope 

avoidajP~ reaction curves for aIl pre-exposure levels, 

above'the avoidance break point exhibït a distinct simi-

larity in slope. This' similarity in slope implies that fish pre-, 

exposure at any sublethal concentration does not cause a dramatic 
" impairment in the bioloqical or physiological mechanisms dictat-

inq avoidance-preference reactions. 

A èloser examination of the available data in the literature 

" (Spraque (1964), spraque and Drury (1969), 1shio (1964), 'Black 

and Birqe (1980), Giattina §t Al. (1982), Larrick §1 Al. (1978), 

Scherer (1975», in llght of the results of the present study 

, reveals that in most cases, where net avoidance is proposed, two 
{} 

o 

... ' ~ 1 ' 1 , '. 
, 
, 
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di.cre~~iopes could be detected witli; 'the- cbanq~, -in slope oceur ... · 

ring at an intermediate concentration (Fiq. 5.5 and 5.6). Such a 
" change , in slope on the avoidance curve was observed in aIl tests 

involvinq a variety of pollutants causing stress, to the organ­
{ 

isms, such as pulp and paper effluent's, -detergents, pesticides, 
g 

and metals. 
• J 

In most cases, whenever an avoidance break point was not 

evident, the range of concentrations examined was.either narrow 
, 

or in the l~thal region. 
\ 

Additionally, in a multiparametric 

problem involving numerous critical parameters, as ls the case of 

avoidance reactions (Table 2.2), there is the probability of an 

Inadequate consideration of any essential parameter. This may 
~ 

~ask 'fish behaviour and change the outcome of the test. 

"" In light of this re-evaluation of th~ existing information, 

it appe~rs that avoidance reaction follows a two-slope reaction 

curve and the evid~nce of an avoidance break point resulting from 
, -

a wide variety of toxicants, suggests the existence of a two 
~ \ 

mechanism avoidance-preference model for fish exposed to sub-

lethal concentration levels. Each mechanism is manif~sted by one 

dis crete slope on the avoidance-preference curve. The two dis-.r-

crete slo~es, based on the previously present~d as weIl as in 

data Van der Putte n. Al. (1982), Lett n Al. (19,76), anà-

Scberer (1975) extend over two concentration ranges. The first 

slope at lower concentratiods corresponds to toxic_exposure that 

1 pepmits recovery to normal reaation levels after removal of the 

source of the pollutant, witho~eviderice of impai~ent in any 
~ l 

biological function, BUCk as growth and reproduction (Van der 
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(1982), 

range, 

Bara (1983), and Spehar (1976) • The 

beyond the avoidance break point on the 

avoidance c~rve, coincides with the range of proposed unsafe lev­

els of exposure. This was substantiated by increased mortali ty 

and impairment of biological functions such as reproduction, hat­

chability and affected organs (Van der Putte et al. (1982), 

~ Spehar (1976». 

An aqulvalent two stage' toxic action in biological oxidation ' 

was reported by Lamb and TOl1efson (1975), for cupric, chromate 
, 

and chromic ions. They suggested that during the first stage a 

fast adsorption takes place, with the second stage eonsisting of 

a slower rate determining step resulting in the toxic effect. 

They proposed that the order in producing toxie effects was 

cu2+>Cr6+>cr3+, which is consistent with the results of the 
" 

present study and correlates toxicity with avoidance reactions. 

An6ther indication of two concentration dependent stages for 

toxie action was reported by Palachek and Tomasso (1984). In 

their stUdYl 
methemoglobinemia was considered to be the major 

mech:nism for ni tr(te toxic action on large mouth bass (Micro­
\ 

pterus salmoides). The rate of methèmoglobin conversion cha~ed, 

only pa st a discrete concentration of nitrite (48.7 tg/l). 

A1l equivalent physical model would be the case of a 10ad-

deformation curve (Fig 5.7). On such a curve two deformation 

,ranges exist, the elastic and the plastic regions. When a de for­

mation corresponds to a load in the e~st~c region, by removing 

the 10ad, the deformation vanishes with time (self-curing pro-

cess). On the other hand, once the load produces'a deformation 
'\j 

• 
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in the plastic reqion, the effect is Irreversible. 

5.6.2 Actual mechanisms that can dictate avoidance-preference 

reactions 

It was established in the past that pre-exposure renders 
"'-...----- -fish more~lerant to the pre-exposure toxicant (Beattie and Pas-

coe(1978), \spehar (.1976), Chapman (1978), Paul (1952». This 

effect can b~served from the lowering of the avoidance curve 

i~ terms of, % fish in clear water for the same concentrations of 

the toxicant (Fig. 5.3 - 5.5) depending on the pre-exposure leve,l. 

This suggests that a mechanism of exclusion (reduction-excretion) 
,..' "-

is present to explain the higher tolerance of the pdPulations or 

equivalently that the rate of excretion or detoxification inside 

the fish has changed. 

Several plausible biological mechanisms can be proposed 'to 

explain the avoidance reaction of Rainbow Trout to different met­

aIs and probably applicable to other species and toxicants. 

At low concentrations, below the avoidance break point, 

avoidance can be attributed to the fish nervous system, which is 
ç 

one of the most susceptible and vulnerable parts of the animal 

body, particularly to olfactory response. The o1factory system of 

the fish can efficiently model aspects of neural inte!action with 

the environment. Olfactory responses Mediate such diverse phe-

nomena as feedinq, recognition of predator and prey, sexual and 

social behaviour, orientation and migration (Hara, 1979). Sorne 

of these factors are directly related to avoidance behaviour. 

The olfactory receptor membranes 'are unprotected by external bar-
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riers and therefore any external modification of the ambient . 
water quality' interferes iJDDlediat,ely with their function. This 

• 

results in impaired communication between fish and the env iron­

ment (Bardach et Al., (1965); Atema ~ Al., 1973; Sutterlin, 

'" 1971; Gardner and LaRoche, 1973). 

o step 

It was suggested (Lamb and Tollefson, 1973) that the first 

in metal taxie action is a fast adsorption on biological 

membranes: The first membranes to contact the toxicant are the 

olfactory and palatal membranes. Thus, it appears 10gical that 
, 

such membranes mediate an immediate neural signal which is trans-

1ated into a modified avoidance behaviour compared to the previ-

ous fish position. An additiona1 evidence of instant reaction of 

fish to any modification of toxicant concentration in the ambient 

water, was manifested during aIl tests performed for this study, 

by the immediate avoidance response of the indivi~ual facing the 

toxicant cloud, the moving interface of clear waterjtoxicant 

solution. Fish which remained in the toxicant discharge zone, 

move downstream at the same speed as the velocity of the propaqa-

tion of the toxicant cloud in the channel. This demolJ;Strated -

thatcsensitization was centered mainly around the mouth, nose 

area and the gi1l operculum. Fish did not react significantly, 

once in the toxicant cloud indicating that lateral line does not 

play an important raIe in fish avoidance behaviour. 

The primary mechanism driving fish avoidance for aIl concen-

V~" trations below the avo~ce break point~ appears ta be an inte­

grated nervous system response triqqered by chemoreceptors on 

• olfactory and probably palatal membranes. 

\ 
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, The aspfact of avoidance reactions driven-'by oltactory che-
. 

moreception, for concentrations up to the level of the avoidance 

break point is furthe:r supported by the work of T. J • Hara on 

olfaction. The avoidance break point for CU(II) in the"present 
,., 

study was established at 45 tg/l, while Hara (1976, 1979)' suq-

gested ~at a level of 50 Ig/l"yielded 100% depression on rain-

bow trout olfactory bulb. Therefore avoidance reaction can be 

correlatèd to olfaction through the curve of depression of bulbar 

An avo~ance break point can be referred ta as the 

toxicant concentration, where the olfactory response 

response . 
. 

level of 
1· 

becomes highly depressed and cons,quentlY no longer plays the 
1 

prominent role in directing fish Avoidance react1ons. 
/; 

" 
Three mechanisms may he proposed to explain the difference 

in slope for avoidance reactions heyond the avoidance break-

point. 

a) 

b) 

c) 
j 

Hypoxic stress 

Metalothioneins production and availability, and 

Osmo- and iono-regulatory stress. . 
During actual experi~ents, a much hiqher opercular rate of 

movement'was observed with fish remaining in the toxicant zone at 

higher toxicant concentrations. 

It is weIl established that hypoxic conditions, whatever the, 

source,' can be a major stressor in fish (Pickering (1968), stott 

and Cross (1977), Wedemeyer §t Al. (1979), Hodson (1975), 

Skidmore (1970) in Hodson (1975». Since avoidance reaction is a 

.stress related behaviour, reduced oxygenation cap~city can be one 

, ~ of the potential drivinq mechanisms for avoidance a~ -hiqher toxi-
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cant concentrations. 
\ 

Longer periods of exposure to hiqh~r levels of toxicants 

have been shawn to affect and reauce gill efficiency causinq dif-

ferent physiologièal alterations on 9i11 epithelium, lame11ae and 

tloride cells (Van der Putte (1982); strik ~ Al. (1975); Wede­

meyer ~ Al. (1979); Mallat (1985» reducinq tish oxygenation 

capacity. strik et Al. (1975) reported increased hemoglobin and 

hematdcrit values for pre-exposed fish beyond the 1 mg/l Cr(VI). 

This can be attributed to an increased number of red cells in the 

blood stream compared to non-exposed populations. This in crea se , 

can only be exi>lained by an increase in pC02 and decrease in p02 

in b1ood, which is a result of hypoxic conditions. similar 

• obs~rvations were reported by Neville (1979) for rainbow trout 

1!xposed to acidic conditions, once more indicating similarities 

between the effects of acidic stress and toxic stress on fish and 

a possibility of similar mechanisms in action. 

The role of hypoxic stress and similarity of mechanisms 

" driving avoidarlCe reactions is also supported from the findinqs 

of stott, and Cross (1973). A reduction in dissolved 02 concen­

trations yield7d Immediate avoidance behaviour to Roach (Rutilus 

In ~their stud~ ~hey pre-exposed fish to reduced 02 

levels. The sUbsequent Roach avo~dance reaction, was similar to 

that observed in the present study with a two slope avoidance 

curve. In addition Roach returned to familiar conditions, when 

qiven the option, and exhibited increased tolerance when exposed 

to the same stressor (reduced 02 levèls). 
\ 

Branchial alterations, such as hypertrophy, hyperplasia and 

• 

) 
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lifting were confirmed for cases of sublethal toxicant exposure 

similar to those employed in the present study (Skidmore and Tov­

ell, 1972, Burton et !l. 1972, Strik .et al.(1~7S). Those 

alterations serve to slow entry of the 

stream, but have the undesirable 

toxrc~nt to the blood­

side effect of reducing the 

oxygenation capaeity of the organism threatening to suffocate the 

fish. Avoidanee preference is a stress related phenomenon and it 

i5 expected that any stressor (e.g. temp, pH, other toxicants) 
~ 

wou1d produce s1milar avoidanee preference curves or equiva-

lently, it can be hypothesized that avoidance behaviour is driven 

by the sarne mechanisms, independent of stressor involved. 

Therefore hypoxie stress eou1d be proposed as a potential 

candidate mechanism to drive avoidance reactions at higher toxi-

cant concentrations. 

The second mechanism proposed to explain changes in avoid-

ance behaviour pattern, could be a change in detaxification rate, 

which i~ proposed to be driven by metalothioneins (MTN) when such 

proteins bind the available metal ions modifying or neutralizing 

their toxie action (Klaverkamp et al. 1985). MTN synthesis was 

correlated to metal toxicity (Brown and Parsons, 1978)" where Hg 

patholoqy became evident after liver MTN becarne saturated and Hg 

started affecting fish enzymes. They suggested the 'spill over' 

hypothesis which was first introduced by Winge et al. (1973) (in 

Klaverkamp et al. 1985» for mammalian MTN's. Brown and Parsons 

(1978) suggested that metal toxicity or modification in taxie 

effeets result as soon as MTN production can no longer sequester 

.... metal toxicants. The change in behaviour past the avoidanee 
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break-point especia~ly for pre-exposed fish can be better und er-
.-

stood considérinq the work of McCarter ~ Al~ (198~). They 

proposed that the rate of MTN synthesis rather than the actua1 

concentration of the protein is the critica1 factor to determine 

the ability of fish to acclimate to metals and withstand their 

adverse impact. 

Independent of the actual MTN mechanism, a strong correla­

tion can be estab1ishèd from the 1iterature between metal acc1i-

mation and the presence of metalothioneins, with evidence that 
, 

wherever fish accumulate the highest quantities of metals is the 

locus of highest MTN production (e.g. gills, liver, kidneys, 

muscle, gastrointestine tract, spleen and bile (1. Van der -Putte 

et al. (1982), Klaverkamp ~~. (1983». Observed differences 

in fish potential te metal acclimation was attributed to differ-

ences in metal ion binding affinities. One probable ~echanism to 

explain why fish change their behaviour at the avoidance break-

point is a drastic change in the equilibrium between ambient tox­

icant concentration and MTN production rate and/or availabi1ity. 

MTN's can be hypothesized as contributors for the increased 

tolerance of pre-exposed fish populations compared to controls 

and~the relatively fIat response of populations pre-exposed 

beyond the avoidance break-point. It can be seen o~ Fig. 4.11, 

that changes in behaviour due to toxicant concentration increases 

are not so drastic for such populations. 
() 

. The ro1e of MTN in the change in rate of ~et~fication can -. 
,1 

be used to exp1ain the increased tolerance of pre-exposed fish 

assuminq hiqher MTN production compared to previously non-exposed 
'" 

.. 
" , 
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popullftions Q _ populations. The fIat avoidance response of· fish 

exposed at concentrations beyond the avoidance break-point'is due 

ta higher detoxification capacity. It Is expected that higher 
, 

rates of MTN's production yield lower levels of reactional 

changes to variations of the toxicant. 

The third mechanism suspected to be responsible for changing 

the slope of the avoidance curve is a cQmbination of osmo-

iono~egulatory stress. In the past, researchers reported no evi­

dence of impaired renal function after'fish pre-exposure te dif-
1 

, 
ferent stressors, while the only mechanism for fish te balance 

their net water gain is through u~inary exeretion. It was 

reported that acid exposure stimulated activity of fish inter­

renal cells and increased size of nuelei after 4 days (Barton ~ 

Al. 1985), while shorter expasure (3-24 h) ta acid stress (Midge 
'\ 

~ Al. 1977), produced decreased cell and nuclear size sUggest-

ing that activity of interrenal tissue decreased after short term 

acid exposure. In eitter case, no renai impairment was proposed. 

An increase in urine production can be the result of an increased 

net ambient water uptake or loss of body fluids to subsidize the 

observed higher urinary Iosses,.resulting in excessive stress on 

the fish.· Both cases are driven by the same physiological mech-, 

----antsm, osmoregulation. The second case could be proposed as the 

major factor fo~hi9her water ambient concentrations compared to 

inner body liquid concentration~, (e.g. for marine species accli­

mated in fresh water or vice-versa). Actual concentration dif­

ferences betw,een ambient water and freshwater ~ish inner body 

fluids in sublethal tests are only subtle. 

1; 
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The most probable reason to explain the increased renal pro­

duction is a net gain in water uptake. The only way fish can 

handle net water gain is by attempting to establish a compensa-.. 
tory meehanism for renal liquid losses. Sinee 70 - 90% of the 

net osmotie gain of water in freshwater fish oeeurs through the 

gil1 epithe1ium (Gi1es et al. (1984» such a eompensatory 
; 

meehanism wou1d invo1ve inereased gil1 permeabi1ity and/or aeti-

vit Y (Smissaert et 21. 1975) and cou1d be a1so pa~ly attributed 

to an inereased drinking rate. Th~ inerease in drinking rate is 

not sUPPQrted by any evidence from the 1iterature. 

The fish are faeed wi~h the stress of higher 10sses of water 

and eleetrolytes from their body and attempt to compensate sueh 

10sses with a,modified gi11 transport meehanism. Giles (1984) 

and Van der Putte et al. (1982), suggest no adverse effect on the 

efficiency of e1ectro1yte transport mechanisms at the gi11 

epithelium since gil1 ATPase levels were elevated, indièating a 
good branchial transport for electrolytes. Blood e1ectroly~e· 

regu1ation in fresh water fish is the result of twe interacting 

processes, absorption of electrolytes from water by active trans-

port mechanisms (predominant1y at the gi1l surface) and selec­

tive reabsorption of e1ectrolytes from urine when osmotically 

gained water is excreted. Any stress that imp~irs one or both 

processes will resu1t in a plasma electrolyte imba1ance, which 

'. further stresses the animal. 

Data from the 1iterature for .. fish eçosed to meta1s (G~,les-' 

(1984), Van der Putte (1982», and other stressers or 

such as 03 (Wedemeyer ~ Al., 1975), lowered pH values 

• 

irritants' 

(Gile~ 
J "lrr:...:....""---
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,al., 1984 and Passino, 1979), indicate plasma Na·, K+, ca2 + 

concentrations ~te lowered ,in all cases and such imbalances can 

be the result of impairment of net electrolyte influx at the 

gill, dilution of plasma by increased rates of water influx and a 

redistribution of electrolytes between intracellular (IC) and 

extracellular (EC) compartments. No adequate documentation 

exists to support or subdue the role of electrolyte redistribu-

tion between (IC) and (EC) compartments. From the above consid­
,~ 

érations for water and electrolyte losses, it seerns logical to 

suggest that fish s~ould gain more water osmotically through 

alterations at the gil~ epitheliurn in an effort to compensate for 
1 

the loss 'of water and electrolytes frornlhe animal's system. 

,Supportive evidence for the validity of such a hypothesis is 

the fact that fish exposed acutely or in chronic toxieant-

irritant studies' (Mallatt (1985); Gile~ (1984); Wedemeyer (1979); 

Van der Putte et al. (1982», exhibited epithelial lifting; 

hypertrophy and hyperplasia which were largely non specifie in 

nature, sinee they were detected under rnany different stressful 

condi tions • At the same time the most frequently reported 

lesion, the lifting of branchial epithelium was reported more 

often, in fresh water than in marine specles, suggestlng that " 

osmolarity of the ambient water influences this lesion • 

. Table 5.2 $uggests that epithelial alterations were present 

in most cases of fish exposed to irritants. Mallatt (1985) sug­

gested that it ls highly probable that fish exposed ta stressors 

exhibit 9ill' ~lterations as the result of a defense response, 

supported by the non-specificity of 'branchial alterations. 
i 

r 
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Table 5.2 Epithelial alterations with toxicant-irritant pr~-. 
exposure (after Mallatt, 1985) • ':.. 

Acute Exposure Chron1c lethal Chronie sublethal 
(up to 9Sb), (>95h) 

Present Absent Present Absent Present Absent 

1. Epithelial 92.9' 7.1' 91.7\ 8.3' 90.3t 9.7t 

lifting 

2. Gill hyper- 100. t O. 87.5' 12.5\ 90\ lOt .. 
1 

trophy 
ri' 

3. Gill hyper- 70.8\ 29.2t 90.9' 9.1\ 88' 12' 
phasia 

\ 
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" 
o latter along with the observations from Table' 5.2 that gill 

" 

epithelial lifting and hypertrophy were present in most cases of 

gcute as weIl 
10 

as in chronic sub1ethal exposure, which apply in 

the present study, support further the hypothesis that osmo- and , , 
iono-regulation. mechanisms are responsible for fish avoidance 

, 
reactions at higher concentration levels by exerting additional 

stress on the organisms. It is speculated that fish avordance 

reactions at higher metal concrtrations is regulated by the fol-
~ ~ 
lowing sequence of events. ~ 

, , --
Fish find thems~lves~ a higher concentration of the irri-

tant and osmoregulation is imbalanced. Fish subsequently start 
.. 

losing higher volumes of water and react in an adaptive manner to 

• compensate for the increased rate of loss, with a gill alteration ,. , 

(lifting and pypertrophy) that would allow for higher volumes of -water to be perfused in fish bodies. At the same time, epithe-

lial alterations result in reductién of the rate of irritant 

uptake by .... increasing the distance the substance has to travel 

through the gills ~Mallatt.( 1985 )'). Both stages create a large 
~ . , 

ionic imbalance in fish blood and plasma since higher urine dis-
. 

charge yield~ higher ion los ses and stress to th{! organisme Fish 
t • .. 

attempt to çompensate such imbalance by taking in water, high in . ~ 

, ( metal i,onic species, thus creating a further impact in fish ionic 

o. 
" -

~""" .... 1 y, •• 

balance and consequently further stress on the animal . .. 
Another gill alteration, hypersecretion of branchial muoous 

, 
<c6lls, was also associated with metals (Mallatt 1985). Mucins, 

which often are polyanions, may be especially effective at trap-. '~ .. 

pi~ m~tal cations . ... In our study, metal ionic species were not 
. . . ' 

," 

" 

t~ " ....... __________ .-.:II ... "--___ ........ _____ --'-'---~--~----~- . 
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• 
always cationic, whi1e thé avoidance bèhaviour 

, 
was consistènt 

for a1l' compounds used. Therefore the effect of' hypersecretion 
\ . " 

in dictating avoïdance ~eactions, if-any,' is proposed' not to be 

considered significant. 
./ 

CQnc1uding, it is proposed that an osmo-iono regulation 
\ 

mechanism is the driving f,or~ behind fish Çlvoidance· behaviour 

beyond the avoidance break point. AlI observed tish gi1l alter-
1 

ations can be considered as a defense responsecto compensate for 

osmotic and ionie imbalances and should be considered as stereot­
~ 

yped physiologieal reactions of gil1s to stress. , v 

Gill alterations such as lifting, swelling and hyperplasia 

of the epithelium, could serve as a defense meehanism sinee these 

alterations increase the distance across which waterborne irri-

tants must diff~se to reach the ~oodstream while at the same 

time creating an additional hypoxic stress to the fish (Ma11att, 

1985') • This can also explain the behaviour of the pr~-exposed 

populations of fish, where such ~esions were present (Van der 

Putte, 1982; strik §t ~., 1978). Fish did react with abrupt 

~ changes (Fig.4.11) and exhibi~ed a higher tolerance eompared with 

controls (Fig.4.5), since within the same time frame and given 

..... 

the same ambient conditions, fish with moditied qi11 epithe1ia 
'" 

probably accepted less toxicant in their b100dstream per unit 

time, and were under lower stress. 

Roberts (1978) and Scott and Rogers (1980) viewed irritant 

induced gi11 alterations as part of a general systemic response 

ta stress (general adaptation syndrome); since ~hey encountered . 
9111 lesions produced by stressors such as fish handling, dietary 

·1 
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, 
'b vitamin deficienc;y ,ètc. They proposed that ~ili alterations are 

controlled by the pituitary-adr~nal axïs, or by ~he central and 
if 

aatonomic nervous system. The latter 
, 

statement suggests that 

generally, fish avo~dance preference reactions wh~èh are stress 

r~lat~d are mediated by the central and autonomie nervous system .' 

hypothesized to be triggered through probably three concenttatic0 
o • ... 

dependent mechanisms . .( One 'for lowir concentrations to the level .' 

of the avoid~nce breakpoint and two co-operating mechanisms for 

concentrations beyond the range of the avoidance ,breakpoint. 

chemorecepti~n through olfactory and 9i11 membranes 11s the· avoid-

anee driving mechani~ for 
..,) "-

breakpoint, ,which oecurs 

depressed. __ 

concen tra tions below the avoidance 
~ 

• 0# 

when olfactory, responses are highly 

Of the threi( ,hYPothesized candidates as mechanisms to dic­

ta te avoidance responses for concentrations beyond the avoidanc 

breakpoint, one is dropped base? on the probability of not con­

tributing significantly in all cases documented in this studY. 
{ 

The significance of the rate of MTN's production and availability 

in driving avoidance reaction seerns quite obs~ure in the case of 

no~exposed populations. Non pre-exposed fish did react and 

finally retired in the clear water zone for high channel~ toxicant 

concentrat1ons. This behaviour was independent of the metho~ 

used i.e. \continuous exposure to increasing levels of the toxi-

cant or one single concentration per experiment, sinee no signif-

icant statistical differences between results obtained using 

either method were recorded. This in turn suggests that popula-

tions which were not previously exposed to the toxicant and 

.. 

.-
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~ therefore had no chance of abS9rbin~e substanee for the pro-

duction of MTN's to be triggered, reacted similarly and in a man-
. , 

ner consistent compared to populations which had the chance to 

absor~ the material and start producing the MTN's. That observa­

t~ori by itself implies a subdued significance of ~he tole of 

MTN's in avoidance reactians in general and directs towards the 

other two proposaIs whieh seem to operate in conjunction to pro­
l 

duce the observed avoidance-preference reactions~or taxicant 
~ . 

concentratlons beyond the avoidance break point. , 
It is hypothesized, therefote, that the mechanisms involved 

in driving avoidance reactions beyond the avaidançe break point 

are' 
~ 

i) Reduced capacity of the fish for oxygenation 1eading ta 

hypoxic stress and 

ii} Osrno and iono-~egu1atory stress that starts as osrnoreg-
~1 

ul~tion imbalance and proceeds as a combination af osma-iono reg-

ulatory stress carnbined with hypoxic stress at the gi11 level. 
~ 

As a concluding rernark, this study proposes the concept of a 

stress related two mechanism avoidance-preference model applica-

ble for aIl stressors and irritants independent af previous expo-

sure of the species. This principle is equivalent to the physi-
\ 

cal model of load-deforrnation relationship. These mechanisms are . 
concentration dependent with an avoidance b eak point deterrnining 

the range of application of each mechanism. e range of concen-

~ 

trations below the break point specifies a domain of conc~~~~~: 

tions where effects of the toxicant on the animal are reversible, 

while concentrations beyond the avoidance break point fall in. a 

~ , ,!JI 

" , , 
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'domain where toxicant concentrations are harmful in the long run 

for the fish po~ulations. Thus ~avoidance preference reaction 

tests can be used as a fast, accurate screening test totestab1ish 
~ 

ranges of toxicant concentrations that produce irreversib1e 

results after long term exposure as well ,as ~ in-plan~monitor-, ... ~. 

, ' 

ing tool to detect subtle changes in effluent quality. The 

hypothesized bio10gical mechanisms directing avoidance reactions 

are al1 related ta fish nervous system. In the lower cancentra-... 

tion range, up ta the level of the avoidance break point, olfac-

tory responses to toxicant induced stress are responsible for 

fish avoidance reactions while in the higher range, hypoxic 

stress induced by the toxicant's presence and osmo-iono regula-

tory stress due ta presence of the irritation agent, give rise to 

avoidance behav~our. 

o 
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6.0 Conclu,ions 
" 

" , .. 

-, 1. th~ davelopm~nt of a 

standarq methodology for avoidance-prefe~ence testinq. 

. ," 
2. Avoidance threshold values, which can be associated with safe 

levels for the to~icant, were èstablished at: 

," 

a) 26.0 ~q/l for,qr(VI) 

b) 2.6 ~g/l for Cr(IlI), and 

c) 2.1 ~g/l for CUeIl) 

" 
3. Avoidance reactions increased, for aIl toxicants used, with 

increasing levels of toxicant concentration àt test concen-
.. , 

trations beyond the population pre-exposure level. 

4. Rainbow trout pre-expased to the toxicants demonstrated a 

preference towards their familiar envir~Rment, that is for 

concentrations similar to the pre-exposure level. 

o 

5. Threshold avoidance values for aIl toxicants increaseg in 

general linearly with increasinq levels of pre-expQsure • 

. 
6 • Rainbow trout pre-exposed to the test toxicant appeared more 

l , 

tolerant to the toxiçant compared to the non-exposed popula-
\ " 

tions. 

-
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. ..' ï, "" A eritical, level of ~Xposure·to-thé particula~ toxicant was 
" . 

establ,iahed whicb ia x:e~erre_d to 'as avoidance breakpolnt. 
~ ~ û __ 

'The. brea~oint was determined from a change in the slope on 
( 

the avoidance' curvel an~ through -an, ove,ra'!l minimum avoid-

ance reaction leyel at ~ll test concentrations compared with 
• 

1. • populations exposed at lower or h1gher'pre-exposure levels. 

Th~ avoidance breakJloint - vas 3.0 mg/l.for chromium and 45 

~g/l for copper. These levels can be used as MATe values 
l'') 

for the toxicants. ~ " 

8. At concentrations below, t~e 0.8 mg/l as chrqmium, the hexava­

lent form ~esulted in higher avoidance reactions. For con-
t 

centrations above the 3 .. 0 mg/l level for chromium, the 

Cr(IZI) form was more effective in producing st ronger avoid­

ance reactions compared to the hexavalent forme 

9. After"'7 days of 'acclimation in clear water, fish pre-exposed 

to Cr(VI) below the critical level of 0.8 mg/l, behaved sim­

ilarly to ,the nonexposed population, indicating a rapid 

clearance o~ the toxicant and functional recovery of~ che-
.J 

moreceptive capacity. Fish pre-exposed to Cr(IZI) and 

CUeII') did not recover their chemoreceptive capacity within 

a Z _day clearance period, indic~ting a stronger bonding of 

the toxicant to fish biological membranes. 

, . , . 
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·7. A critical level of exposure te the particular toxicant was 

established wh~ch is réferred to as avoidance. breakpoint. , 

The breakpoint ~as was deter.mined from a chan9~ in ~e slope 

on 'the avoidance curves and through an overall minimum 
• t. ~ 

avoidance reacti~n lev~l at aIl test concentrations comparea 

with populations, exposed at lower or higher pre·exposure 
\1 

levels. The avoidance breakpoint was 3.0 mg!l for chromium 

and 45 119/1 fOI1 copper. These levels can be used as MATC 
~ 

values for the toxicants. 
.. . 

8. At concentrations below the 0.8 mg/l as chromium, the hexava­

lent form resulted in higher avo1~anc~eactions. For con-' 

centrations above the 3.0 mg/l level for chromium, the 

Cr(III) form was more effective in producing st~onger ~void-

ance reactions compared to the hexavalent "forme r, 

9. After 7 days of acclimation in clear water, fish pre-exposed 

to Cr(VI) below the critical level of 0.8 mg/l, behayed sim­

ilarly to the nonexposed population, indicating a rapid 

clearance of the toxicant and functional recovery of che-

moreceptive capacity. Fish pre-expdSed to Cr(III) and 

CU/II) did not recove~ their chemoreceptive capacity within 

a \ d,ay clearance pe\-iod, indicating a stronger bondinq'\, of 
\. 

the toxicant to fish biological membranes. 

" 
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10. General behavioural similarities ~for aIl 'toxican~s usedI s~~-

.ges~two mechanism àV?idance ~el inde~dent of toxi­

cant and pre-exposure level. Those two mechanisms are only 

concentration dependent. 

v • 

11: AV9idance reaction curves cab provtd~ information on safe 

levels and MATC' s for a J toxicant through the avoidance 

threshold value and~the minimum value of th~ range of the 

avoidance breakpo~nt respectively. Concentrations between 

these two levels can induce biological alterations which are 

reversible if the toxicant is removed. Concentrations 

beyond the avoidance breakpoint are eventually lethal to the 

fish. 

12. Avoidance is a stress related reaction and the two observed 
, 

mechanisms were biologically related to olfaction for lower 

concentrations. For concentrations beyond the avoidance 

breakpoint a combinat ion of hypoxic~ stress in " . . 
conJunct~on 

with osmo-iono regulatory stress is proposed to give rise to 

fish avoidance reactions. 

o - , 
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7.0 Contribution of this studX 

~ . t 
1. A standard method was .~stablished for perform~~~ avoldance 

~2. 

preference tests yielding consistent and repeatàbl\results 

independent of fish population used. . 
(" 

Avoidance threshold value~ were established for rainbow trout 

exposed to copp.er and trivalent and hexavalent chromium. 

The ~hreshold avoidancé ~plues can be used as safe 

trations for water qufllity criteria. :'t' 

concen­, 

J 

3. The use of trout pre-exposed to the toxicant provided insLght 

• 

4. 

into the changes of fish be~viour followiRg subletijal pre­

exposure. It established a recognition and attraction 

towards a familiar environment independent of toxicant and 

pre-exposure Ievel. It aiso thelped establish a critical 
1 

level of pre-exposure, which was,correlated/to the MATe. 

A two-mechanism concentration dependent model}for fish avoid-

ance was propo~ed based on results from aIl toxicants used. 

The mechanisms were correlated to plausible biological mech-

anisms. 

1 
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S,ugï'stions ,or future researçh . 01 • 

Due to the consistenéy and repeatability of results 

the methodoloqy ,stablished for the presént study, it/ia proposed ... 
J 

,that further .invest~qation be performed as followso_ 

J / 

1. Different single toxicants of 1inorgani~ and organic nature 

should be examined. 1 

2. Aetual effl~e~ts bearinq substances considered as taxie may be 

3.0 

\ 

assayed. These experiments eombined with information for 

'the individual 
, - Cl 

toxie substances may indicate possible syn-

el;'gistic and antagonistic effects between the. chemieal 

speeies, invo}ved in the' effluent. 

The methodOl~ shoul~ be applied on different desi~s of 

apparatus to examine its potential use as a standard method 

for performing avoidanee tests. 

J 
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EXPERIMENTAL DESIGNS OF CHEMICAL AYOIOANCE STUDIES • 
~ 

IN CHRONOLOGICAL OROER (modified fram Hadjinicolaou,19~3) 

j' 

Authpt Year Tlée of Design - w 

1. Shelford and Allee 1913-14 , 1-0ES A 
2. She1ford and Powers ~ 1915 , l-DES A 
3. ' Wells 1915 l .. OES ~ 
4. Jones 1947 2 ... DES E î 

5. Jones 1948 2-0ES E 
6. Jones 1951-52 2-'DES E 
7. Hog1und 1951-53 3 ... DES 1 
8. Lindah1 and Marcstrom 1958 
9. Whitmore et al 1960 2-DES E 

.." 10. Hoglund 1961 3-0ES 1 
11. Bisha i 1962 2-DES E 
12. 

l\ 

Behread and Betherman 1963 
13. K1eerekoper and Mogensen 1963 3-DES J 
14. Ishio 1964 1-DES B 
15. Sprague 

~ 1964 2·DES E 
16. Sprague et al 1965 2 .. DES E 
17. Warner et al 1966 
18. Costa 1966 2-DES 0 , , 

19. Summerfe1t and Lewis 1967 l·DES B, 
20. H11l 1968 2-0ES E , 

21. ' Spra~gue 1968 2-DES E 
22. ' Hanson 1969 2 ... DES 0 
23. Sprague and Drury 1969 2 .. DES E 
24. Hog1und and Hardig 1969 3-DES J 

, 25,. Anderson and Prins 1970 
26. Rehwo1dt and Sida 1970 2-DES E 
27. Kleerekoper et al 1970 2-0ES F 
28. We1r and Hine 1970 

~.-
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• Appendix Al (continued) 
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Author: Year Type of Design 
, , 

,,' - .' 
29. Hansen 

, 
1972 2-0ES 0 

30. " "Harfield and Johans.en 1972 -, 
: 

31. Kleérekoper ; 1973 2-DES F 

32. . Hansèn et al 1973 2-DES 0 
, , . 33. Sch"erer and Novak 1973 2-DES E 

' .. 34. Wilson 1973 3-DES K 

35. Kynard 1974 2-DES E 

36. Scherer 1975 2-DES E .: 

37. Westlake and Lubinski 1976 . 2-0ES F 
0 

38. ~u)1er and Fry' 1976 2-0ES J 1 • 

39. Fava and Isai 1976 -
40. ro1nfar 1976 2-0ES 0 

41. Maciorowski ~Benfield 1976 

42. Lewis and Livi ston 1977 2-DES 
0 

43. Scherer 197/ 2-0ES E 

44. Birtwell 1977 1-0ES C 

45. ' Reynolds, W. 1977 

46. Greer and Kosakoski 1978 2-DES G 

47. Black- and Birge 1980 _ 3 .. DES K .. 

48. Lubinski 1980 2-DES F 

49. Spraggs, Gehr and Hadjinico1aou 1981 ' 2-DES H 
50. 

' 1 

Giattina et -al. . 
1982 2-DES E 

51. Anestis and Neufeld 1986 2-DES H 
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Key wol"ds: SH.GR, =, Sha11ow, gradient = . 1 .; 
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~ ST.GR Steep gradi ent 2 = = 
FL.SY. • Fluviarfum system • 3 
DES • Design .. ., 
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POLlUTANT SPECIES 
~ 

RESULTS S y ~ tc.V'iI\ Temp 'rest** . . '~ Oc CondItIons 

Chromium fVi') , Fathead mlnnow . 
Juvenile 96h-LC50 36.l mg/l S 25 pH 7.7 
Juvenile , 96h-LCSO 36.9 mg/l F 2S HO 209 
Il fe cycle HATC 1.0-4.0 mg/l F 16-29 .. 

1 

Chromlum Co11sa 96h-lCSO '10 mg/1 5 25"'-
pH 7.3 

trloxlde' fasclatus HO 120 
-" 

> , 

Chromll.'III (III) Gol dfJsh Z'lh-LC50 109-354 mg/. S 5-30 
Goldflsh shlner 2~h-lC50.) 'Olt-151 mg/l S 5-30 00 6-11 

(po'tass 1 um 
. 

Bluegl11 ( 2IJh-LCSO ,2Ilt-280 mg/1 S 5-30 36 HD 
cnromate) Channel catfls,h . 21fh-LC50 50"72, mg/' s 5-30 pH 5.8 

Ra 1 nbow trout ''2lfh-lC50 59-141 mg/l S 5-18 

Chromlum Ra 1 nbow trout 9Gh-Le50 '1.2 mg/1 --- - .. . 
1 ~6h·LCSO ~.O mg/l .. - PtB prevlous • 

1 exposure 0.01 . 
, 

mg/) 
gbh-LCSO 7.0S mg/l .. - PCB pro exp • 

i) 0.1 mg/l -
-"IL' 

Chromlum (III) Ra f nbow trout g6h-LC50 24.09 mgll, F ALK 82-132 
0 

/ DO .4.8:'9.0 (chromlum . 
pH .6~1t-8.3 ni trate) .. 

--_ .. • 
Appe!ldix A2. Results Col1eçte~from the Llterature for Lethal and 

Sublethal Toxlcl ty of Chromium ,:f~ 

,.. 

~ F = flow through system 
S • stattc tests' 

. \, 

'!* ALK .. alkélHni ty 
HD :- hardness 
PO - dlssolved ~ygen 
.1. - ac 1 d Jty 

,-

,r-- 1!1 

. 

'" 
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POLLUTANT SPEClts 

. 
Chromlum (VI) Ralnbow trout 

~ '" .- . , 
(sDd 1 tIII . 
dl chroma te) . Lake trout 

. . 
- Channel catffsh 

, r 

B1ueglll 

Wh. te succer 

.......... w \ 
-

Chroml un'- Ralnbow Trout 

l' 

, 

Chromhlll (+6) Varletv of aqu~tlc 
.j IIfe ,. . 

Chi nook ~a llDOn 

• 

~~"A' ,-f~~"if:f'ràlt"iàW ';';;'i6"S3,:' 'S'H '. - . 

RESULTS 
: 

, 

-

60-D-HATe 51-105 mg/1 

.' 60-IJ.HATC· 105-194 mg/1 

60-D HATe ISO-)OS mg/J 

60-D MATC 599-H22 mg/1 
. 

60-D MATC 990-538 mg/l • 

9Gh-LCSO 100 ~/1 
\, 

:'\ 
• . 

a HATC O~OJ mg/I 
sublethal : 

threshold 
" 

0.002 mg/1 

~ 

Appendix A2 (continued) 

, 

~'1s~t2.W\ 
*' . , 

F . 
. : 

F 

F 

F 

F 

S 

S 

S 

c-.. 

, 

• '~'-", G ,".lji~ 

l
',,, 

, , o' -. • • 5~~ 

!Temp 
Oc 

10 

10 

22 

25 

17 

-

\ 

'Testtc{J - References 
Conditions 

, 
A 

-~ / 

A-3.3,ALK-30.1 
00-9.1.HD-33.4 .. l -.... 
pH-6. 7-7r~0 1 

A-3.6,ALK-3J.S Sallter,' S. 
0O-9.!»,HO-31f.O et al 
pH-b.8-7.l (1976) 
A-4.0,ALK-33.7 
0.0-8.1,HO-36.2 
'pH-7 .0-7.lt 
A-6.6,ALK-33.0 
00-6.6,HO-38.3 

1 

pH .. 6. 7"7.1 
A-3.2,ALK-34.6 ~ 

00-8.3,HO-311.8 ( 

pH-6.9-7.2 
, 

1 , 1 

,1 

'1 EPA E.I\.S. 
• Water (lu a Il ty 1 

Cri terla (1971) 
\ 

J 

" 

, 1 

Cherry K.F. 
(1982) 

. 
~ 

~; . , 
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POllUTANT SPECIES .RESULTS SYSTEf~ TEMP TEST REFERENCES 

Oc CONDITIONS 
, . 

0 

Fathead 96h-LC50 33mg/l 
Hardwater Picker1ng(I97J) 0 Chrom1um{VI) S -- minnow S.C. lmg/l (unpubl1shed) . 

. 
Chromfum(VI) Brook Trout 96h-LCSO 33 mg/l S --- Soft water Beno it CI 971 ) 

- S.C. 0.6 mg/l 
o Ra 1nbow Trout 96h-lA:SO 69 m9/l (unpubl fshed) 

S.C. 0.3 mg/1 

Chromium (I Il) Fathead M1nnow 96h-LCSO 27 mg/l S liard water P1ckering(I979) --
S.C. 1.0 mg/l (unpubl1shed) 

Chromfum (VI) RainbowTrout Inconclusive F(avoidance 15°C --------- '1: Hadj infcolaou(I983) 

cr03 81 ueg111 6-84h-lC50 104 mg!l S Cairns(I956) .. 
. ... Chrom1um (VI) 4 Spec1es 96h-LC50 I7-II8 mg/l S Range of Pickering & 

hardness 
1 - Henderson (1966) 1 

J 

Appendix A2 (continued) 
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Appendix Aa 
PH DEPEllDENCE OF SOLUBILI'l'Y AND DISTI.l:BtrrICl' or 
CHROMIUM XlI IONS IN B20 (BOND 820 OMI'lTED) 

ft+ 
+ 

H+ 
!Io CrOH2+ 

~ 
Cr (OH) 2 ~ K2 ~cr3+ CrCOH)3 .. 

'< 

x.o 
c-.~aM 1- Cal_aU_ .t ... __ . 1111 , •• 10 at ..... 

... '.1 pII·I.1 

Cr
J
• U Cr'· • 'eo Il ... ' • ,,,,12 Il 10-"" • 1O'" 10.12 Il • --J ail 

.. JI' 

cro .. '· .... 
~IO-· crou'· 

l, • cr h 11-· Il 10-9 • .0'" .a-I Il, • · . 1.-' cr'· Il' 

~ 

• • • 1 2 • c~,· .. -'" • '0" 
ar:~ • 

Cr 10111 2 •• ... -'" (rIOllI; • 10-' 
• 10-4, S • 1 • 11-' , . ,,-4 

Croll~· 1 .' 
Il'.r .. ..." . 

'J3 • [_-:=~ 2 • Il 

(after Smissaert et al •• 1975) 

" 
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e 

Expected 

0.001 

0.01 

0.03 

0.1 L-
0.3 

0.8 

1.0 

3.0 

8.0 

10.0 

30.0 

Cr(VI) 
Concentration in Channel mg/I] 

Measured Range 

0.00105 0.00092-0.0011 

0.0097 0.0095-0.0113 

0.031 0.028-0.033 

0.0105 0.102-0.108 

0.29 0.28-0.32 

0.81 0.78-0.83 

1.02 0.92-1.11 

3.17 2.73-3.24 

8.28 7.79-8.51 

9.84- 9.28-10.86 

21U2 28.17-31.42 

Appendlx 81. SampI. concentration. In the channel. 

(Average of JO .ampl •• ) 

--

• 

XDifference 

-8 to +10 

-5 to +13 

-8 ta +10 

+2 ta +8 

-7 ta +7 

-2 to +4-

-8 ta +11 

-9 ta +8 

-3 ta +5 

-7 to +9 

-8 ta +5 



~ 

Cr(llI) 
Concentration in Channel (mg/Il 

Expected Measured Range 

0.001 0.00096 0.00092-0.0011 

0.01 0.0095 0.0093-0.011 

0.03 0.029 0.028-0.032 

0.1 0.0108 0.098-0.11 

0.3 0.31 0.28-0.34 

0.8 0.82 0.76-0.84-

1.0 1.04 0.97-1.09 

J.O 3.06 J 2.87-3.3J , 

8.0 8.39 7.54--8.81 

10.0 9.92 9.17-112 
. 

30.0 29.21 28.28-32.1 

Appendlx e1 Sam pIe concentrations in the channel. 

(Averoqe of 30 sampi •• ) 

./ 

"Difference 

-8 to +10 

-7 to +10 

-6 to +7 

-2 to +10 

-7 to +13 

-5 to +5 

-3 to +9 

-6 to +11 

-6 to +10 

-8 to +12 
~ 

-6 to +7 

•. -

.. 

• 
~4:~ 
:'j 

~ 

'~ 

~ 

" 

.. 

~ .. ' 

, J 

" ï 
,~ i 
" ~ ., 
l' 

'.j -r 
~~ 

1\) -' 
o 
0'1 

~\: 

'. ;.iJ 
.... ,::'1<iJ~~,--;.;~ 
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Exp.cted 

".2~ 

22.5 

30.0 

45.0 

50.0 

72.5 

100.0 

Cu (II) 
Concentration in Channel rug/l] 

Measured Range 

10.86 10.45-11.42 

22.35 21.9-23.2 

J1.J ~2.J 
4-5.87 44.2-47..8 

52.'" 47.3-54.2 

74.82 8~.8-71.J 

98.35 93.2-106.7 

Appendlx 81. Sampi. concentrallon. In the channel. 

(Averoge of 21 .ample.) 

«' 

"Difference 

-7 to +1.5-

-3 to +3 

-5 to +8 

-2 to +8 

-8 to +8 

-4 to +7 

-7 to +7 

-_.-

4 



o 
() 

t, 

Expeeted 

0.01 

0.1 

0.3 

0.8 

1.0 

3.0 

.. 

\ 

'" 

1 

Cr(VI) 
Concentration in Pre-Exposure Tanks (mg/Il 

U.asured Range "Difference 

0.011 0.0092-0.013 -B ta +13 

0.096 0.094-0.107 -8 to +7 

0.31 0.29-0.33 -3 to +10 

0.81 0.78-0.84- -4 to +5 

1.06 0.92-1.12 -8 to +12 

2.93 2.64-3.35 -12 to +12 

Appendbr 82. Sample concentration. In the channel. 

(Averag. of 30 lomple.) 

'~ 

ct 

max Drop 

after 1 day 1 

i 

22" 
1 

17" 

24 " 
1 

12 " i 
18 " 1 

29 " : 

'. 

.. _"'~~:. .. '::f.~~~~~~ 

1 ... ~ I! 

.... ~ : 
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~ 

EXp8cted 1 

0.01 

B.l 

0.3 

0.8 

1.0 

3.0 

.. 

.""._ .... _._~---- .... ~......-~---~"'.-..----- ,--=- t", 

1 Cr(III) 
Concentration in Pre-Expoaure Tonka rmg/ll 

"eaaured 1 Range XDifference 

0.0098 0.0091-0.012 -9 to +12 

0.107 0.095-0.112 - -5 to +12 

0.32 0.27-0.J4 -10 to +13 

0.88 0.72-0.89 -10to+l1 

1.07 0.89-1.08 -11to+8 

3.12 2.72-3.24 -10 to +8 

Appendbc 82. Sampi_ concentration. in the channel. 

(Average of 30 aampla) 

,..' 

« ft 

1 max Drop 
after 1 day 

12 " 

18 " 

'4X 

28" 
22" 
J1 " 

~~< ~ 'H _~/4?&;~ir4 



Si ~, 

-' 

Ex~cted 

, 22.50 
1 _ 

30.0 

45.0 

sa.O 

72.5 

<:) 

,~~~ ... ~ 

CuCU) 
Concentration in Pre-[xposure Tanks rug/l] 

• 
-

Measured Range ~Differenc. 

21.4- 21.0-23.2 -7 to +3 

31.2 29.2-32.0 -3 to +7 , 
44.88 43.4-47.8 -4 to +8 

51.3 48.2-58.4- -4 to +13 

71.85 70.3-76.8 -3 ta +8 

Appendbc 82. Samp~ concentration. In the channel. 

(Average of 21 eamplea) 

Il 

max Drop 

after 1 day 

gx 

121 

25 " 

21 X 

24 X 

.. 

3 jJ.M 
' ~~~ ":!' '~ 

1\)-

~ ,.:.;: 

~'; : 

~i 

, i 
~~~ 

~ ,,-~ 

~ ~I ~ 

~ 4~ 

\ ~~~ 
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Appendix B3 

Routfne Water Quality Analys1s 

A. Water Qua 1 ity Control of the Water 
entering the System (before treatment) 

o 

PPM 
f 

Sodium 14.2 
Calcium 23.5 
Magnesium 8.0 
Al umini um <o. 1 
Iron <0.1 
Chromium <O. l 
Copper <0.1 
Nickel <O. 1 
Lead , <O. 1 "--

Cadmium <0.1 
Zinc <0.1 
Potassi um 
Manganese <O. 1 
TOC 8.0 
TIC 17 .0 

Phenols 

Total col i forms 0 

Feca 1 coli famls 0 



• 

• 
) 

AmndixB3 

B. Water Qual1ty Control b~fore and after 
the ultra violet lights 

PPM 

Phosphorus inorganic 

Phc sphorus total 

Nitrite/Nitrate 

N. Total KHELDAHL 

N. Ammonium 

Cyanide 

Fluoride 

Chromium 

Copper 

Nickel 

Lead 

Cadmium 

Zinc 

1 

/ 
/ 

Before 
Ul tra Violet 

Lights 

<0.05 

0.02 

0.39 

<2.5 

0.6 

112 CaCo
3 

<0.1 

<0.1 

<0.2 

<0.1 

<0.1 

<0.1 

After _ 
Ultra Violet 

Lights 

<0.05 

0.01 

0.39 

<2.5 

0.2 

95 CaCo3 

<0.1 

<0.1 

<0.1 

<O. l 

<0.1 

<0.1 

., 

" , 

(, 

.. 


