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'l'he toxic effects of copper to three species of Bri tir:h 1.ie.y~ · ly 

nymphs 'yere stuuied. rhose species Nc!'e ,Haeti n rholle.ni ,Bc lyonurun 

venosus and Hi thro{:cnCl. nemicl)lor;:1tn. 

'l'he stu~ly Has divided into the following oections : 

I.roxici ty te s ts.These were carrie ~t out so that a basic profile of 

copper toxtcity in respect to conc ~ntration ~ould be erriveJ Rt for 

each species.1ests were also cerried out to determine the effects of 

compl icating f;.l.ctors such as temperc~ture, pH Iln1 water hnr 'iness on the 

basic profiles of toxicity.Threshold of toxicity concentrations were 

also determin~d:u~ing the toxicity test teclmique. 

It l'Ias found that B.rhorillni is the most susceptible of the three 

species to cop:1er, Hi th R. f'(>t:1ic01ol' .::t~. beinlj the most tolerant .In a.ll 

cases the extent of toxic effect bore a eimple,iirect rela tionship to 

the concentration of copper used.This toxic effect was maie more acute 

by hiGher temperatures and 10\'1 pH values, but vlc.s less acute in harder 

l'Jaters. 

In this part of the stully the re s ults \-lere expressed as Tlm surv-

i val curver; and probi t analyses. 

A scries of tozici ty tests Ha.S also carried out to 1.etermine the 

effect of short exposure ti.mes to copper Dnd i. t \las found that complete 

recovery only oCCurfl or is only pos~ible in the c~. ~:e of 10l-t(lesfl them 

20mc/L copper s ulphC'.te)concentrp..ti0ns and exposures of less than six 

hours. 

2.Serial sections of nymphs exposcd to copper solutions \-Tere trea.ted "rt th 

ltubeanic acid which is ? copper r,peci.fic hi£ioloCicf'.l l:tain"i'his proce(lure 

id.entified areas of cop~cr acc:um1:.lr.tiQn (ii -:'hin the bodies of the nymphs. 

'l'he tlistributil)n of cop~(:r "as found to be a8 follov!s : 

a. Iii tl in the lumen and cells of the 

mid-£.-ut. 

b. in pc-..rts of the centre.l nervous 

Elystem 

c. in othc:>r oreans inclu 'line the 

J.:alpic hinn tubules p.nd the Eill 

filamentB. 

3. 'fhe effp.ct of Coppf'r on the rp.t c of rcspirv.tit>ll oS r:l ::;:1.sUTcd 

by O. ygcn con f' u~1p~ ion '';D.~I rtud ictl by uf'ine 1}. ~:('nf ili.vc fi1i. cro r.1, .... nom(.~" r. 



It \'las fOtUld th·Cl.t in the c a.~ e of E . H!T1 f) ~;US t :Jf: re nas very lit . Ie 

effe ct but tha.t in the c af.;e of the ot her two spo cleD coppe r ,;epresse r.t 

the r a.t e of o ··:y ecn con F.: umption.'l' he nf! r e::;ul ts \'J cre rela ted to Lhe 

ccolocy of thc r eupcctive c pe cies . 

4. 'r he rate of upt:1.ke of cop :,)cr by the three !:: p 'O! ci. e s \<I8.S r,1Ca~:ure d 

u s ing the rp.diof'.ctive i :3 ot ope of coppcr,Cu64.Uc l1 Gr a1ly it \-fa :;; found 

that uptake is rapid up to s ixteen hOIU's.'.i.' he f ast e s t r a te was for 

D.r ho:JJ 't.ni. . An a·~t E: mpt \'las ma i.o to corre l a te the :::; e rc · .. ml t s \' ith fin ,·. i.ne;s 

from c Rrli.er experi.ments in the. s turly and some rel a tions lli.p i'i a.S foun d 

to e x iGt betlleen the rate Cl.t whichco!,>per is t C:l.ken up anJ. t he 8urvi. \l e.1 

curves e s tabli s hed by the to:dci ty i eHts in t he fir s t part of the s t tu.y. 
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INTRODUCTION 



The tlleoretical concepts underlying this study are fairly 

simple and stem from two main sources. The first is a result of 

man's industrial activities. Large industries, while undoubt~dly 

providing certain material benefits for society, tend to be bad for 

the environment generally. This effect is usually due to the fact 

that as well as manufacturing desirable products these industries 

also manufacture highly undesirable waste products. In the case of 

copper such waste has its origins from those industries which use 

copper containing pickling liquors as well as those producing copper 

plating wastes and cupro-ammonium rayon wastes. Such unwanted 

byproducts can be disposed of by diluting, which often means that 

they are got rid of by depositing them into either freshwater systems 

or the sea. In many cases such effluent is. untreated and can be 

very harmful to the ecosystem into which it is introduced. 

The second starting point for this study is also concerned 

with water contamination by copper but this time it is a more 

deliberate one, i.e. the use of copper in pesticides which are 

directed towards a single species in a given ecosystem. Pesticides 

can be defined as economic poisons wnich can be used to control a 

wide range of animals and plants and the history of copper being 

used as the toxic agent in such pesticides is a long one stretching 

back to ancient times. The more recent history of this USA of 

copper is also well documented (MOORE and KELLER?1AN, 1904; PRESCOTT, 

1948; HASSALL, 1963; McBRIEN and Hl.SSALL, 1965). Although most of 

the applicatiolls of ccpper have been in a marine environment copper 

has been and is being used in ~reshwater situations where it is 

ix 



• 

introduced in antialgicidal preparations. Here the pesticide can be 

applied by spraying, as is the case in the control of Potomageton and 

filamentous algae in freshwater systems. The problem with duch 

procedures is that if the pesticide used is unselectlve, and copper 

preparations usua~ly are, then there will be side effects on 

organisms other than those against which the pesticide was ori~inally 

directed. These side effects may remain unnoticed if they affect 

organisms which we do not value such as the invertebrate fauna of a 

river or lake. This seems to have been the case in the past, since, 

although much work has been carried out in relation to the effects of 

certain toxicants on fish, which are commercially important, compara­

tively little time has been given to the study of the effects of 

these same toxicants on invertebrate animals which have no obvious 

commercial importance. 

The situation can be rather complicated when one takes into 

account the sub-acute effects which pesticides may exert on the 

behaviour, growth, mortality, reproduction, pathology, resistance and 

genetics of exposed organisms. And the problem is even more 

intensified when one takes into account factors such as the extr6me 

susceptibility of freshwater organisms, the complexity of freshwater 

environments and their variety. 

At present it is difficult t.o comprehend the total effects of 

pesticides because there seems to be little knowledge concerned with 

how a wide variety of organisms will react to certain toxicants, 

however these are introduced into their environment. Certainly, 

little work seems to bave been carried out usir.g Mayflies as test 
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animals, and this study therefore attempts to fill one of the many 

gaps that exist in present knowledge concerning the effects of toxi-

cants on the invertebrate freshwater fauna. Before discussing this 

group of insects specifically, however, it is worthwhile to remember 

'that, as MOORE (1967) has pointed out, each application of a pesti-

cide will result in a pesticide ecosystem, even if it is aimed at 

one species. In other words, the application of a copper containing 

pesticide or effluent can have a toxic effect on a wide range of 

'organisms occupying different trophic levels within that ecosystem. 

The realization of these far-reaching effects has come with a 

greater understanding of the ecological relationships which exist 

between the species occupying an ecosystem and there are several 

ways in which a toxicant can exert an effect on a species other than 

the one which it is supposed to be controlling. MOORE (1967) 

represented these pathways as follows: 

Type of effect Pesticide Other spp.+ 
relationships 

Species 
affected 

1. (Direct) toxic effect =~ - - - - - - - - - - ~ ~ 
2. toxi~ effect 

(secondary poisoning) 

3. toxic effect 
(delayed expression) 

F > 
~-----~ ~-------> 

't 

~ .......... } ® - - - - - - -5 
4. removal of food species ~ -

F X 
----~®- ---+) 

5. removal of habitat 
species 

6. removal of competing 
species 

I. removal of predator 

~-

~­
r0j-

xi. 

® 

@ 

o 



Key: ) food relationships (arrow points to consumer) 

--~ 
X 

..... ) 
~ 
~ 

C = 
F -
H • 
p .. 

habitat relationship 

harmful toxicological effect of p~sticide 

ecological relationship broken by pesticide 

harmless effect of pesticide 

pesticide applied 

pesticide residue 

competing species 

food species 

habitat species 

predator species 

As can be seen from this scheme, a toxicant does not affect a .. 
single species at all but can either directly or indirectly e~ert an 

effect on a wide range of species. Clearly, some knowledge 

concerning how a toxicant is likely to affect a given species other 

than that against which it was employed would be desirable. In a 

later section this interrelationship which exists between the 

organisms of an ecosystem is stressed again with emphasis on the 

mayfly nymphs, so it is only mentioned in passing here that it is 

generally accept~d that the many species of Ephemeroptera form a 

quantitatively important part of the invertebrate fauna of rivers and 

streams. Also they have been found to be useful as indicators of 

oxygen conditions in running waters as well as having an important 

role to playas the food of many types of fish (NAGELL, 1973). This 

group of insects ~s therefore of some general importance and some 

information regarding their reaction to a fairly co~on pollutant 

such as copper would seem to be desirable. Some study has been made 

of the effects of certain toxic mat~~ials on certain species of mayfly 

nymph (HUIRlIEAD-THOHS01:;) 1973), but in such studies "he toxicants 
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tested were derived mainly from agricultural pesticides which 

contained no copper. The primary aim of this study is, therefore, 

to study the toxicity of copper in terms of MOORE's first claGsifi­

cation, i.e. the direct effect of copper on certain species of 

. ephemeropteran nym~hs. Although the ecological implications of 

such effects should not be lost sight of, this is a purely laboratory 

investigation in which the toxic effects of copper to three apecies 

of Mayfly nymph are studied in controlled laboratory conditions 

employing several techniques. 

The methods used for this investigation fall into four areas 

which can be summarized as follows: 

1. Toxicity tests. 

2. Histochemistry. 

3. Effect of copper on a basic physiological process: 

respiration. 

4. RadiOisotope studies to measure rate of uptake. 

The toxicity test was used as a useful starting point aimed at 

giving a basic profile of the way in which the nymphs react to copper 

when subjected to certain variables such as temperature, pH and 

concentration. The variables chosen are those which are likely to be 

complicating factors in the 'natural' environment so that the data 

obtained from these tests could perhaps be of use in predicting to 

some degree how the Mayfly section of the invertebrate fauna of a 

river is likely to react to copper in certain situations. For 

example, after having established a basic pattern of reaction to 

copper it would be useful to know how this is affected by cr.anges in 
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temperature such as will result in a river into which cooling waters 

are introduced from a nearby factory. Also, many effluents 

d:l.scharged into river systems will alter the pH of the water and, 

again, it may be of use to know how this will affect the 

susceptibility of the Mayfly population to cop~dr. 

Having established the degree of pOisoning of copper the next, 

and perhaps most important, step would seem to be to make some 

attempt in discovering how this pOisoning is brought about. Here 

it is important firstly to distinguish between an external, surface 

effect and an internal physiological one. In the case of heavy 

metal poisoning to fish it has been found that the toxic effect is 

due to the combination of the heavy metal ion with the mucus of the 

gill to form an impermeable ion/mucus complex which does not allow 

gaseous exchange to take place at the gill surfaces. The fish were 

therefore being asphyxiated (WESTFALL, 1945). This type of effect 

can be distinguished from a true physiological one since it is due to 

a physical barrier blocking the gill system of the fish. (This 

distinction is, perhaps, not altogether a valid one since all physio­

logical processes are ultimately due to physical and chemical 

mechanisms.) 

As a preliminary step towards arriving at some conclusion o~ 

this point with regard to Mayfly nymphs it would seem r.ecessary to 

establish that copper is in fact entering the animals in the first 

place. In the nymphs of the Ephemeroptera the cuticle is 

comparatively thick and impervious and the cuticle of the tracheal 

gills has the same permeability as that of the rest of the cuticle 

(SHAW ~nd STOBB~~T, 1963). If copper is being taken in, therefore, 
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it is not likely to be percutaneously but rather orally by drinking 

or during eating, which will also result in the ingestion of small 

amounts of water. If this is so then it should be possible to 

detect copper in the gut of nymphs. This would give direct 

evidence of the mode, or at least one of the modes, of entry of 

copper. 

Once copper is seen to have actually entered the ~~t it is 

reasonable to suppose that it can pass through the gut wall and be, 

to some degree, assimilated into the body cells where it can exert a 

physiological effect on certain systems. Respiration can, perhaps, 

be regarded as a basic unit of metabolism and one which is 

comparatively simple to study, and therefore this is chosen for 

investigation here in an attempt to detect any effects that copper 

may have on it. A further reason for regarding respiration as a 

system likely to give easily detectable results is that copper has 

for some time now been associated with a certain catalytic role in 

respiration and oxygen uptake in a ~ariety of bloods (see chapter on 

biochemistry of copper). It may be possible, therefore, that 

metabolic pathways exist whereby copper tends to be accumulated at 

the sites of respiration within cells (mitochondria) and it is here 

that the effects of excess amounts of this ion may show themselves 

first. 

As ~ consequence of finding evidence that copper is indeed 

being taken up by the nymphs it would seem necessary to find the rat~ 

at which this uptake is taking place, since then it would be possible 

to predict with greater certainty and accuracy the likely effects of 



• 

copper over a given period of time. Also, studies on the uptake 

rate could throw some light on the question of active copper 

excretion in Mayfly nymphs; this information could then act as a 

springboard for further extensive studies in which the detailed 

patterns of uptake under different conditions could be found, giving 

a more 8ccura~e overall picture of copper toxicity than that su~plied 

by toxicity tests alone. 
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Chapter 1. REVIE'" OE' LITERATURE 



THE TOXICITY OF COPPER TO CERTAIN EPHEf.lEROPTERID NYHPHS 

In 1894 the physiologists RINGER and SAINSBURY "/ere carrying out a 

series of experiments concerned with the action of sodium, potassium 

and calcium salts on the freshwater worm, Tubifex ri~llonlm. For 

this investigation they set up a parallel series of experiments using 

certain salts of the metals under investigation, in solution, in both 

tap and distilled water. During the course of these experiments it 
I 

became clear that there were two very different types of action on 

the test animals in these parallel tests. In the tap water series 

Tubifex lived for an indefinite period in the control beakers. If 

some degree of disintegration occurred it was only in a small percent-

age of the animals and did not occur until late in the experiment, 

i.e. afte!' a period some days had elapsed, and even this was 

attributed to the effects of mechanical damage suffered by some of 

the animals. In the distilled water series, on the other hand, the 

results contrasted dramatically. Here the animals were affected 

much more drastically, this effect being described at the time as 

follows: "In this medium the organisms continue their active move-

ments but gradually disintegration appears and ultimately they are 

all converted into e. globular debris". 

In the follovling year an explanation for theRe observations 
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was offered. This was put forward by the biologist LOCKE, who was 

working both with tadp61es and Tubifex. LOCKE found that "tadpoles 

placed in distilled water rapidly became motionless after a period 

varying as a rule between two and six hours, paralysis is quickly 

followed by disintegration, indeed signs of desquamination may be 

observed before movement has entirely ceased". LOCKE obtained 

similar results by immersing Tubifex in distilled water. These and 

similar observations were made by LOCKE during the course of a study 

which he in fact began in 1883 which was concerned with a comparison 

between the action of a 0.6% sodium chloride solution and a 0.6% 

solution of sodium chloride which c9ntained a small percentage of 

sodium oxalate. LOCKE made up these solutions in distilled water 

and found that, liThe 0.6 sodium chloride solutions had a much worse 

influence on the persistence of good contractility of the grass­

frog's sartorius than I had previously observed such a solution to 

have". This effect was not due to the absence of certain salts 

(e.g. calcium, magnesium, potassium) since he added these and found 

that solutions with these additives (again made up in distilled 

water) did not approach in any way "the preservative and recu.perative 

action on voluntary muscle of a 0.6% sodium chloride solution made 

up in tap water". The distilled water, therefore, seemed to be at 

the root of the problem. On analysis of the various distilled 

waters which were available to him, LOCKE attributed this "poisonous 

action" to the presence of very minute traces of compounds of heavy 

metals which his analyses showed to be dissolved in these distilled 

waters. Further, he found that water which did not possess this 
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toxicity (i.e. tap water) became possessed of it after being allowed 

to stand in contact with metallic copper, silver, tin, iron and 

mercury. 

LOCKE gave the term "oligodynamik" to this effect of minute 

traces of certain heavy metals in water. To obtain water not 

possessing oligodynamik properties (neutral water in LOCKE's 

terminology) he found it necessary to distill water in glass appara­

tus. It appears, therefore, that the vast field of heavy metal 

toxicity was opened up only incidentally to other, initially 

unrelated studies, attention being drawn to it by the fact that 

water used to be distilled in stills made of copper and tin. 

In the paper which LOCKE published in 1895 he goes on to 

describe a series of experiments which he carried out using Tubifex 

and frog tadpoles in which he uses waters distilled in both copper 

and glass stills. He found that water from the glass stills which 

had been stored in glaRs vessels had no "noxious action on tadpoles 

that could be observed, and by no means a rapid one on Tub:ifex". 

The water prepared in copper stills, however, was found to be toxic 

to these organisms. Of the metals that LOCKE went on to investigate 

he found that copper was the most active in "rendering water unable 

to support the life of Tubifex and tadpoles". Further, he found 

that water which had remained in contact with a strip of copper 

exposing 36 sq. in. of surface for 26 hours could not support the 

life of Tubifex or tadpoles overnight (16 hours). This observation 

records perhaps the first toxicity test to be carried out with 

copper and, if the above observations are accurate, the toxicity of 

this metal is seen to have been appreciated at an early stage in 
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the history of work on heavy metal toxicity. 

It was also at about this time that the phenomenon of antagon­

ism was first noted. In 1893 NAEI}~T.JI, ,,!ho, like LOCKE, had found 

that water distilled in copper stills was lethal to Tubifex made the 

discovery that this property could be dispelled by the addition of 

charcoal, sulphur, paraffin and other amorphous substances to the 

water. This property displayed by certain substances of counter-

acting the effect of the toxic substance, Le. reducing or completely 

neutralizing its to~ic properties, is the basis of antagonism. 

More recently three general types of antagonism have come to be 

recognized that observed by NAEGELI belongs to the first category, 

i.e. the toxicity of a dissolved substance may be reduced on the 

addition of a second substance, not in itself toxic or even soluble. 

Since a fuller discussion on antagonism will follow later this 

subject will be left now in order to pursue a chronological survey. 

Since these early studies on the toxicity of heavy metals 

there has been a tendency to use fish as test animals. One study 

made in 1900 by WARREN was, however, made on the effect of sodium 

chloride on Daphnia magna. Here a relationship was pointed to 

between the concentration of the solutions and the time which they 

took actually to kill the animals. This relationship was expressed 

by a graph which WARREN called the "survival curve". He found that 

between the concentrations of 0.9 and 6.0% this curve was a rect-

angular hyperhola. Below and above these concentrations the 

results were "indefinite". The introduction of the term "survival 

curve" in this'paper is signi:icant as it marks the start of a more 
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quantitative handling of data obtained from the increasingly precise 

and controlled toxicity tests. A pattern of procedure was there-

fore carried out which is still, fundamentally, the same today, i.e. 

a toxicity test followed by a quantitative processing of data which 

may take several related forms. 

In the years th!it followed the survival curve was to assume 

an importance in the interpretation of toxicity test data which is 

still apparent. OSTWALD (1905) working on the toxicity of sea-

water to Gammarus pulex also obtained a curve the middle portion of 

which was a rectangular hyperbola. PITTENGER. and VANDERKLEED (1915) 

working with goldfish concluded that in all cases the survival cur7e 

of an aquatic organism in a toxic solution should be a rectangular 

hyperbola, i.e. the concentration plotted against the reciprocal of 

the survival time should give a straight line. This line they 

called the "fatality curve". 

By this time the rectangular hyperbola was beginning to be 

accepted as a standard result of toxicity tests and lias perhaps also 

beginning to assume the status of a natural, immutable law in the 

minds of workers in this field. This outlook was no doubt strength-
.. 

ened 'tThen in 1917 CLAYBERG, working on the toxicity of aqueous 

solutions of chloroform and ether to the Sunfish, also concluded 

that the right shape for a survival curve to assume was that of a 

rectangular hyperbola. However, in the same year PO~~RS made a 

more comprehensive study of toxicity using a large range of salts, 

acids, alkalis and drugs, using the goldfish as his test animal. 

From these studies he concluded that in all C83es the middle portion 

only of the fatality line or curve was straight. POWERS appears to 
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have been the first worker to observe that for all toxic substances 

there is a more or less well defined lower limit of concentration 

below which the survival time becomes indefinite and protracted. To 

this he gave the term "threshold concentration". It is true that 

WARREN also observed this in 1900 but he does not seem to have 

stressed the significance of this and was content merely to state 

that the results became "indefinite" above and below a certain range 

of concentrations. 

POWERS worked on the goldfish Carassius carassius and in 

solutions of lithium chloride of concentrations ranging from 0.089 

to 0.466 he observed that the goldfish died fairly uniformly in any 

given concentration. When he investigated the toxicity of various 

concentrations of copper chloride, cadmium chloride and ferric 

chloride he found that these did not follow the same general pattern 

as did all the other substances tested. The toxicity of copper 

chloride at high concentrations (0.66 - 0.25N) increased with a 

decrease in concentration. The shortest survival time of any fish 

was 30 minutes. From 0.25N down the toxicity of copper chloride 

decreased with a decrease in concentration but this was very slight 

compared with the dilution, until the maximum survival time was 430 

minutes. From this work with Carassius POWERS was able to come to 

several important conclusions. Starting from the established fact 

that the survival time of the goldfish has a very definite relation 

to concentration of the solution of the toxic substance and that 

this relation follows a common general with a very few exceptions, 

POWERS went or. -to outlj.ne his conclunions which can be summarized 

as follows: 
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1. There is a concentration of each of the toxic substances 

tested which will just cause the death of a goldfish and 

concentrations below this will not cause death. This 

concentration POWERS designated as the threshold of toxicity 

concentration. 

2. In concentrations of a toxic substance just above its 

threshold of toxicity concentration, the velocity of fatality 

of the goldfish (as measured by the reciprocal of the survival 

time) is increased very slowly with increasing concentration 

of the solution of the toxic substance. 

;. In stronger concentrations the velocity of fatality is 

increased more rapidly with the increase in the concentration 

of the toxic solution. 

4. At very high concentrations the increase of velocity of 

fatality is less rapid in proportion to the increase in 

concentration of the toxic solution. 

Thus the work of POWERS begins to demonstrate that the whole 

subject of toxicity is not as simple and free from complications as 

up till that time it would seem to have been imagined. POWERS 

was, however, dealing with only one animal and although it may be 

likely that these observations are valid for a wide variety of fish 

types it nay not be possible to apply them directly to aquatic 

invertebrate phyla. 

POWERS explains the changes in the slope of the fatality 

curve by suggesting that a weak toxic solution tends to accelerate 
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the general metabolism of the organism, while a very strong one 

retards it, and that these accelerations have a reflex influence on 

the rate of the original toxic action. POWERS also defines his 

"threshold level" in a theoretical sense by saying that the production 

of the straight line portion of the velocity of fatality curve the 

"theoretical velocity of fatality curve" is achieved. He describes 

this as being a straight line which cuts the abscissa at a point 

designated as the "theoretical threshold of toxicity". 

CARPENTER took up this approach using POWER's basic terminology 

in a study she carried out in 1926 on the lethal actions of soluble 

metallic salts on fish. CARPENTER used the minnow, Leucl.scuS 

phoxinus as her test animal and produced the following curves 
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.Fig.1. Adapted from toxicity of NaC1 to L.phoxinus (CARPENTER,1926) 

She explains these curves, theoretically, as follows: the 

horizontal limit of the survival curve corresponds in general to the 

equation: 
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y(x-a) = K 

where: y = survival time 

x = concentration 

a = theoretical threshold concentration 

K = a constant dependent upon the toxic substance used. 

Since the actual incidence of fatality stands in inverse relation to 

the survival time, the reciprocals of the survival times (calculated 

100 
as t to avoid fractions) are plotted to give a curve known as the 

"velocity of fatality curve". This, CARPENTER says, is vel7 

constant in form, being typically sigmoid, i.e. as POWERS had already 

pointed out and explained, the velocity of fatality increases with 

concentration most rapidly in the middle portion. 

Thus it is seen that the work of POWERS and CARPENTER had by 

1926 given the field of heavy metal toxicity a basic theoretical 

terminology which could be applied to the results of practical 

toxicity testing procedures. This aspect of the work will now be 

abandoned in favour of pursuing a survey of the work which ha.s been 

carried out in an effort to provide some sort of explanation as to 

the actual physiological causes of toxicity. 

Up to this point most of the work described haG dealt 

exclusively with the outward manifestations of the toxicity of 

certain metals to certain organisms as shown by various experimental 

and theoretical procedures. In 1920 POWERS had defined toxicity as 

"the effect resulting from any agent, the presence of which causes 

the death of the fish or interferes directly in any way with its 

reproduction, development, growth or normal metabolism". The effect 

havinG been defined it is now time to turn our attention to the cause. 
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In his paper of 1920 from which the above definition is 

taken, PO'fIERS describes the effects of temperature upon the general 

"laws" of toxicity which he had propounded in 1917. Although this 

was not directly an attempt to determine the mechanisms or the 

nature of the mechanisms that bring about toxicity it does seem to 

point the way to a broadening of approach towards toxicity problems. 

Also a study into the effects of temperature would seem to be a good 

starting point for an investigation into the possible physiological 

causes of toxicity since physiological processes are very much 

affected by temperature. In this study, then, POWERS determined 

the effect of temperature on action of Li thiuTll chloride and 

Ammonium chloride. He found that the toxicities of both these 

salts increases with a rise in temperature and that the relative 

toxic activities of Lithium chloride, at different temperatures, to 

the goldfish (C. carassius L.) follow very closely the square root 

of relative standard metabolism of vertebrates as given by Krogh. 

An attempt to explain the mechanism of copper + gold toxicity 

came in 1925 when VOEGTLIN, JOHNSON and DYER published a paper 

entitled "The protoplasmic action of copper and gold". This paper 

begins by critising NAEGEL! for assuming that the absolute 8:!lOunt of 

heavy metal involved is so small as to exclude a purely chemical 

effect and that therefore the toxic action is due to a physical 

factor of unknown nature. As VOEGTLIN and his co-workers point out, 

NAEGELI had neglected to take into account the relative mass of 

protoplasm and, of heavy metal salt. They ar~le that a thread of 

Spir~ may weigh only a fraction of h milligram and on exposure 
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to a large volume (100 cc) of an even very dilute copper sulphate 

solution (1:10 million) enough metal ions are present to exert a 

toxic effect by chemical means. The large surface area of such 

minute organisms as Spiroe:vra and bacteria furnishes ideal conditions 

for adsorption. of the metal with subsequent storage in the cells. 

These workers found, in support of this argument, that in a given 

volume of a toxic solution the toxic effect disappears when the 

ob~ol\..\k.-~ Jr SPI!Q'}~itl.. is increased. Experiments which they carried 

out on two s~all tadpoles (each weighing approximately 10mg) showed 

that a copper sulphate solution of concentration 1:1,000,000 killed 

the tadpoles in 2t hours, whereas they found that two larger tadpoles 

weighing 500mg survived in a solution of copper sulphate of 

concentration 1:500,000 for an indefinite period. They concluded 

from this that the fact that the larger tadpoles survived is simply 

due to the larger mass of protoplasm making the toxic threshold 

concentration more difficult to reach. From this they went on to a 

consideration of the chemical considerations of protoplasm which 

could enter into the reaction with these traces of heavy metals and 

how it is that the cell is injured and killed. The action of higher 

concentrations of heavy metals, it is argued, may be due to the 

coagulating action on cellular proteins but in high dilutions it 

would be difficult to conceive how such small amounts of metal ions 

combinir.g with a relatively small fraction of the total protein 

molecules present could bring about a large enough disruption of the 

physiological systems to cause death. It is also argued that it is 

more likely that in this case the metal ions exert their acti0n on a 
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vital constituent which is present only in small amounts. VOEGTLIN 

and his co-workers settle for glutathione as the possible constituent; 

this is a dipeptide of glutamic acid and cysteine, it is present in 

mammalian tissues, yeast and probably also in other organisms. Its 

function within the cell is concerned with the cellular oxidation/ 

reduction phenomena. VOEGTLDI e-c al found that glutathione in its 

reduced (R.SH) form reacts with copper sulphate and gold chloride with 

the formation of copper and gold derivatives respectively. Similar 

compounds were obtained from cysteine. A part of the SH group 

appears to be oxidized by the metal salt with conversion of the metal 

ion to a cuprous and aurous state respectively. If these reactions 

also occur in living cells, then the toxic action of certain heavy 

metals might be due essentially to a disturbance of the glutathione 

equilibrium within the cell 

R. SH ----", RS + H2 

R.SH , RS 

If this were the case death might be seen as due to a special type of 

asphyxia. If this theory is correct it should be possible to protect 

protoplasm against the action of metal ions by providing it with an 

extra supply of reduced glutathio~e or some other SH compounds. With 

this possibility in mind VOEGTLIN and his co-workers carried out a 

further series of experiments in which they made the discovery that 

albino rats survive an intravenous injection of a minimum lethal dose 

of sodium cupritartrate if they are also injected with a sufficient 

amount of glutathione or cysteine. They tried using the other 

amino-acid~, glucose, lecithin and other protoplasmic constituents 
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but found that these had no effect, i.e. no protective action. 

Further, they found that the haemolysis and loss of body weight of 

sub-lethal doses of copper can be prevented by supplying uppropriate 

amounts of glutathione. The toxic action of copper sulphute on 

Spirogyra was also antagonized under certain conditions by the 

presence of glutathione but not by an equimolar concentration of 

the other compounds. 

neglects to disclose. 

What the 'certain conditions' were this paper 

This experimental evidence, it is claimed by these workers, 

fully substantiates their hypothesis of the toxic action of copper 

and gold on protoplasm from widely differing sources. They conclude 

this study by suggesting that their results should be corroborated by 

work on other organisms, especially bacteria, before any ger.eraliza­

tions should be accepted. Although there is a certain lack of detail 

concerning both procedure and experimental results which one finds 

disturbing in this paper, it is nevertheless a serious attempt to 

explain the phenomenon of heavy metal pOisoning. It is a pity that 

more extensive work along these lines does not appear to have been 

carried out to any great extent subsequently. 

Another paper which sheds some light on the actual biology of 

heavy metal toxicity is that by MALLORY which was published in 1925. 

Much of this study deals with cases of haemochromatosis which were 

thought to have been caused by excessive alcoholis~ of all things! 

This study was carried out at the time of prohibition and the 

alcohol which these unfortunate people procured was, of course. 

being supplied"by 'bootleg&ers' who we:re industriously and profitably 
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engaged in the manufacture of the spirit in copper stills. Upon 

chemical analysis this liquor was found to contain, among other 

things, fairly large amounts of copper. Now the symptoms of 

haemocytosis in the patients examined was pigmentation and necrosis 

of cells in certain organs but mainly on the liver. These case 

histories, backed up in many cases by post-morte~ reports, led to a 

series of interesting experiments on rabbits. Five rabbits were 

given copper powder (100-200 mg each) on their daily food. In two 

months two of the rabbits died and their dissection revealed pigment­

ation and the beginning of necrosis of the cells of the liver. The 

pigment occurred as yellow granular bodies within the liver cells 

and in the endothelium lining the sinusoids of the liver, the 

capillaries of the heart, in some of the renal cells and in fibro­

blasts around the larger blood vessels in the liver and kidneys. 

Some coarser granules of copper were being passed out in the faeces. 

In another experiment a rabbit was injected intravenously with 50mg 

of copper powder in a gelatine suspension and with a 100mg i?jection 

the next day. It.died in 36 hours. Haemofuscin was the chemical 

that was identified as being the cause of the pigmentation and 

granules of this were found already present in the liver cells, 

especially at the peripheries of the lobules, and to a lesser 

extent in the fibroblasts around the larger blood vessels. 12mg of 

copper injected intratracheally into a rabbit caused the necrosis of 

lung tissue with an acute inflammatory reaction. 

considerable amounts of haemofuscin. 

The liver contained 

These experiments demonstrated clearly that copper powder 
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obtaining entrance into the body through the gastrointestinal or 

respiratory tracts is readily absorbed and causes the deposition of 

a yellow pigment, haemofuscin, in the liver, heart, kidneys, bone 

marrow and probably other organs. The same was found to he true of 

copper powder injected intravenously and subcutaneously. All these 

experiments were repeated with a suspension of copper powder in 

distilled water and gave identical results. 

It was further found by ~~LLORY that chronic poisoning with 

copper in sheep (which are very susceptible to this) and rabbits 

caused, in addition to the above symptoms, blocking of the tubules 

of the kidneys with haemoglobin casts, indicating the destruction of 

red blood corpuscles. fULLORY concludes by suggesting that perhaps 

all that chronic poisoning with copper entails is a slight but 

persistent destruction of red blood corpuscles with the setting free 

of the haemoglobin contained therein. This is then converted to 

haemosiderin, the haemofuscin being merely a long-lived intermediate 

product. This idea can be summarised thus: 

haemoglobin __ +C_u~ __ h_a_e~m_o_f_u_s_c_i_n ____ ~ liver TIME haemosiderin 
) pigmentation ) 

This work represents another attempt at an explanation of the 

effects of copper and is doubly interesting in that it is one of the 

few descriptions of copper poisoning in higher animals and man. 

llso the explanation which HALLORY offers is completely different 

from the one advanced by VOEGTLIN and his co-worker in the paper 

described above. 
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Another investigation into the physiological effects of copper 

and other heavy metals followed in 1926. This waR carried out by 

COOK, who in his paper describes experiments performed to determine the 

effects of copper, silver and mercury on respiration. He used the 

fungus ,h.spo.rgillus niger for his experiments. Respiration was 

measured by an indicator method in which the results are expressed with 

reference to the rate of carbon dioxide production and not with 

reference to the actual amounts produced. COOK found that when a 

solution of copper chloride is run into a respiration chamber containing 

the organism there was no change in the rate of respiration for a 

definite period of time which depended on the temperature and concen-

tration of the copper chloride solution. COOK found that the rate of 

respiration suddenly fell off and carbon dioxide production gra.d.ually 

ceased. This preliminary period where there is no change in the 

respiration rate has been produced only with copper, iron and tin. 

COOK called this period the 'latent period' with 'induction period' as 

an alternative term. Of these two terms COOK expressed a preference 

for the former, and found that the d~ta obtained from these experiments 

gave the following curve. 
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The interesting thing is that this curve approximately follows the 

course of a monomolecular reaction curve. In such a curve there is 

a single substance undergoing decomposition and the amount decomposed 

in unit time is proportional to the amount present. Therefore, if 

a is the amount originally present and x is the amount present after 

time t, then the rate of transformation ~ will be: 

K(a-x) 

I a or K = t log ____ __ 
a - x 

where K is the velocity constant of the reaction. 

In the case of a decreasing rate of respiration K could be 

called the velocity constant of the toxic action. 

COOK concludes by putting forward a hypo-thes:i.s for the action 

of heavy metals based on the then accepted theo~' of cell respiration. 

This states that carbon containing substances are oxidized by the 

instrumentality of catalysts. Opinion differ.ed as to the nature of 

these catalysts and their mode of action and COOK had to assume that 

respiration proceeds in a series of consecutive reacti~ns, each step 

being catalysed by a different substance or by the same substance in 

a different state. To explain the mechanism of the toxic action of 

heavy metals COOK puts forward the idea that these substances alter 

the velocity constants of certain reactions involved in respiration 1 

either increasing or decreasing them. One point of importance in 

this theory is that the metals are thought of as either inhibiting or 

accelerating the reactions governing the formation of the catalysts. 

Even in the light of present-day knowledge concerning respiration 
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this theory could be valid but again this line of attack on the 

problem does not appear to p~ve had any substantial follow-up Rnd 

where there could have been a comprehensive series of studies in 

which the effects of heavy metals on the respiration rates of a large 

and diverse number of organisms could have been studied there has 

been none. 

COOK himself published a second paper in 1926 in which he 

looked more closely at the latent period which he found associated 

with the action of copper on respiration rates. In this study COOK 

starts from the observation that copper differed in its effects from 

those of other metals studied in that copper chloride has the initial 

latent period during which the rate of carbon dioxide production is 

not affected. COOK argues that if this latent period is nothing 

more than the time required for a chemical reaction to take place 

somewhere inside the cell wall, then it ought to be possible to 

demonstrate the presence of copper inside the cell before the end of 

the latent period. In order to do this COOK suggests two methods 

of procedure, a) a direct method, testing chemically for the presence 

of copper in the cell, and b) an indirect method to see if copper can 

injure the cell within the requisite time using criteria other than 

that of respiration rate. For these experiments COOK used an 

unspecified species of the genus Nitella, since A.niger was not 

large enough for these purposes. Also COOK found that Nitella was 

a little more sensitive but that the latent period was longer. 

After determining the respiration curve, cells were placed in the 

same concentration of copper chloride for varying lengths of time 
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and the sap then squeezed out. This was tested with potassium 

ethyl xanthate which gives a yellow to brown with copper depending 

on the concentration. In several experiments no colour was 

obtained until 20 to 25 minutes exposure to 0.01 M CuCl. There­

after COOK found that the colour steadily increased. Rather than 

concluding from this th~t copper was not present during the latent 

period COOK thought it more probable that it was there but in Buch 

minute quantities as to be below the threshold for determination 

with xanthate. COOK also applied his indirect method using 

Nitel1a. Separate lots of 25 cells each were exposed for periods 

of varying duration to 0.01M copper chloride. These were then 

placed in water and allowed to stand for several hours before 

testing. A control lot of the same number of cells which were not 

exposed to copper was placed in water with the other cells. For a 

criterion of injury COOK chose the turgidity of the cells. If a 

cell was able to support its own weight when held by one end it was 

considered to have not been injured. If, on the other hand, it 

broke do~~ and fell it was considered injured if not dead. A 

criticism of this technique seems to present itself at this point 

since it is possible that loss in turgidity could have been brought 

about by mechanical damage caused by the handling of the cells. 

However, the results of those experiments showed that even a very 

short exposure to copper (2 minutes) caused some of the cells to 

lose turgidi ty. Of those w!!ich had been exposed for longer periods 

more were injured, until in lots exposed for an hour or even longer 

all were injured. COOK, therefore, concludes that this shews quite 
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clearly that the copper injured thB cells, in many cases before two 

minutes had elapsed. In order to injure, the copper m~st have 

penetrated at least as far as the plasma membrane and must be 

exerting its toxic effect on the protoplasm even while it was not 

affecting the rate of respiration. COOK repeated the above experi-

ments on Valonia with similar results. 

The rest of this paper is mainly devoted to the relationship 

between concentration and the duration of the latent period. COOK 

fo~nd in his experiments with Asperr.illus that when the concentra-

ti.on is varied the duration of the latent period varied likewise. 

This is an interesting relationship because it iR the inverse of 

that observed in the case of velocity of toxic action, i.e. the 

length of the latent period varies inversely as a constant pow~r of 

the concentration: 

I log latent period = B log C + log A. 

This fact, COOK Buggests, points to a chemical rather than to a 

physical explanation of the latent period. Next, in this paper, 

follows a discussion in which COOK attempts to construct a hypothe-

tical system, on a chemical basis, whereby the process underlying 

the latent period may be generally illustrated if not fully explained. 

This hypothesis rests on the assumption that the copper acts on the 

velocity constants of the participants in the respiratory 

processes by means of a reversible reaction with a hypothetioal 

constituent within the cell. COOK found that by using appropriate 

velocity constants the experimental curves could be duplicated by 

calculated curves. 
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Another imaginative approach to the problem of heavy metal 

poisoning was published in 1926 by REZNIKOFF. Here an attempt was 

made to distinguish between a true, internal physiological effect in 

sensu strictu of certain substances in living cells, as opposed to a 

surface effect. Up until that time it had been assumed that the 

rapidity with which a certain cell of tissue reacts indicated ease 

of penetration. REZNIKOFF points out that this is not necessarily 

the case and even where some change has been noted inside the cell 

one could not be certain that it might not be due to a surface effect 

which involved a secondary change wfthin the interior or that it was 

not caused by thp. abstraction of a substance from the interior of 

the cell. For this investigation REZNIKOFF used a specially 

adapted microrgica.l technique to study the mecha.nism of the reactions 

between salts and protoplasmo . Using this technique substances could 

easily be brought into direct contact with definite parts of the cell 

(REZNIKOFF used both injection and immersion techniques) which in 

this case was AmoebaP.r,oteus. 

REZlHKOFF found that when Amoebaewere immersod in copper 

chloride solution, during the first three days the animals died in a 

considerable range of concentrations. In solutions weaker than 

M/4,OOO,OOO toxicity decreased abruptly. Injection with copper 

chloride caused solidification of the affected region and a disinte­

gration of the adjacent surface. With ~V16 copper chloride the 

Amoebae could pinch off the Affected region. Strong solutions 

solidified the entire cell. Not until a dilution of H/sooe was 

reached did this solidification process cease. Also, each 
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successive injection of copper chloride in concentrations ranging 

from M/16 to M/8000 caused the pinching off of the solidified area 

with its disintegration surface. After this the remnants appeared 

to be quite normal except for a temporary and moderate enlargement 

of the contractile vacuole. This occurred also with very dilute 

solutions which produced no solidification. From the results of 

this work REZNIKOFF concluded that the lethal action of the chlorides 

of lead, mercury, copper, iron and aluminium were due to surface 

action since the animals did not die when injected with the solutions 

but only on immersion. 

Work such as that described above made it clear that the toxic 

action of copper and other heavy netals could be due to a variety of 

causes having their modus operandi in either external, surface 

reactions or to more truly physiological, internal reactions, or a 

combination of both. Much seems to depend on the type of organism 

used for the investigation. In 1927 CARPENTER published a paper 

describing the lethal action of soluble metallic salts on fish. 

This investigation sprang from several yea~s work on the fauna of 

streams polluted by local l{lad mining and 'Which revealed the fact 

that the destruction of fish life in such streams was neither a 

matter of starvation or emigration due to lack of food, or of sp~wn 

destruction, but the direct consequence of the action of lead salts 

in solution (probably the sulphate) upon the fish themselves. 

Subsequent experiments which CARPElf'rER carried out both in the field 

and in the laboratory had shown that lead in the ratios of 

1:3,000,000 may be lethal to ~nnows, Sticklebacks and Trout. 
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CARPENTER's paper of 1927 deals with the physiological nature (if 

any) of this action in order· to discover whether it follo,"/ed the 

normal course of toxic action as worked out by POWERS. For the 

most part CARPEHTER found that her results agreed l!loderately well 

with the 'theoretical values'. Like POWERS she used a wide range 

of salts (ZnS0
4

, CaS0
4

, FeS0
4

, FeCl
3

, CuS04 , CuCl
3

, and HgC12). 

The greatest divergence from the 'theoretical values' occurred with 

copper chloride, ferric chloride and ferrous sulphate and 

CARPEHTER explains that in the first two the irregularity may have 

been due to the colloidal peculiarities of these salts. In the 

case of ferrous sulphate she suggests that the discrepancy was 

probably due to the rapidity with which oxidation takes pl~ce in 

this salt. The general conclusion which CARPEnTER draws from this 

study which is really significant and interesting is that the lethal 

action of soluble salts of heavy mE-tals on freshwater fish consists 

of not a true physiological effect but of the formation of an 

insoluble compound of the metallic ion when it reacts with some 

constituent of the mucus which is secreted by the fish and thus 

forms an impenetrable layer over the gills and skin which prevents 

gaseous exchange. Death is therefore caused by a type of asphyxia-

tion. This action can be lethal even at extreme dilutions, and the 

economic and commercial importance of this is stressed by 

CARPENTER since 'it puts an entirely new complexion upon the· 

question of the treatment of mine effluents for the preservation of 

river fisheries'. The conclusion that death is caused by suffoca-

tion resulting fro!!! a physical barrier of impregnable mucus was 
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actually deduced when chemical analyses of residues showed that 

traces of metallic ions had actually not penetrated into the body of 

the test fish. Also there was visual evidence since the film could 

actually be seen on the gills and skin. Where insufficient ion was 

present this film w~s shed and complete recovery tool{ place. At 

first this was observed only in the case of lead salts, but it was 

later found that other metallic ions also caused death in the same 

way. 

This aspect of toxicity does not seem to have been taken up by 

other workers until 1945 when WESTFALL had a paper published entitled 

'Coagulation film anoxia in fishes'. Here WESTFALL states that due 

to the absence of specific proof it did not follow that physical 

changes in the state of the mucus film covering a fish is accompanied 

by a decrease in permeability to dissolved oxygen. Here, therefore, 

WESTFALL is questioning what was really only an assumption made by 

CARPENTER. WESTRALL goes on to describe a series of experiments 

which he devised to determine the effects of coagulation films on 

survival during exposures to reduced oxygen concentrations. For 

these experiments WESTFALL used Goldfish as his test animals and he 

exposed them to three chemicals in three groups of experiments. The 

compounds he used were sulphuric acid, leud nitrate and lactic acid. 

At pH 4.5 he found that after a period of two hours ten fish showed 

no variation in behavioilr in the sulphuric acid, and no coagulation 

films were noted on the gills of any of the test fish. In a second 

series a pH of 2.8 was maintained and sulphuric acid at this strength 

was found to precipitate a substance on the gill mucus and usually 

d~ath followed within two hours. This experiment was in water 
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containing only 1 ppm dissolved oxygen. Another group of fish at 

pH 2.8 but in water containing 5.7 ppm dissolved oxygen lived for an 

average of 95 minutes. Fish subjected to not only a pH of 2.8 but 

also to only 1.2 ppm dissolved oxygen had an average survival time 

of only 53 minutes, i.e. those fish in water containing 5.7 ppm 

dissolved oxygen lived approxi~ately twice as lone as the group 

subjected to only 1.2 ppm dissolved oxygen. 

WESTFALL ar~es that since the fish in an acid medium with a 

low dissolved oxyge~ content in the water died much sooner than 

those in the SRme pH but with more dissolved oxygen, it did indeed 

seem that the permeability of the membrane system of the gills was 

decreased with the development of the coagulation film. This in 

turn reduced the intake of dissolved oxygen. This conclusion, 

however, does not necessarily follow since it is more than p08sible 

that the detrimental effects may have been due simply to the low pH 

value causing physical damage to the delicate gill membrane system of 

the fish. WESTFALL seems to have thought of this possibility since 

his next series of experiments seem to be designed to eliminate it. 

What he did was to repeat the experiment using lead nitrate, a salt 

capable of precipitating the gill mucus without increasing the 

acidity of the medium to less than 4.9. Ten fish were placed in a 

solution of 5g/litre lead nitrate in which the dissolved oxygen 

concentration was maintained at 6.2 ppm. These fish survived the 

full two-hour period of the experiment and showed no reactions other 

than some increased respiratory movements and a slight difficulty in 

maintaining equilibrium. A second test using ten fish was carried 
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out in a solution with a dissolved oxygen concentra.tion of only 

1.4 ppm. All the fish in this test died before the two hours had 

elapsed, the average survival time being 93 inutes. It therefore 

appeared, from this data, that precipitation of 15111 mucus , ... hether 

by acid or by a salt of a heavy metal did increase the permeability 

of the gill in relation to oxygen intake. 

In this series of experiments the lactic acid was used to 

determine the lethal effect of low dissolved oxygen concentrations 

in an acid medium when there is no apparent precipitation of gill 

mucus. Ten fish at pH 400 with 6.1 ppm dissolved oxygen res~lted 

in no deaths over a two-hour period. A second series of ten fish 

at the same pH but with only 1.4 ppm dissolved oxygen gave identical 

results, i.e. no deaths in a two-hour period were caused by merely 

lowering the concentration of dissolved oxygen in the test water. 

WESTFALL's work, therefore, would seem to confirm the theory of the 

lethal effect of certain substances being due to suffocation caused 

by the reaction of these substances with the mucus of the fish to 

produce an impermeable film. It is a pity that WESTFALL did not 

carry out his experiments with more salts of heavy metals. Also an 

analysis of the residues of certain internal organs might have 

yielded interesting results. 

In the field of heavy metal toxicity a large contribution has 

been made by JONES, who between the years 1935 and 1947 had published 

a series of papers dealing with various aspects of this type of 

toxicity. Much of this literature describes stUdies made on the 

toxic action of heavy metal salts on various animals, e.g. 
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Gastrosteus aculeatus (1935, 1938 and 1939), Polycelis ni~ra ond 

GaT"'m~ru3 nulex (1936), Bufo buro bufo (1939) and Pygosteus pugttus 

(1947). It is not my intent ion here to describe every toxicity test 

which JONES carried out since the type of work he has been engaged in 

can be indicated Oy reference to only a few of his papers. 

One of these which JONES hadpublished i n 1936 was called 'The 

toxici ty of dissolved metallic salts to Po)ycelis nigra (~!uller Land 

Gammarus pulex (L.)'. Here JONES points out that the study of the 

toxicity of metallic salts to aquatic animals had been mainly 

confined to members of the vertebrate phyla. He is seen , therefore, 

to be a worker who has grasped the importance of work with inverte-

brate aquatic animals. This paper deals i'li th a st~dy of the toxic 
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Fig.;2 Surviva l curves for R:.n~.c.!'!l in lead nitrate , potascium chromate, 

mercuric chloride, sodium nitrate and sodium chloride. 

(JONES , 1936) . 
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action of some variety of metallic salts upon the flatworm Pol:rcelis 

ni~ra and the crustacean Gam~anlS pulex and is mainly a study of the 

relationship between survival time and concentration. The behaviour 

of P.ni~ra in solutions of metallic salts is described and the 

survival curves for this animal in a variety of salts are shown. 

This study is interesting because in it JONES is able to 

describe a phenomenon which does not appear to have been previously 

noted. This is that in the case of heavy metal salts the toxic 

effect at concentrations below isotonicity is due almost entirely to 

the cation, the toxicity of the anion b~ing very sm~ll. At 

concentrations above isotonicity, however, the a~lion and the osmotic 

pressure of the solution act as additional lethal factors. Also, 

JONES demonstrates that in the case of the nitrates and sulphates of 

heavy metals, the toxicity is determined by the product of the 

normality and the electrical conductance ratio at that normality. 

Another factor that makes this paper interesting is that 

although it seems to be a return to the more usual type of toxicity 

test in which data is obtained from which survival curves can be 

const~ucted and nothing more, it does shed some light on two aspects 

of heavy metal toxicity that had not been hitherto commented on. 

Also this work does establish survival curves for invertebrates 

arrived at by normal t acici ty testing techniqlles thus making them 

comparable to those obtained for fish. Further, JONES discusses 

the possible mode of toxic action of the salts he tested. Here 

JONgS states that death of P.nigra in a toxic solution is not due to 

nny factor preventing the animal obtaining oxy~en from the water but 
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seems to be due to fixation of the tissues by the heaV"J metal salt 

solutions. The more usual fixatives are acids, salts of heavy 

metals or a mixture of these. These operate by precipitatin~ intru-

cellular proteins in a chemically inert state, the livinG protoplas~ 

becoming permeated with a reticulum of solid structures. This 

would seem to coincide with some of the observations made by 

REZNIKOFF in 1926. JONES makes no reference to this earlier study, 

however, and one can only assume th::l t he ei ther did not krlOW of j. t 

or that he did not,. for some reason, consider REZNIKOFF's work valid. 

In another study, published in 1938, JO:,ES investigated the 

relative toxicities of salts of lead, zinc and copper to the stickle-

back Gastrosteus aculeatus L. This paper also includes a study into 

the effect of calcium on thetoxicity of lead and zinc salts. JONES 

chose these particular metallic salts because as he points out, they 

were the commonly occurring metallic polluting elecents at the time. 

In this study JONES makes an attempt to estimate the relative toxicity 

of these three metals by the determination of their lethal concentra­

tion limits, but he points out that attempts to compare the 

toxicities of metallic salts by comparing the survival times of fish 

at one selocted concentration are doubtful since at high concentrations 

one salt maybe more rapidly fatal than an eq~imo1ar solution of 

another, while at low concentrations the relation may be reversed • 

.rOnES also criticises the use of the goldfish Cnrassius a;.:.ratus (L) 

as a test animal since this is very resistant to the toxic action of 

heavy metals and therefore results wi thHd.9 species are not as 

valuable for general application to polluJ~ion prohlems as result3 
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obtained wi th species of greater sensi ti vi ty. Further, JOlJES points 

out that C. auratusis not an indigenous sped.es of freshwater 

streams in tt.is cOlL~try. This criticism, althou5'h Hll obvious one, 

is interesting in that it seems to represent the fiTst serious 

objection to the use of the goldfish as a test animal since POiVERS 

first chose it for just this purpose in 1917. Also it seems to 

underline the passing of toxicity problems out of the hands of the 

pure scientist into those of the applied or more economically 

orientated researcher. JONES's investigations here have been 

directed to~"ards the determination of the lethal limits of 

concentration for lead, copper and zinc to the universally 

distributed three-spined stickleback, GaRtrosteus aculeatus,L. 

Experiments with copper solutions indicated a toxicity considerably 

higher than that of lead or zinc, though at high concentrations 

(0.10 - 0.20 N) the survival times of sticklebacks in copper 

nitrate, lead nitrate and zinc nitrate were very nCDrly equal. The 

high toxicity of copper to certain freshwater animals had already 

been known for some time and it is evident that pollution by copper 

salts must have a far more serious effect on freshwater fauna than 

pollution b:r lead or zinc. Water quality criteria introduced since 

this work was done would seem to take this into account in practical 

terms but it is interesting to look at some of JONES's results. 

Table I shows JONES's data for the effect of copper nitrnte on 

mature sticklebacks. 
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TA.ble I The effect of copper nitrate on mature sticklebacks 

(JONES, 1938). 

concs. in e/coc. water temp. 14-170 C. pH 6.4 - 6.6. 

conc. 

5x 10-6 

3x 10-6 

2x 10-6 

15x 10-7 

1x 10-6 

7x 10-7 

5x 10-7 

3x 10-7 

2x 10-7 

1x 10-7 

8x 10-8 

6x 10-8 

4x 10-8 

2x 10-8 

1x 10-8 

average sur'! 5_ v'll time of 

32 controJs in tap water 

average survival time 

155 mins. 

216 mins. 

270 mins. 

327 mins. 

6t honrs 

10 hours 

111- hours 

21t hours 

32t hours 

55t hours 

79 hours 

1 4"2 days 

5t days 

8 days 

11 days 

10t days 

As can be seen from this table, not until a concentration of 

1 x 10~8 ~jcc is reached do the animals survive a~ lone as the 

controls. One rather worrying question here is why the controjS 

~'J,rvivp.d only for 10;. days. Since tho life span of even the 
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average stickleback is presumably longer than 10t days one must assume 

that other factors have caused or contributed to this relatively short 

average survival time. 

In 1939 Jones had another paper published in which he describes 

work which looks more closely at a factor already mentioned in ~lis 

1936 study. This is the relation between the electrolytic solution 

pressures of metal and their toxicity. For this investigation JONES 

once again used Gastrosteus aculeatus L. as his test animal. Many 

attempts had been made in the past to relate the toxic activity of 

metals to their atomic weight, valency or other physicochemical 

properties. Perhaps the most successful study was that made by 

MATHEWS in 1904. Here HATHE't/S showed that the electrolytic solution 

pressure of a metal is closely related to the degree of toxicity of 

its salts and that the toxicity of an ion therefore appears to be 

determined by its affinity for its electrical charges. In his study 

JONES determined the lethal concentration limits for the hydrogen ion 

and the ions of eighteen metals. (Here JONES defines lethal concen-

tration limit as the level to which the concentration of the salt in 

the surrounding water must be reduced before a definite toxi~ effect 

disappears.) According to their lethal concentration limits on a 

mg/litre basis JONES arranged these ions in order of increasing 

toxicity as follows: 

Sr Ca Na Ba Mg K ~!n" Co" Cr" Nitt Au" Zn "d" Pb" Al Cu" , , , , " , , , , , 'v, " , 

H, Hg", Ag. 

On a molar concentration basis the order was found to be: 

Na,Ca,Sr,~1g,Ba,K,~!n" ,Co" ,Cr',' ,Ni" ,H,Zn,Al,Au" ,Cd", Pb" ,Cu" ,Hglt ,Ag. 
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All these ions except for the first six (the metals of the 

alkalis and alkaline earths) bring about the death of fish by precip-

itating the gill secretions. The alkali and alkaline earth metals 

appear actually to enter the body and act as true internal poi.sons. 

JONES found that on a Mg/litre or molar concentration basis thp.re is 

a marked relationship between the toxicity of the metals and their 

90lution pressures. The metals of very lmi solution pressure (e.g. 

Ag and Cu), Le. those whose ions are most ready to part with their 

charges and enter into combination with other ions or compounds, are 

the most toxic as they precipitate the gill secretions with extreme 

rapidity. Metals of higher solution pressure (e.g. Zn, Pb and Cd) 

act in the same way but more slowly. Manganese, which, of the heavy 

metals, has the highest solution pressure, takes effect very slowly. 

Another aspect of toxicity which J01lliS studied was antagonism. 

This phenomenon was,again, observed and commented on before and 

knowledge of its existence can, in fact, be traced back to 1884 when 

RINGER described the antagonistic effect of calcium and potassium 

upon the working of the heart. Antagonism can here be briefly 

described as the reduction in the toxicity o~ a toxic substance upon 

the addition of another substance. This other substance can itself 

be toxic, non-toxic or even insoluble. Antagonism has been obse~ved 

between a great variety of substances, between salts, between acids 

and salts, between salts and alcohols, salts and alkaloids and 

between distilled water and soot, but by far the greater proportion 

of the work done on antagonism has been that carried out on the anta­

gonism between the salts of the alkali and alkaline earth metals, 
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especially sodium and calcium. In 1939 JOnES had a paper published 

"Thich dealt with the antagonism between salts of the heavy and 

alkaline earth metals in their toxic action to the tadpole of the 

toad Dufo bufD bufo (JJ). In another study which was also published 

in 1939 JOl;:ES was able to demonstrate that a marked antagonism exists 

between the heavy metal salts lead nitrate and copper nitrate in 

their toxic actions on a variety of freshwater animals. In his worle 

with the tadpoles he had exposed them to mixtures of equally toxic 

solutions of nickel nitrate and strontium nitrate. He found a 

makred antagonistic action between these salts, the effect increasing 

with dilution. Also, in this paper he shows that calcium, magnesium 

and barium also reduce the toxicity of copper solutions. A very 

interesting feature of this paper is that JONES makes use of three­

dimensional perspective drawings of solid models to show effects on 

survival curves of different concentrations of mixtures of salts. 

Another highly illuminating study by JONES which has helped to 

broaden the approach in toxicity work is one which he had published 

in 1946 concerning the oxygen consumption of Gastrosteus aculegtus(L) 

in toxic solutions. Although much work had already been done on the 

respiratory exchange of entire organisms, isolated organs and tissues 

there had been little work done on the effect of dissolved toxic 

substances on fish respiration. PQ1.YERS in 1922 made the first 

comprehensive study of the effect and deeree of toxicity of a wide 

range of toxic substances to goldfish and investigated the effects of 

. variations of the pH of the medium on the physiology of respiration in 

fish. Apart from one experiment by CARPENTER (1927) in which it was 
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shown that Gastrosteus immersed in lead nitrate solution evolved 

carbon dioxide at rather less than 4Q% of the normal rate , accompan-

ied by an increase in opercular movement, there does not seem to have 

been another detailed study along these lines. 

JO~ffiS used solutions of mercury, copper and lead salts and 

measnred the oxygen consU!!lption and opercular movement. Fig.4 

shows his results with mercuric chloride. 

lYlilll.olle.s 

Fig.4 Oxygen consucption (---) and opercular mo.ement (----) 

curves for mercuric chloride (JONES, 1946). 
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His rp'Sults with copper ..sulpha te - _/ '\ 
and lead nitrate are ShOvffi in Fig . 5. 
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Oxygen consumption (-) and oporcular movement (----) curves 

for copper sulphate and lead nitrate (JONES, 1946 ). 

These graphs clearly S!10W that solutions of heavy metal salts 

produce first an ilicrease in respiration rate, then the oxygen 

intake declines and the rate of opercular movement C'ontinues to 

increase, continues for some time and then f'alls rapidly when the 

oxygen is reduced to 38% of normal . JONES concludes that in the 

case of heavy metal salts respiration is obstructed at the gill 

surface and the carbon dioxide content of the blood is raised so that 

the respiratory centre i s stimulated and opercular movements increase 

in speed and amplitude. These move~entn can be maintained only 

until the oxygen level drops to belo,,! 38% of normal when they 
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decrease rapidly and then the fish dies. 

Obviously not every paper which JONES has had published has 

been included here but the sample which have been mentioned are 

those which I feel open up a new line of attack in this type of work 

or deal with some specific topic connected ,,!ith toxicity. JONES's 

book "Fish and river pollution" (1964) io to be recommended as a good 

general review of the problems and work donn on toxicity. . Also the 

book correlates closely with the applied aspects of the problems as 

they are manifested.in the field as well as in the laboratory. 

Before leavin~ JONES's work on the effects of heavy ~etals on 

respiration it is interesting to look back to COOK's work in 1926 

and noting that COOK's 'latent period' has not been observed in 

JONES's studies, nor does JONES mention COOK's vlork in his brief 

review of the work done in this rather specialized field. 

Soon after this work by JONES a number of papers appeared 

which described work which had been carried out on marine inverte-

brates. One of these, published in 1947 by PYEFINCH and rmTT, 

describes work investigating the sensitivity of barnacles and their 

larvae to copper and mercury. They used two species of barnacle, 

Balanus balanoi1e~ and Balanus crenatus. This investigation 

yielded interesting results in that it showed up contrasting degrees 

of sensitivity in different stages in the life histories of these 

animals to copper and mercury. The stag-es PYEFINCH and MOTT studied 

were the nauplii, cyprids, ~etamorphosing cyprids and adults. These 

they subjpcted to exposure ~eriods of six hours. The results they 

obtained sho'tred there was a sharp decrease in gensi ti vi ty both in 
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B.bHlanoiri~s and B.cre'1atus between the laBt nauplin.r stage and the 

cyprid. Also, they found that settlement of B.bal~~otdes could be 

prevented by very low concentrations of copper and m~J'CuJ'y, even 

though there were no obvious lethal effects. On the other hand, 

metamorphosis of the cyprids of both species was not prevented by 

concentrations of copper as high as 7 mg/l, in sea 1mter, i.e. 2-

sharp change in sensitivity had occurred. 

The youn5 barnacles of both species, immediately after meta­

morphosis, were found to be much more sensitive to copper than the 

metamorphosing cyprid and copper and mercury appeared to be rou:;Lly 

equi-toxic to the adult of B.balanoides; the adult of B.crenatus ~as 

found to be more sensitive to copper and distinctly less sensitive 

to mercury than B.balanoides. 

In the same year as the paper just described BAfu'fES and 

STA~m~RY made an investigation into the toxic action of copper and 

mercury salts, both separately and when mixed, on the Harpacticid 

Copepod Nitocia S"Oin1"Oes (Boeck). This study, the investieation of 

PYEFINCH and MaTT and several other studies carried out about tLis 

time, was c~rried out in connection with the fact that at the time 

both copper and mercury salts were being used in anti.fouling 

compositions and an obvious need for more:information (after the 

event) as to their effects on animals which were unfortunate to 

inhabit the environment into which these pOisons were being intro­

duced, was being felt. In the course of their investigutions 

BARNES a.nd STAIUBURY uncovered t~To very interesting facts about 

copper an1 mercury in the mllrine environment. Firstly they fo~nd a 
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marked difference in the degree of toxicity of these two metals 

(this contrasts somewhat with t1'!e findings of FYEFINCH and HOTT),ar.d 

secondly that a marked synergism exists between these two metals. 

The median lethal dose for mercuric chloride was found to be 

0.6mg mercury per litre. In contrast with this they found that 

copper sulphate did not kill 5Cf,~ of the animals at.a concentration 

of 26mg copper per litre! These results, they suggest, point to 

the concl~sion that the mode of action of the two salts may be 

entirely different.· It is possible, however, that the slow increase 

in effective action with increasing copper concentration (from 0.26 

to 2.6mg copper per litre there was an increase of only 11 to 21% in 

the kill) may be due to the formation of colloidal basic compounds, 

whose poisonous action may be entirely different from the cupric or 

cupri-complex ion. Also, it is possible that the behavious of 

copper solutions could vary with salinity due to the complex 

solubility relationships in sea water. 

Mixtures of copper and mercury were found to be far more 

effective than either alone and at the same concentrations, and, 

moreover, the toxicity was frequently far greater than would have 

been expected on an additive basis. BARNr~S and STANBURY point out 

that tlJis Rtriking synergism strengthens the hypothesis that the two 

metals behave differently towards the anjmRl and. that different 

systems or at least different parts of the same system could be 

affected. The siI:1plest explanation of this synergy, they suggest, 

would appear to be that lowered vitality, due to one type of 

poisoning, does not allow the animal to deal as effectively with the 
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second poison. Thus, it is suggested, impairment of the excretory 

system by mercury may allow sufficient accumulation of copper to 

interfere with the respiratory system. It is worth pointing out 

that by this time (1947) many workers believed that the lTain site of: 

attack by copper was the respiratory system. An alternative to 

this hypothesis which BAru:ES and STANBURY put fort.rard is that the 

effect of one poison could chan~e the permeability characteristics 

of the animal or cell membranes and so facilitate the entry of the 

second poison. Thi's does not seem to be exactly an a1 ternati ve to 

the first theory, since this suggestion is concerned m~rely with the 

entry of the poisons into the body of the animal while the first 

idea is concerned with the internal acti?n of the poisons. These 

seem to be two separate points and by no means need be mutually 

exclusive. i.e. both could be happening at the same time. 

This paper is concluded by putting forward the possibility 

that the effect is one external to the animal and not concerned with 

a true poisoning process. Heavy metals, especially copp~r and 

mercury, are readily adsorbed onto colloidal material and in mixed 

solutions preferential adsorption of one could allow a greater 

concentration of the second to be available for the poiso~in~ action. 

This last theory, however, would not seem to offer as con'lir,cing an 

explanation of the marked sJ~ergism that exists hetweer. coppe~ ~~d 

mercury as do the first two. 

This study would appear to be the first to describe such 

synergism and clearly it would have been desirable to have had mo~e 

exp9rim~ntal work carried out into the nction of other metalB and 
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syr.ergism. Perhaps a correlation with JOnES's arrangement of tl-Je 

metals according to their electrolytic solution pressures and 

synergisn couli tave been attempted. This avenue of researct seems, 

h('\wever, to have been sonewhat neglected by subsequent workers. 

BARNES and STA NBURY's paper is 'l'lorthy of' note not only 

because it describes certain phenom8na which until then seem to have 

escaped detection but also' because they make some attempt at arriving 

at an explanation in physico-chemical terms for externally visible 

phenomena which ttey detected by means of the toxicity test, i.e. 

here tte toxicity teot is being used as a point of departure and not 

as an end in itself. 

Another study made along similar lines to the last two 

described was that made by CLARKE in 1947 on the pOisoning and 

recoverjr of barnacles and mussels. Again, this Atudy has its roots 

in tte use of heaV;-f metals as antifouling agents. CLARKE points 

out that it had previously been found the efficiency of these anti­

fouling paints in p~eventing attachment of organisms to stips' hulls 

is related to the solution of toxic materials, such as copper, from 

the paint. Experiments are described 1'lhich CLARKE carried out to 

determine the effectiveness of various metallic salts in preventing 

fouling by barnacles and mussels. The salts testej were mercuric 

chloride, silver sulphate, zinc nitrate, basic cupric carbonate, 

cupric citrate, cupric tartrate, cupric salicylate and cupric-p-

a'llinobenzoate. The species of barna.cle CLilRKE used were :Bal~n'.;.s 

be.lan~ and Balnnt;s eburneus. He found that basic cupric 

carbo~Bte was the rost toxic form of copper tested but the other 

copper salts were only slightly less t~xic. Th~ to~icity of silver 



- 42 -

was slightly less than that of copper but {~Y'eater than thRt of 

mercury. Zinc was found to be very muc.h less toxic than the other 

metals tested. This series, Zn, Hg, Ag and eu arranged in increas-

ing toxicity does not, unfortunately, correspond with the 

arrangement o~ these metals in JONES's study of electrolytic 

solution pressures either on a mg/litre basis: 

Zn Cu Hg Ag 

or on a molar basis: 

Zn Cu Hg Ag. 

It must be pointed out, however, thnt JONES was working in a 

frp.shwater medium whereas CLARKE's study was carried out in a saline 

medium. This may account for the discrepancy. 

In further experiments with cupric citrate it was found that 

2 to 5 days were required to l:ill both species of llalanus in 

solutions containing O.22mg/l, and in concentrations of O.06mg/l or 

less the animals remained alive for two ~k~ or more. CLARKE 

found that nauplii were killed after much shorter periods of 

exposure than were the adults. This agrees nicely with FYEFINCH and 

l·!OTT who found that the adults were more resistant except immediately 

after meta.morphosis. As to the mussels, CLARKE found that Ivjytilus 

edulis was killed in 12 hours by solutions containing 0.55 rog/l of 

copper. When barnacles which had been poisoned to the extent that 

they reoained open and were inactive but would still respond to 

touch were placed in fresh sea water, they usually recovered 

completely within a few days. Mussels which had reached a similar 

condition never recovered in fresh sea water. 
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CLARKE an~lysed the tissues of the barnacles and mussels for 

copper before an:i after they had heen exposed to solutions o!: cupric 

citrate. The concentration of copper in the soft tissues of normal 

animals was found to be considerably greater than in an equal volume 

or weight of sea water. After exposure to solutions of copper 

citrate the concentration of copper in the tissues increased 

considerably. A certain amount only of this copper appears to have 

been eliminated when barnacles W9re returned to fresh sea water. 

Mussels, on the other hand, were able to eliminate a greater amount 

of the copper they had taken up, and in some cases after two weeks in 

sea wRter the concentration of copper in their tissues had returned 

to normal levels. It was found that solutions of cupric citrate in 

the concentrations tested did not prevent attach~ent of cyprids of 

Balanus balanoides and very high concentrations of copper (over 

116mg cull), were required to prevent metamorphosis of freshly 

attached cyprids. Moderate concentrations of copper, however, 

retarded the development of newly-metamorphosed barnacles and 

prevented the for~ation of the cemented calcareous base. CLARKE 

concludes his paper by stating that the effectiveness of antifouling 

paints containing copper is due to interference in this stage of the 

animal's life history. 

These three papers illustrate the type of work being done as 

a direct result of the need to know more about the effects that 

substances which were being introduced into an ecological system 

were having on the inhabitants of that system. As always, it seems 

extraordinary that these types of investiGatiof' should be ini tir..ted 

after the substance in question has already been introduced ihto 
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natural systems. However, interesting results have Leen obtained in 

the course 0: such studies and much infornation concerning the factors 

that govern toxicity has been obtained which is valid iTl itself quite 

apart from any use which the scientist/technologist nay wish to put 

it to. It is a pity that at the time a more cO!:lprehensi ve E;tudy, 

taking in a much wider variety of marine ,}j.fe, was not undertaken; 

presumably on'ce the applied aspects of the problems have been looked 

into interest or financial backing, or both, wanea. 

Returning to freshwater, a study made in 1948 by PODUBSKY and 

STEDROHSKY on the toxic effect of several metals to n.sh and river 

crabs found that copper was the most toxic, followed by zinc, brass, 

iron and nickel. Alu~ini~~ was found to be toxic in waters contain-

ing little calcium and copper coated with zinc, and tin and iron 

coated with zinc were found to be only slightly toxic. Stainless 

steel, iron coated with nickel and chrome and lead were found to be 

non-toxic. In 1950 these workers carried out another investigation 

on the toxic effects of some metals on both s~lall and large organisms 

(unfortunately the abstract from wr.ich this inforr.lation was obtained 

neglects to specify Ahat organis~s were used). The effects of 

copper, zinc and other metals on aauatic organisms is discussed and 

copper and zinc were found to be markedly toxic to ephemerid larvae 

but chironomid larvae we~e found to be fairly resistant. 

In June 1951 a note of some interest appeared in the journal 

'Na ture', by HACKERETHand SZorYLY. These two workers reported that in 

June 1951 Stonp. loach Ne~l"\chej Ius barbe.tulus L., ,~hich had been kept 

ali ve in an aq'.A.ariu~ since I·Iarch 1951, died \Then it became necessary 
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to replace the water supply which came from a nearby reservoir vii th 

lake water from Windermere. Chemical analysis showed that the 

original water contained 0.15 ppm copper (Cu ++), 'olhereas the lake 

water had 0.28 ppm copper. In the 1 aboratory stone loach when 

placed in water containing copper, in solution, in concentrations 

from nil to O.3ppm (in steps of 0.05) lived only in concentretions of 

less than 0.2ppm copper. At this concentration all but one fish 

died within 24 hours. MACKERETH and S~ITLY therefore concluded that 

it was reasonably certain that the original fish had died of copper 

poisoning. 0 

This note is interesting in that it furnisheo us with another 

threshold concentration for another species, also it seems that by 

pure accident it was discovered that there was a lethal concentration 

of copper in lake Windermere. Since copper does not usually occur 

naturally in tr.is t ypeof concentration it seems reasonably certain 

that the copper was, either by accident or by design, introduced by 

men. As can be seen, by this time a whole mass of information and 

data had been accumulated from investigations which had been cnrried 

out into various aspects of heavy metal poisoning. Heavy metal 

toxicity to aquatic organisms had now become a distinct discipline 

and testing techniques and methods of processing the data obtained 

from testing proerammes had been evolved and developed to an at 

least limited degree of standardization. In 1953 DOUDOUROF? and 

KATZ had publishAd a critical review of the literature on the 

toxicity of industrial wastes on fish which included a section on 

the metals. Here the authors review the literature on the toxicity 
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to fish of simple inorganic salts of metals including studies made 

on the relative toxicities of various metals, antagonism and 

synergisM of Metallic cations, and hydrolysis and. precipi taU.on of 

metal compounds in natural waters, ~ode of action of metal salts and 

the role played by anions and the effect, in toxicity tests of 

temperature, volume of the test solution 8pd acclimatization of fish. 

Certain metals are'1t~al t wi th individually and these include 

aluminium, arsenic, barium, cadmium, calcium, chromium cobalt, 

copper, iron, lead, ·lithium, magnesium, mercury, nickel, potassium, 

silver, sodium strontium, tin and zinc. DOUDOURm'F and }{ATZ 

concluded that in dilute physiologically unbalanced solutions of 

single metal salts all metals are toxic to fishi but in mixed salt 

solutions the metals are often less toxic becuune of the antagonism 

which exists between different metals. They point out, ho~·,ever, 

that some highly toxic metals such as zinc and copper are strongly 

synergistic and a mixture of salts of these metals can be much more 

toxic to fish than are solutions of the individual salts. Aloo, 

the toxicity of many metals is markedly affected by temperature, 

concentration of dissolved oxygen and the volume of the experimental 

solution. The least toxic metals, it is stated in this review, are 

sodium, calcium, strontium, magnesium, potassium, lithium barium and 

manganous and cobaltous ions. Highly toxic metals were found to 

include ~:lver, mercury, copper, lead, cadmium, aluminium, zinc, 

nickel and trivalent chromium. Hexavalent chromium, in scltttion as 

chromates and dichromates, is less toxic than the trivalent form, in 

siJl1!1le solutions of chromic salts. Solutions of perrnanenn1.tes are 
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much more toxic than solutions of manga':10U8 ~al ts c'mtainine an 

equivalent concentration of manganese. This resume of most o~ the 

information available at the time concludes with the observation t~ut 

the toxic concentrations of iron had not been establishod accurately 

and that further work on this was required. 

T~is review re"p:rp.~e:1ts the sur.! total of knowledge on the toxicity 

of heaT] metE!ls w)~ich h·'}d accumulated s1 r.ce serious i'Tork i:'1 this f1811 

_ had begun in 1894. As can be seen, much has been established or. H 

wide range Gf metals concerning their individual and jOint toxicities 

on certain test animals. This formed the basic pool of :i.~forma+ion 

from which nore sophisticated vork could be done and More searchjn~ 

questions, hopefull:" cO'.lld be an mole red • 

In 1954 a highly interesting paper was added to the literature. 

It was b:r S;:i-:.-l ::."'~ presented a highly idealized, theoretical model 0: 

cation toxjcity. Once explained, the model was confronted with 

actual ex~erimental data from the literature; it had as its startin~ 

point t~e assumption th~t cations are toxic because t~ey combine with 

an ess~r.tial sulphhydryl group on a key enzyme. A second assumption 

is that the affinity of the cations for the Hulphhydryl ~roup in a 

linear !unction of (or at least directly proportional. to) the insolu-

bility of the correspondin5 metel sulphide. This would indicate that 

the metal ions that form the most insoluble sulphides will be the most 

toxic. SHA'f1 goes into highly theoretical and mathematical considera-

tior.s based on the inhibited Michaelis-Menton ~echanisrn and the 

principle of linear free-enerey chs.n3'es. Thia leads to the prediction 

thRt t~e negati~e logarittrn of the metal ion concentration ju~t neces­

* sary to cause tl:e d~ath of an aY~rage specific organism (pI) L; relHtec to 
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the negative logarithm of the solubi.lity prod.uct constant of the 

corresponding metal sulphide(pKsp) by the following equation: 

* pI = S + (m) pKsp. 

The parameter S is the susceptibility of the organism to the poison 

and 'iould be expected to differ from organism to organism. The 

parameter m is a proportionality cO:lstant and should be entirely 

independent of the organism studied. * A plot of pI against pKsp 

for various organisms should result in a family of straight lines 

with different intercepts but a common slope m. SHAW applied this 

analysis to available data and found that his conclusions were 

justified to a certain extent. 

In 1956 SHAW, in collaboration with GRUSHKIN, had another 

paper p~b1ished in which he described a follow up to this approach. 

This paper describes work which was undertaken lnconnection with 

three separate pOints. These were: 

a) to obtain additional experimental data on the toxicity of 

cations to aquatic organisms. 

b) to subject all available data to a statistical treatment. 

c) to collect other pertinent material from the literature. 

SHAW and GRUSHk~N carried out toxicity tests with two 

different animals, guppies, Lebistes reticulatus and tadpoles of the 

toad Bufo vallicens. The findings of these experiments plus other 

data obtained from the literature on Paramecium, Polycelis nigra, 

Funoalus eggs, the stickleback and Daphnia ma';na were analysed in 

terms of the model based on the inhibited Michaolis Menton 

mechanism, and"on the assumption that the cations considered are 
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toxic because they combine with an essential sylphydryl 5rouP 

attached to a key enzyme. 

Wi th the exception of Parfir:Jecium it \'las found that the 

predictions made with reference to the theoretically derived formul~ 

tallied remarkably well with the observed results. This is partic­

ularly significant '''hen one considers that several phyla were llsed 

in this work. Viewed in this light these results do seem to point 

strongly to a truly ~asic mechanism of toxicity. This work is also 

interesting in that.it is, like JONES's work on the electrolytic 

solution pressures, an attempt to explain one aspect of toxicity in 

physicochemical terms, and seems to be, also, the first time that a 

model has been built up ?n theoretical considerations and actually 

( used to predict experimental results. The idea that there is an 

essential sulphhydryl group with a high affinity for certain cations 

has some support derived from the investigations of other workers, 

especially those of KLOTZ (1952 and 1954) who pointed out that the 

affinities of metal ions for the sulphydryl group in seru~ albumin 

closely parallel the corresponding pKsp values. Also, ALBERT 

(19?2) has observed that there is a high affinity in cysteine for 

metal ionR, and other results indicate the tendency of metals to 

combine with thp. -SH group roughly parallels the order of sulphide 

insolubility. As SHAW and GRUSHKIN point out, however, to 

postulate that the sulphydryl group is affixed to an enzyme is ~ore 

difficult to justify although it is plausible. Also there are, in 

this work, l.!any aimplifications and until there has been definite 

experimental vi:ldiration for some of these this work must re!l1a.in, 
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for the most r~rt, in the realm of theory. 

Returning to the type of study which forms the bulk of vTOrk 

in this field, there is a paper which LLOYD had published in 1960. 

This deals ... ri th the toxicity of zinc sulphate to the rainbm; trout. 

This study is centioned here because it involves an investigntion 

into the effects of certain physical and chemical variables to the 

toxic action. LLOYD found that zinc sulphate waf; less toxic in 

hard than in soft water and that solutions of zinc sulphate contain-

ing calcium chloride were less toxic than those containing an 

equivalent concentration of calcium as bicarbonate. LLOYD also 

inve5tigated the effect of temperature and found that an increase in 

temperature decreased the survival time in zinc sulphate Rolutions 

made up in a hard water, but that the threshold concentration was 

not appreciably affected by changes in temperature. Al~o, LLOYD 

found that a reduction in dissolved oxygen concentration of the 

water increased the toxicity of zinc sulphate, but he also noted 

that this effect was reduced when the fish were previously Gccli~a-

tized to the lower oxygen concentration of the test. LLOYD 

concludes with the interesting observation that the cause of de~th 

of fish in the zinc sulphate solutions was not. by the precipitation 

of ~ucus on the gills but probably by damage to the gill epithelium. 

Here LLOYD used the radioactive isotope of zinc, 65Zn , to trace the 

distribution within the body of the fish of zinc taken up from t~e 

solutions. The data which LLOYD obtain~d from this work is shown 

below. As can be seen, the greatest concentration of zinc found in 

thp tissues was in the gills. LLOYD points out, however, that the 
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proportions of zinc found here were only 17 and 35% of the total 

amounts found in the two fish. Also, a considerable ~roportion of 

zinc had been distributed throughout the re~Rinder of the body 

tisftues. 

Table 2 The distribution of zinc taken up by two rainbm'l trout 

killed in a solution of zinc sulphate containing 65Zn 

as a tracer (LLOYD, 1960). 

g.zinc per g.wet \o1eizht tissue 

Sample Fish 1 Fish 2 

whole fish 7.35 11.6 

gills 63.2 59.6 

gut 0.9 1.7 

liver 2.1 1.7 

precipitated !!lUCUS from 

post anal re~ion - 128.0 

post anal region after removal 

of mucus - 1308 

remainder 5.4 7.25 

!JLOYD concludeR that as there was a considerable proportion of 

zinc present in the gills of the fish, which was not attributable to 

a precipi te.t~d zinc-mucus-protein complex, it was suspected that the 

deaths might have been caused by damage to the tissueo of the gills 

themneh'es. To try to obtain some data to back up this idea LLOYD 

performed a series of experiments in which the gills of the rainbow 

trout were exposed to a range of concentrations of zinc and then 

subjected to histological examination. In sublethal concentrations 
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of the netal (3ppm.Zn) no deviations from the normal structu.re could 

be observed within two days. In moderately high concentrations 

(4.0 - 4.5ppm.Zn) some s,,,elling of the eill lamellae appeared before 

death. In very high concentrations (20ppm.Zn) cytolOGical break--

down of the epithelium occurred within 21- hours. In all cases no 

excessive secretion of mucus was observed. 

As far as I know tl:is, together with an c!3.rlier study by 

SCB"-;;~IGER (1957) in which si!.lilar results were obta.i:1~d. in :he only 

invE:&tiea tion carried out in which an alternati V~ to the c o?<rulati. 01; 

film'1.Y1oxia is })resente<!. It is a pity that work alone thesA linos 

has not been carried out on a much wider basis, ta1d.ng in many more 

heavy metal salts and a wider range of fi3h. SAIKI and :'~ORI (1955) 

carried out work with radioactive zinc on B variety of fish, but 

these workers found the greatest concentration of zinc found in the 

body after 45 hours to be in kidneys with only Ii small proportion in 

the gills. Such conflicting results make this pHrt of the story 

far from finished. 

LLOYD's work, together with that of SCHWEIGER, does see~ to 

show fairly conclusively that the gill~ of fish killed in solutions 

of heo~' metals (SChiv'EIGER used cadmium and !!langune~3e) are, in 

certain circumstances, severely damaged. This would seem to 

su~gest that the heavy metals may not be general internal ~oisons 

but that they act specifically on the gills of fish. LLOYD con­

cludes by observing t~at the precise action of the heavy metRIa :tn 

causing such dama1!e to the gills is not lmOlm. 

l'lortnwhile line to follow up in future work. 

This would SE:C:n a 
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Other papers by LLOYD include a study into the toxicity of 

mixtures of ?line and copper to the rainbow trout (1961) and a review 

of the work done on the effects of physical and ch8mical factors on 

toxicity in general (1962). LLOYD's work seems to have follow~d a 

fairly conventional pattern of procedure in that the. toxicity test 

constitutes his main weapon of attack. Other studies, with radio-

active isotopes, seem to have come about in an incidentnl way and 

seem to be considered as secondary aims, the primary aims being 

concerLed with the establishing of lethal concentrations. LLOYD 

has, however, been responsible for new work and the bringing together 

of previous work on the effects of physical nnd cne~ica1 factor.s on 

heavy metal pOisoning. 

A very interestin5 paper in which work with radioactive 

isotopes is given real pro~inence is that by YAGER and HARRY. This 

appeared in 1964 and is concerned with the uptake of radioactive 

zinc, cadmium and copper by the freshwater snail, Ta.phiu9 glabratus. 

In a previous study (HARRY and ALDRICH, 1963) it was found that 

zinc, cadmium and copper were among the more toxic of 22 ions tested 

on the T.~labratus. At concentrations of 0.050 to O.10ppm cadmium 

and copper produced a condition termed dish'PoBS, in which the snail 

was extended but unable to attach the foot or crawl. This la.ter 

work of YA.GER and HARRY was undertaken to gain addit:ional information 

on the effect of these three heavy metal ions in relation to. the 

norm[!l aTld distresse1 states of the snail, by using radioactive 

isotopes. 

Laborator".:r-re.t:lred snails were exposed to concEmtratiol1s of 
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zinc 65, cadmium 115M and copper 64 which allowed normal 'beheviour, 

and to concentrations which resulted in the snails showinG the 

distress reaction described by HARRY and ALDRICH. This more recer.t 

work showed that much variation existed in the uptake of metal ions 

by the snails exposed in each experiment. This is, hmvever, thought 

to be due to some intrinsic property in the behavious of the snails, 

possibly depending on the activity of each snail while in the test 

solution. Pairs of snails showing counts of the intact body 

closest to the average were used for further analysis of the uptake 

of various parts of the body. It was found that the uptake 

patterns were essentially the sa~e for all three metals. In normal 

snails, more metal ions were taken up by snails exposed to large 

volu~es of dosing solutions than was taken up by snails exposed to 

only 10ml of solutions of the same concentration for equal periods 

of time. The uptake by the shell decreased in tests in which 

snails were exposed to lOml of dosing solution per snail with 

increasing exposure times. Also, in a given experiment, it was 

found that the uptake was of the same order of magnitude for all the 

body parts except the liyer, which showed 4-7 times the amounts 

present in other tissues. The liver in distressed snails had only 

twice the amount of metal found in other tissues, and snails which 

s!101ied normal acti vi ty often had much larger aMounts of metal 

present in the tissues than did distressed animals. YAGER and 

EUUL~Y conclude that distress is dependent on the concentration of 

an ion, rather than the amount of an ion absorbed, and that the ions 

are effective ·in producing distress by disrupting membrane 
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permeability rather than by interfering with some internal metabolic 

mechanisn. 

This work is significant since it shows what sort of attempts 

at gaining information on toxicity could be made when the advance­

ment in radioactive tracer nethodology had reached a sophisticated 

enough level to make such studies possible. Also, thia study makes 

an attempt to trace specifically where exactly these ions are being 

concentrated within the body. The fact that the liver contained 

more than other organs is of interest since it would seem to link 

this work to that of ~~LLORY's paper of 1925. Also, in this paper 

there is an attempt to try to explain the mechanism by which these 

metal ions act which would seem to be a very desirable thing to do 

after t~e basic groundwork of lethal concentration etc. has been 

covered. Again, it is a great pity that this line of app~oach hus 

not been taken up with a Duch wider range of animals since only then 

can a truly comprehensive picture of not only lethal concentration 

limits, but also of the possible physiological reasons behind them, 

be built up. 

In contrast to this p~per is a study published about the same 

time (1964) by HERBERT and WAKEFORD entitled 'The susceptibility of 

salmonid :'ish to POiSOl!S under estuarine conditions. I zinc 

~ulphate'. Here the resistance of yearling rainbow trout and 

Atlantic s!!lmon s:lolts to zinc sulphate is investigated. This was 

found to incrp.ase with salinity up to 30-4~~ sea water, in which 

these species can withstand for two days, res~ectively, 15 and 13 

times 8S much zinc sulphate as in fresh,,,ater. It ,,,as found that 

furt~:er increase in salinity to 7?fo sea water reduced tloe tolerance 
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for the zinc salt. Also salmon smol J.;s were more sUf1cepti ble to 

zinc ,oisoning than trout in fresh vater and at all the salinities 

t('sted. 

These last two papers, both published in 196/t , show clearly 

two different approaches ''''hich were beiHg employnd. The fOTrne 1' is 

primarily concerned with the determination of the physicochemical 

principles, whatever they ere Rnd wrerever thr.y llre, that lie behind 

hee.vy metal poisoning, while the lattel' is concerned with the 

'toxicity test' and not very much else. It is desirable and even 

necessary that this approach is used before going on to deeper 

probings b~t it seems that it has often been the cnse where st~~jes 

involving the determination of lethal concentration~, tolerance 

limits etc. for a particular species have not been followed up with 

work which could give information as to the mode of action of a 

p~rticular heavy metal. 

Another example of a study ot the 'toxicity test' type is thnt 

by r~OUNT which was published in 1967. Tilis deals with the chronic 

toxici ty of copper. to fathead minnows (Pime1)hal.e~ prome.las I 

Ra.f'J' .., ~"~,, "") ~ .. _.'J ......... , ...... oJ • He:tc the fish were exposed to copper sulphate for 

eleven conths to find the fraction or percentage of the nedien 

tolerance limit ~hnt does not affect growth and reproduction under 

prolonged, continuous exposure. The results indicat€:d that the 

true value lies between approxima.te limits of 3 and 77~ of the 

96-hour TIm. HOUNT points out that the absolute copper concentra-

tion that is toxic will depend on certain characteristics of the 

water but may be eotimatei usin~ the above percentages of the 

acutely toxic co~cDntration us determined in the water concerned. 
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Another paper which seems to stress the value of havjnf; H prolonged 

exposure time was published in the same year by HUBSCHHAN on the 

effects of copper on the crayfish prconec_~r~s rusticu~' (Girard). 

This is a valuable addition to the literature since little is 

known of the effects of copper on theCrustacea. Like HOUNT's work 

thi3 study is firmly rooted in the applied aspects of the problems 

and it determines accurately the effect of Ilntifoulin~: compounds on 

the life that inhabits the ecological systerll into which they are 

introduced. Also, mrnSCHMAN makes some significant theoretical 

points in this study. He draws attention to t~e fact that there 

is little known concerning the physiological effects of heavy 

metals in small concentrations over long periods of time. Also, 

he points out that the dividing line between acute nnd chronic 

toxicity is difficult to define and that to study the Mechanisms of 

chronic toxicity it was first necessary to determine the levels of 

copper that were acutely toxic under certain exposure conditions. 

HUBSCHf,1AN, therefore, carried out a series of preliminary experi-

ments to qetermine this threshold concentration. These were 

carried out as continuous flow bioassays, and early in his investi-

gation HUBSCHr-LUl found that, on the basis of 24 to 96-hour 

mortality data, adult crayfish appeared to be highly resistant to 

small concentrations of copper. He later performed experiments 

to determine any possible delayed effect of short and periodic 

exposures as well as of continuou.s exposure during different stages 

of the life-cycle. This is significant since it seemD to be the 

first time that a worker has grasped the idea that short-term 

laboratory tests may not be all that meaningful in relation to tIle 
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actual environment, since here un oreanism may be exposed to a sub­

stance for a period of time that is very prolonged. It is not 

unlikely, U.erefore, that there may be effects t,lhich, due to 01 thor 

the resistance of the animal, the concentration of the substance or 

accumulative factors, may not manifest themHelves until after a 

fairly long period of exposure. Also, n relatively short period of 

exposure may cause delayed effects which appear only at some time 

after the original exposure period. The purpose of HUBSCF.:·::Ji'::3 

study was, therefore, to determine basic environmental requirements 

for aquatic invertebrates and, as he points out, in terms of water 

quality criteria it is of little satisfaction to state that an 

organism survived 24 or 48 hours in a given concentration of a 

certain substance. 

This study has shown that mortality may, in fact, result long 

after the initial exposure took place. This delayed effect makes 

it difficult or impossible to define the exact levels of acute 

toxicity. This one aspect of the problem would seem to throw 

almost the entire literature up to this point into a whole new light 

of critical appreciation. 

HUBSCH~l~ found that as in the case of many poisons, the toxic 

action of copper is cumulative at certaj.n concentrations. 

Follo~dng 24 hours' exposure to 2.5mg/l, adult crayfish died a.t a 

rapid rate (all were dead by the end of 15 days). Animals exposed 

to the same concentration on an interrupted basis exhibited 

strikingly similar sensitivity. This study has shown that a 

concentration of 3me/1 is sufficient to kill 50;.-& of the adult 
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crayfish exposed for 96 hours. RUBSCH1<IAN points out thfit if this 

value was taken as a g".lide, severe damage could result, even if tlle 

calculated amount was delivered over several ¥eeks. Reduction of 

conce~tration by a factor of 10 could still result i.n destruction of 

the young population a.nd the following Y9ar's brood Rtoek. The 

application of copper in such conditions, therefore, HURSCHMAN 

concludes, is of more than exp~rimental interest. At a cor.centra-

tion of 1 me/l (the recommended Hrni t for drinking water laid down by 

several authorities), 5q'~ mortality among newly hatched young was 

reached with an exposure time which was 1/50th of that required for 

adults. This, HUBSCHHAN points out, complicates the problem of 

maintaining stable po?ulations of food chain organisms in habitats 

subject to heavy meta! contamination. 

HUBSCHVUUI concludes by stressing that to evaluate properly the 

stresses produced by environmental ch~nge, we must consider tl:e lon~ 

term effects. Also, he says, the need for specific y>hysiological 

parameters in this type of research is evident. 

The ideas and whole approach to the problom in this study are 

very encolJ.ra~ing since in the past it does seem that the points 

brought out here have been somewhat neglected, a!~d it "Tould see!'ll 

that for certain animals, where the basic work of calculating Tlms 

etc, has been done, this further stage of research could well be 

undertaken. This study of HUBSCHl~l's is significant in that it 

opens up ne .. T nnd far-reaching pathwa~rs in a field that at times 

gives the iwpression of becoming static in its progress and rather 

craMped end limited in its horizons. 



- 60-

AnoUier very interesting study whic), appeared in 1967 is tlHit 

by CHIA.'lA!ZDIlH, STEPANI and GERSCHim?IEJ,J) on t.he inhibition of 

membrani1 permeability to chloride by copper in r·l011uGcan neurones. 

-S This work starts from the observation thHt. when 10 . l!lolar coppe:,:, 

sulphate is added to the Ringer solution bathing the outer surface 

of the ab1ol!linal skin of a frog it produces e. dramatic reducUon 5-n 

the permeability to chloride. Frog skin has a ver:r complex 

stradure and the copper Bulphate may have acted on many possible 

sites, so these workers decided to see whether copper mllphate hnd 

the same effect in a simpler system such as a neuronal membrane. 

It was fO'.lnd that copper sulphate practi.caJ1y abolishes the 

Chlorinergic IPSP and the ACh potential in snail H-neurones, and 

that this effect was due to a reduction of the membrano permeac.ility 

to chloride ions. Work is also described in this paper on neurones 

from the isolated perioesphagic gangl~onic rj ng of CrvntO:'!l1)hallus 

aspera. These were affected in a way similar to that described 

abova and it was further found that this effect was reversible, and 

that the amplitude of the IPSP, the ACh potential and the resting 

potential recovered after proloneed washint;, in snail Ringer solution. 

This stlJdy opens up an entirely new aspect of hp.aV'J metal 

toxicity, i.e. the study of the effects of heavy metals ions to the 

basic TI!FO'f'lt->rane physiolc~ of cells. This could be a hiehly 

revealin~ ond exciting line of attack and work on the effects of 

hca'ly metals on uctivf' transport systems such PS the sodium pump, 

which are bc13ic and vital mechanism jn cell physiology, c0l1ld yield 

some very 'llpnninefu1 results. At present the techniqucR used in 



- 61 -

this type of neurophysjol0G'Y are prob-=:bly GOo~ enoup,'h to !'!:Rke this 

anITle possibl~ in practical terms and it seems 1c~cntable that more 

workers on this field have not taken this up to any ~rcat Axtent. 

This review of the literature will conclude with the three 

review pape~s of SPRAGUE entitled 'The measl1rernent of pollutant 

toxicity to Fish'. These papers aTlpeared in 1969, 1970 and 1971 

and are an attempt at a su~~ing-up of the pre~ent situation as 

regards methods of bioassay and the interpretation of results from 

these bioassays. These review papers are therefore essentially 

concerned with the practical side of things a~ they have manifested 

themselves in recent year3. 

Paper 1 in this series is entitled 'Bioassay methods for acute 

toxicity' and here SPRAGUE d~scribes various methods for mea.suring 

lethal levels of pollutants for aquatic organisms, and is at his 

most practical in giving a graph for estimating partial rerlacement 

times for water in tanks of continuous flow tests. He is B.t hi~ 

most useful in giving a section on the terminology of this work 

which at times becomes nightmarish, and in uraing the use of a 

standard terminology. The mcrit of this to both research workers 

and to prospective reviewers is self-evident. SPRAGUE also pro-

poses a 'standard method' for toxicity tcstinff starting with an 

estimation of the median lethal tim~,and deserfhes various 

alternative handlings of this data. 

As SPRAGtffi ha3 intended, this review will be of value for some 

time yet to 'students or scientist~ entering the field of toxicity 

tests wi~h aquatic orgAnisms'. It will go R long way towa~d9 
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clearing up ini tial !!',isundArstancUngs and possible be"iilderment of 

the wor~er just entering this fieJd and the extensive hibliogra~hy 

will be a great aid to getting into the literature. 

The s~cond paper (1970) is concerned with 'Utilizing and Hpply-, 

ine bioas~ay results'. This carries on lo~ically enouE.;'h from ",'here 

Paper 1 left off and is a review of methods of handling data obtained 

from the toxicity test. Also SPRAGUE discusses findin[;'c concerning 

the effect of complicating factors such as temperatures and water 

hardness on the toxicity of a substance as well as the toxicity of 

mixtures of toxicants. As in part 1, SPRAGUE does not miss the 

opportunity of stressing the importance of establishin~ a standard 

terminology for the effects of two or more toxicants acting simil-

taneously. An interesting theoretical aspect is also described 

whereby it is possible to predict the toxicity of mixtures of two or 

more pollutants on the basis of chemical measurements. 

obviously of ereat practical importance. 

This is 

Returning to the subject of complicating, or, as SPRAGUE calls 

them, modifying factors, SPRAGUE describes more advanced techniques 

which nre being used in the processing of data obtained from tests 

incorporating variables other than concentration. Amon~ the 

exa~rles w~ich SP&~GUE cites is McLEESE's by now classic three-

dimensional graph which appeared as far back as 1956. Here a 

'response surface' is proiuced which defines 48-hr LC50s for· 

co~binations o~ three lethal components. This technique \·:as 

employed for work on the Lobster but it does not seem to have b~en 

widely used. Fu~ther techniques which seem to havn in CO!l1r.lon a. 
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de3ire to extract the maximum possible information from the data are 

described and these form another very valuable section for reference 

for anyone interested in more modern techniques for dealing with 

toxicity test data. Also, autopsy methods, chemical and histo-

pathological, are mentioned and briefly discussed. 

Paper 3 is enti tle(l 'Sublethal effects and "safe" concentra­

tions'. Here SPRAGUE's theme is that if the actual modes of action, 

whether truly physiological or not, of toxicants ,,,,ere better 

understood it would be possible to predict with more accuracy their 

effects as pollutants. He points out that there is much lmowledge 

already in existence in the medical sciences which could be 

transferred with great advantage to this field. 

Also, hm." to assess and measure sublethal changes is discussed 

in this paper. Within fish these chanees have been demonstrated by 

sensi ti ve histopa.thological and biochemical techn.iques, but even 

these leave us in ignorance of the ecological implications. The 

effect or growth rate is easy to measure (in fish) but, as SPP~GUE 

points out, it is not always a sensitive indicator of inCipient 

toxicity. Swimming speed is also insensitive since it is often less 

affected by toxicants than might be expected. Respiration ra.te, 

behaviour and feeding are a.lso discussed but SPRAGUE suggests that 

repro~lct1Qn seems to be one of the most senoitive of chronic or 

sublethal responses which is meaningful in ecolOGical terms. SPRAGUE 

advi~es that the rcpronuctive rpsponse to toxicants should be tested 

wher~ver practical to do so. 

In this n3uer SPRAGUE gives us his concept of the overall ecope 
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and. aim of' bioassay \-lork by sb.ying that the ul timn te method of 

bioassRY vlork is an ecoloG"ical survey of I:. polluted habi ta t and tr,at 

laboratory bioassays are inadequate if they do not explain the 

results 0: field bioassays in polluted \fBters. 

SP!U'.GUE discusses thp. term "safe" level, which in his review 

he uses in a loose way to mean 'the concentration of pollutant 

~hich does not have an adverse sublethal or chronic effect on fish'. 

As SF~.GUE points out, here the term II safe" has no meaning in 

absolute terms but as a 'statistic' who~e value is e~pirically 

dete~i~ed as the result of an experiment'. 

SPRAGUE concludes his review by pointing out. thf.t there is a 

continuin~ need for critical revie"Ts on .indi vidual pollutants. 

In these three reviews we are given a panoramic view of the 

work which has been done in this field. They deal almost 

exclusively with fish but they have been included here because 

they contain all the basic thinking, theory and methodology which 

has grown up in this field since the days of RINGER. Also they 

underline and bring out clearly themes which have become important 

aspe?ts of this type of research such as the concepts of sublethal 

effects, safe concentration and a need to correlate more closely 

laboratory ani field work. All these papers contain a comprehen­

sive list of references which should, in themselves, be of value to 

anyone intere3ted in this field since they brins together the work 

from several disciplines in one convenient work of reference. 



Chapter 2 

GENERAL BIOCHEHISTRY AND TOXICITY OF COPPER 
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DISTRIBUTION 

Research into copper and any relationship it may have had with 

Ii ving organisms seems to ha.ve its beginning in the work of IHESSNER 

who, in 1811, showed that copper was actually a constituent of 

plants. In a later study carried out in 1830 SARZEAU detected 

copper in numerous plants and determined the amounts quantitively. 

DESCHAHPS, in 1848, was able to demonstrate that a relationship 

existed between the copper in plants and that in the soil on which 

they were grown, and in 1868 CHEVREUL suggested that copper was quite 

widely distributed in organic matter. Lastly, in this group of 

early workers, LEHHANN deserves a mention for his 189;) review of all 

the then known facts regarding the distribution of copper, and for 

his own analyses which added more information and data. to contempor­

ary discoveries. 

It will be noted that the dominant feature of this early work, 

apart from the interesting predominance of workers of French 

nationality, is that all these investigations attribute no definite 

function to the presence of copper inside living things. Generally, 

the assu!'!lption ~.,as made that the oc currence of this metal was 

accidental and of no real biological significance. This approach, 

with its preoccupation with, first, the detection of copper in a wide 

range of organisms, and then the determination of the amounts present, 

will be seen to persist in the work carried out in this field for 

some time after these oriGinating studies. 

During the first two decades of the twentieth century other 

workers became involved in the determinations of copper in the 
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tissues of plants and animals. Ilfost notable of these are HAQUENNE 

and DEMOUSSY (1920), GUERITHAULT (1920) and FLEUREHT and LEVI (1920). 

All these workers established without question the universal 

distribution of copper in plant life. HAQUENNE and DEMOUSSY found 

30-40ppm copper in all the plant material they analysed and even 

went as far as to suggest that copper must be an essential element 

in plant metabolism. The fact that it was found mainly in the more 

active organs of plants, e.g. young shoots and leaves, led these 

workers to conclude 'that copper aided in some way the vital functions 

of the plant. It is interesting to note that this suggestion of a 

metabolically active role for copper in plants was made after the 

universal distribution of copper in plants was well established, and 

early workers were forced to abandon the not very satisfying idea of 

a purely accidental presence of copper. This would seem to be the 

broad pattern of events, since it is difficult to see why this 

suggestion of a metabolic role should have come with such, at least 

apparent, suddenness. The fact that copper was being detected in 

areas of greatest activity was no doubt a clue, but this, too, could 

have been explained as an 'accident' arising from a greater general 

metabolic turnover in these areas. 

Thus far there does not seem to have been much of an attempt at 

a suggestion concerning a particular role which copper could play in 

living organisms, although there is a speculative suggestion put 

forward by Gm~~UTII.AULT and BBRTRAND in 1920 that copper should be 

placed in tte group of catalytic elements found in plants. 

;.1 t~:o·J.g;J mJ.c:1 of this early work was directed towards studies of 
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copper in plants, other workers soon became involved with parallel 

studies with animals. The fact that marine animals contain copper 

in comparatively large amounts was established early. In 1847 

HARLESS detected copper in Elcdone and Helix Pomatia, and showed 

that it did not exist as a free salt but in combination with blood 

proteins (Haemocyanins). In retrospect we can now look back at 

this discovery as quite an important breakthrough and it is somewhat 

surprising that it was not made much of at the time. What did 

appear to happen was that workers energetically turned their 

attentions to more determinations of copper content in the bloods of 

marine animals. The following table shows the relative distribution 

of copper in the bloods of various animals (not all marine) and is 

taken from the review which DHERE wrote in 1915 in which he summed up 

these early investigations. 

TABLE 3 Copper contents of bloods containing haemocyanins 

Animal 

Octopus vulgaris 

Sepia officianilis 

Helix porratia 

Astacus fluviatilis 

Pe1inurus vu1~aris 

Homarus vu1~aris 

Cancer nagurus 

Carcinus maenas 

Maia sO'.linado 

.§.guilla rrar..tis 

Co~per mg per 100cc 

23.5 
23.7 
6.5 - 7.5 
7.0 

9.7 
10.0 
6.0 

9.0 

3.5 
6.1 



It did not escape the notice of these early workers that if 

these animals are obtaining this copper from sea water then they 

must be concentrating it to a very great extent, since sea water 

contains only 10mg of copper per cubic metre (ATKINS 1932). There 

must, therefore, be active uptake of copper against a considerable 

concentration gradient by these animals. Lists of copper concen-

trations like that shown above must have provided strong clues 

pointing towards an important physiological role for copper. 

Animals usually show great physiological economy and very rarely use 

up energy to take up ions from their environment if they are not 

essential to their metabolism. 

Other workers were carrying out studies on a fairly wide range of 

invertebrates (mainly marine) and producing tables of copper 

concentrations of the type shown above. ROSE and BODANSKY in 1920 

produced one showing all the animals in which copper was known to 

occur and pointed out that the data that far accumulated were chiefly 

from arthropods and molluscs, two phyla in which haemocyanin is 

widespread. The significance of this was perhaps not not fully 

grasped at the time since the structure of the haemocyanin molecule 

was not then known in great detail. However, ROSE and BODANSKY went 

on to make more quantitative studies on copper in no less than 35 

marine animals, most of which, significantly, were fish. This seems 

to be the first study made of copper in relation to vertebrates. 

The results showed that copper was present in all of the fish they 

studied with the exception of the Pigfish. The amount of copper in 

each of the individual samples averaged about 2.5mg per Kilo, i.e. 
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very much less than the amounts found in marine invertebrates. 

With this extension of the study of copper distribution to 

vertebrates a general pattern of overall copper distribution in the 

animal kingdo~ was beginning to emerge. This pattern seemed to 

show that the amounts of copper in the animals examined was often 

found to diminish as the animals ranged from the comparatively simple 

to the more complex levels of organization. El.vER.JEM, writing in 

1935, pointed out that when animals having haemoglobin and not 

haemocyanin are reached copper was found at much reduced levels. 

The two exceptions to this emerging 'rule' were Aurelia and Jhv:salia, 

which were found to contain the same amount of copper as fish. These 

animals, however, have a much higher moisture content tha.n do vel'te-

brates and most other invertebrates. When two mammals, the Whale 

and Sea lion, were examined no copper at all could be detected in 

their tissues (SEVERY, 1923). This last study oeemed to support 

the then wi~ely held view that copper was not a definite constituent 

of higher animal8, even though as early as 1901 THUDICUM had been 

able to demonstrate that copper was present in the human brain. This 

work was not held to show unequivocally the presence of copper, 

however, since it was argued that the tissue \'ihich TEUDICUJ.! examined 

may have come from subjects exposed to copper pOisoning. However, 

in 1921 BODAr;SKY verified that copper was indeed present in the human 

brain. The quantities which he was able to detect were in the order 

of 3.6 to 6.0mg per Kilo. In one foctal brain he found 6.Bmg per 

Kilo. Another study made by XcH~i~:~ in 1925 revealed that the 

liver contains a high conce~trution of copper, especially when one 
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from a young animal is analysed. 

Since the time of these studies copper has been accepted as 

being present in tissues from all animals as well as in plant 

tissues. 

Physiolo~ical role 

It has already been pointed out that as early as 1847 it had 

been shown that copper in the bloods of Elodone and Helix existed in 

combination with the blood proteins. The first suggestion of an 

actual physiological role for copper comes from BLASIUS who, in,1866, 

speculated that copper played some role in the respiration of lower 

animals. He based this idea on the consideration of the constancy 

with which copper was found in the bloods of lower animals. If 

this was an inspired guess it was not a bad one. In 1867 the 

compound present in the blood of molluscs and certain arthropods was 

considered by EZR~ to be a definite respiratory pigment. Evidence 

for this came partly in 1878 when FREDERICQ isolated the copper 

containing protein of the octopus (O.vul!;~a!'i5) and gave it the name 

Haemocyanin. Based on this work he went on to state that a copper 

compound analogous to naer:lin could be separated from this protein by 

acid and even went further to predict that the equilibrium between 

oxygen and this protein was governed by factors similar to those 

affecting haemoglobin. 

Before haenocyanin 'Was isolated a number of workers were 

interested in the copper protein in various invertebrate bloods from 

the point of view of a protein which would be analogous in function 
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if not in structure to the haemoglobin of higher anim~ls. This 

interest prompted several workers to dctel'mine the oxygen carrying 

capaci ties of the bloods of different spc>cies. QUn:QUA.ND (1673) 

and JOLYET and REGNAJW (1877) \o[ere the first to make measurements of 

this nature. It is interesting to note that HALLIBURTON, in his 

paper of 1885, states that JOLYET and REGNAlU> were the first to 

suggest that copper was united to a protein. Measurements of the 

oxygen affinities of various bloods containing copper followed by 

other workers and a review of these has been writton by DHERE (1919)~ 

Practically all the figures range from 1 to 5cc of 02 par 100cc of 

blood, and one point that emerges from these studies is that the 

bloods from different species have unlike oxygen affinities. For 

Cephalopods in general it is relatively high, in Crustacea it is not 

as high, and some decapods such as Canc~r it is low. 

HENZE in 1901 prepared haemocyanin in crystalline form for the 

first time and found that, unlike haemoglobin, it could not be broken 

down into a protein and a protein-free component. According to 

HENZE the haemocyanin of Octopus contains 0.38% copper and 19 of the 

protein combines with about 0.4% of oxygen. This works out at about 

~ _ t of that for haemoglobin. Further work by ALSBURG and CLARK in 

1910 used the blood from the horseshoe crab, Limulun polyphent~, and 

their work led the~ to suggest that the protein of this blood differed 

from that of Octopu~. Limulus was found to contain only 0.28~ copper, 

but in 1928 P.EDFIS:J"J, COC!,nY}E a.11d SHO'l'TS Gave a figure of 0.173% for 

Limulu fie 

This relatio~ of the oxygen combining power to copper content of 
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different bloods containing haemocyanin has attracted much attention 

since FREDERICQ first suggested that this compound acts as an oxygen 

carrier. Nany workers, including DHERE, felt that there must be an 

at least general correspondence between tile oxygen capacity and the 

copper content of the various invertebrate hn.emocyanins. In 1907 

MENDEL and BRADLEY showed that the blood of Octopus contains 

18-23mg Cu per 100cc, wher~as Helix pomatia contains only 6.S-12.5mg 

per 100cc. From these figures they drew'notice to the obvious 

relation be~ween amount of copper and the differing levels of 

activity of these two animals, i.e. Octopus is a highly active 

Cephalopod and therefore requires more oxygen; on the other hand, 

Helix is rather inactive and consequently has a lower oxygen demand. 

It therefore has less copper in its blood, giving it, presumably, a 

lower oxygen capacity. This simple relation between the copper in 

the blood and oxygen affinity came under question when, in 1914, 

ALSBERG and CLARK obtained only 0.5 volume 5b of oxygen from gmulus 

blood. This extremely small amount, they argued, could be explained 

by the solubility of the oxygen in the blood itself. They suggested 

that the oxygen of oxyhaemoglobin was made available by diministed 

pressure alone, but that copper acted in some hitherto unknown 

catalytic manner in the transfer of oxygen from the blood pigment to 

the tissues. 

BERGEIWW in 1924 wa~ the first to study the actual amount of 

oxygen held in physical solution by the blood of invertebrates. He 

precipitatod the proteins of the blood in his determinations. but 

l~ ter work by sr~'ED~"AN and S'l'ED:I.AN (1925) and RF~DFIELD (1925) p;:',:lvid <: s 
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blood. The method used by these workers was to determine tre 

oT/gen content at two oxygen pressures both of which were 

sufficiently great to saturate the haemocyanin completely. The 

latter workers found the solubility coefficient to be about 0.022% 

for the bloods analysed and that in nearly every case the solubility 

of the oxygen was lower in the blood than in sea water. It ~'as then 

demonstrated that Limulus blood has a definite oxygen capacity which 

is much greater than can be accounted for by solubility alone and 

varies from 1.66 to 0.14 volume %. Further figures for the bloods 

of Loglio neali, Busycon canaliculatul!I, p,EJOcer irroctus and £.~Ji!':~tus 

sapidus establish a definite oxygen capacity above that held in 

physical solution for the haemocyanins of these animals. 

The most important question which emerged at this time 

concerning the actual function of haemocyanin in respiration centred 

around the study of the equilibrium between oxygen, haemocyanin al;d 

oxyhaemocyanin and the effect of carbon dioxide on this equilibrium. 

BER(;EY.ANN (1924) and REDFIELD et al (1926) had shown that the same 

pheno~ena affect the gaseous exchange in bloods containing haemocyanin 

as in those containing haemoglobin. REDFIELD and GOODKIND in 1929 

pointed out that the reciprocal effects of carbon dioxide and oXYGen 

on the respiratory properties of squid haemocyanin accounted for t of 

the respiratory change. PARSONS and PARSONS (1923) had already 

studi6d the transport of carbon dioxide by the bloods of invertebrates 

and concluded that haemocyanin functions in the transport of carbon 

dioxide in the sn~e way as haemoglobin. These results were confirfficd 

in 1925 by REDF'ELD et aI, who sUIIlIl!e.rized the work as follows: 
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'Studies of the conditions of equilibrium between oxygen, 

carbon dioxide, haemocyanin and oxyhaemocyanin show that the 

properties of haemocyanin of each of these species are distinctive, 

but that all these proteins function in transport of oxygen and 

carbon dioxide according to the same physico chemical principles as 

obtained in the case of haemoglobin, although the reciprocal relation 

between oxygen and carbon dioxide (the Bohr effect) is reversed in 

the case of certain bloods containing haemocyanin'. 

In BERGEMMlN's 1924 work he found that the bloods of both snails 

and crabs combine with oxygen in a definite ratio to the copper 

present. This amount in combination suggested to BERGEMANN that 

one atom of oxygen unites with each atom of copper present in the 

haemocyanin molecule. REDFIELD et a1.(192d) give the combining 

ratios for the bloods of nine species of animals which demonstrated 

that oxygen combines with haemocyanin in a simple stoichiometrical 

proportion, one atom of oxygen to one atom of copper. ~These 

studies, therefore, showed that all haemocyanin (i.e. all those 

studied) containing copper seemed to unite with oxygen in a definite, 

fixed ratio. It was concluded from this that there is a similar 

copper group common to haemocyanins from all the different s}e cieo 

studied. 

The first suggestion as to what this prosthetic group might be 

seems to have come from CONANT et a1.in 1934. These workers put 

forward the hypothesis that the prosthetic group of bJ.IDu1u9 

haemocyanin is a cOlnp1ex copper salt of an unknown sulphur compound 

and a rolypc~tide, consistin~ of one molecule each of lencine and 
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tryosine, and three of serine. 

These and other early studies have served to establish 

haemocyanin as the characteristic blood pigment of gastropods, 

cephalopods, molluscs, crustaceans, arachnids and the Xiphosura. 

Further work has established other properties of haemocyanin such as 

its colloidal nature and its molecular weight of 1,000,000. 

Haemocyanin is not unique as a copper protein although, so far, it is 

the only one to which an oxygen-carrying capacity has b~en ascribed 

(FLOREY, 1968). Copper is also found in a variety of enzymes which 

will be discussed briefly later. 

Copper in higher animals 

As already mentioned, workers such as ROSE and BODANSKY had 

detected copper in fish and the even earlier study of THUDICUM had 

shown that copper is present in other vertebrates in small concen-

trations. The highest concentrations of copper are generally found 

in liver tissue (6.6/4-g/g) and brain (5.4f.-g/g). In rat liver 

copper has ~een found to be distributed among the subcellular 

factions as follows: 

soluble faction 64% 

mitochondria a% 

micro somes 5% 
nuclei & debris 20% 

Copper had been discovered in human blood serum by WARBURG and 

JG~;:: : n 1 '':27 in an a:::ount approximating to O.OOt7mg copper pel' cc. 

Also I L. !'(. -' i';Or':eE:!'3 report coppor hS occurrinS' in the blood sera of 
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dog, cat, rat, guinea pig, frog, chicken and goose. In all these 

cases copper was also found in association with the serum proteins 

of these animals. 

As with the case of copper in lower animals, the work which 

resulted in an accumulation of quantitative data for a series of 

animals gave way to speculation concerning the nature of this copper 

and its function. Early work in this field seems to have started 

with dietary experiments in_which copper was excluded from the diet. 

The result of copper deficiency as manifested by the health of the 

test animals was used as a clue to the possible deeper, physiological 

role of copper. The pathology associated with copper deficiency was 

found to include anaemia in all the species studied (HART, STI-1ENE/,CK t 

Wf..DDELL and ELVFnUEM, 1928), neonatal ataxia or sway back in lambs, 

achromotricha or lack of pigmentation, and connective tissue defects 

including bone disorders and cardiovascular failure. In man copper 

may be the cause of Wilson's disease. Here, a mechanism which 

regulates copper retention fails to function and copper accumulates 

in certain tissues, particularly brain, liver and kidney, while 

plasma levels are lower than normal. Yet another effect of copper 

deficiency is that the absorption of iron from the gastrointestinal 

tract of swine is impaired. It may be that copper is needed for the 

release of iron from tissues, including the intestinal mucosa which 

accumulates iron in copper-deficient animals. 

Copper occurs in animal tissues in the cupric form and it may be 

that the cupric ion serves as an oxidative catalyst, e.g. in the 

oxidation of ancorbic acid by molecular oxygen to form dehjdrascor~ic 



77- . 

acid. The catalytic activity of the cupro-protein ascorbate 

oxidase is 1000 times as great as that of an equivalent amount of 

cupric ion. 

Essent~ally, it seems, all copper containing metalloenzymes are 

concerned with catalysis of oxidation-reduction type reactions in 

which oxygen is the electron acceptor. Table 4 is a list of the 

better known copper metalloenzymes (taken from ODELL and CAHPBELL, 

1971) • 

TABLE 4 Copper metalloenz~~es 
Cu. content 

Enzyme g.atoms/mole. 

Cytochrome oxidase Cu:HACH1E = 1 3 

Ceruloplasmin 0.32 8 

Ascorbate oxidase 0.34 8 

Tyrosinase 0.20 1 

Laccase 0.25 4 

Galactose oxidase 0.85 1 

Uricase 0.05 1 

Dopamine Ii' -hydroxylase 0.05 2 

Diamine oxidase (pea seedling) 0.09 1 

Diamine oxidase (kidney) 0.07 2 

Plasma amine oxidase 0.09-0.1 4 

Of these enzymes cytochrome oxidase seems to have been given the 

most attention. This is a lipoprotein in nature and is bound to 

mitchondrial ~ombranes. It was first recognized as a haemoprotein 

(i.e. containing iron only) and the earliest reference to cytochrome, 

or, rather, to a compound which bas only subsequently been known by 

In his work of 1884-1886 HACHUm~ described 
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a respiratory pigment which he found in muscles and other tissues of 

a very wide range of animals. To this pigment he gave the names 

myohaematin and histohaematin, and after carrying out further 

studies on this pigment he was able to conclude that myo-and 

histohaematin we~e respiratory pigments different and independent 

from haemoglobin or any of its derivatives. This was more or less 

iIru:lediately refuted by other workers, principally LEVY (iSf39) and 

EO?F:~-SEYLE~ (F390), 81!d' for a time loiAcrruNN's work appears to have 

been forgotten or ignored by other workers. It was not until 

KElLIN's work in 1925 that MACMUNN's ideas were in fact vindicated. 

KElLIN found that myo-or histohaematin not only existed but had a 

much wider distribution and importance than were anticipated even by 

YJlCHUNN. KElLIN went on to argue that since this pigment is not 

confined to muscles and tissues but exists also in unicellular 

organisms, and, further, that there was no evidence that it was a 

simple haematin, the names myo- and histohaematin were inappropriate 

and misleading. KElLIN believed that the pigment was not simple but 

was a complex formed of three distinct haemochromagen compounds. He 

therefore proposed the name cytochrolJc, meaning 'cellular pigment', 

a name which at the time was intended to stress not only its wide 

distribution but also the fact that its chemical make-up was still 

unknown. It is by this name, however, th?ot it is still known today. 

KElL!!, four.d that tbe highest concentrations of cytochrome ~ere 

to be found in the thoracic wing muscles of flying insects, striated 

muscles of marnrr..als and birds, and baker's yeast. Also, he produced 

evidence thai cytochrome actually consists of three hal:)ffiochromagen 
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compounds (a', b ' and c'), two of which (b l and c') he claimed had a 

haem- nucleus (iron-pyrrol compound) similar to that of haemoglobin. 

It was not until 1938 that KElLIN detected copper in cytochrome c 

oxidase preparations, this time in collaboration with HARTREE. The 

early evidence suggesting that copper may be a conBtituent of 

cytochrome oxidase was not provided only by the analytical results of 

KElLIN and HARTREE but also by independent nutritional studies. In 

such studies of their o~~ KElLIN and HARTREE observed that the 

cytochrome oxidase activity in the heart muscle of copper-deficient 

rats, pigs, cattle and sheep is greatly reduced. Also, they 

observed that heart preparations contained copper and postulated that 

cytochrome oxidase is, in fact, composed of cytochrome a and a3. 

There is now no reasonable doubt that cytochrome oxidase contains 

copper which exists in a ratio of 1:1 with haeme a. The concept of 

two compounds, a and a3' has been challenged, however. 

The nature and function of copper in cytochrome oxidase is not 

entirely clear. Only 30-40% ot the copper is accounted for, as 

cupric copper and copper can be removed from cytochrome oxidase with 

loss of enzymatic activity_ The apoenzyme contains about 45% of the 

original copper and still retains about 15% of its activity. \{hen 

copper is restored the activity is regained, thus part of the copper 

in the enzyme undergoes a valency change during catalytic activity 

and part is essential for enzyme activity. 

In 1950 WhINIO et al. presented analyses of their deoxycholate­

solubilized pu:'i':ied cytochrome oxidase preparation. This data 

indicatos a relationship between the absorption band at 601 m~ and 
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the copper content of the preparation, whereas no such relationship 

was apparent for the iron content. These findings imply that 

cytochro~e oxidase may be a copper porphyrin compound. Subsequent 

work by PERSOH and 1:!.UNIO and EICHEL in 195~5, and l)Ju\NENBERG and KIESB 

in 1952, left no doubt that the porphyrin (Eoiety of the enzyme, 

considered as a prosthetic group, did not contain a copper but an 

iron nucleus. It was, however, left open as to whether the copper 

present was actually a constituent of the enzyme or merely a contam-

inant. Thus it is seen that a hitherto fairly simple picture of 

copper in cytochroDe was some~hat complicated by findings using more 

sophisticated techniques than had been available to earlier workers. 

Repeated efforts failed to establish copper as a meaningful 

constituent of cytochrome c oxidase. GREEN et al,(1956) found that 

copper was concentrated in preparations of NADH oxidase, a 

submitochondrial faction containing the cytochrome oxidase component, 

and this was confirmed by WAINIO et al·as well as other workers. In 

1965 3EINERT reviewed the weight of evidence then available and 

acc6rding to this he stated that the 'unit' of cytochrome oxidase 

consists of one cytochrome a and one cytochrome 83 and each cytochrome 

is associated with one copper molecule. The copper atom associated 

with cytochrome a is cupric and the state of that associated with 

cytochro::le a3 is unknown. According to EEIN~R'l' the unit as a whole 

is able to take four electrons on reductive titration and kinetic 

studies indicated that the cytochro~es as well as one of the copper 

species - presul:iubly that associated with cytochrome a - participate 

in the e~zymatic reRction as electron carriers. The evideYlce that 
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copper is indeed an integral constituent of cytochrome oxidune with 

a role in the transference of electrons comes mainly from the 

following sources: 

1. That animals fed on diets deficient in copper exhibit a 

subnormal level of cytochrome oxidase (COHEN and ELVE,mr1, 1934; 

SCHULTZ, 1939 and 1941; GALLAGHER et a1,1956; GUBLER at a1,1957: 

MILLS and WILLIIJ·lS, 1962) • 

2. Purified preparations of cytochrome oxidase from mammalian 

sources contain copper. When properly characterized these 

preparations possess an equimolar ratio of copper and haeme 

compounds. 

3. During purification there is a parallel increase of copper and 

enzymatic activity. 

4. Copper undergoes oxidation and reduction and inhibitors which 

block the reoxidation of the haeme components also prevent 

reoxidation of the copper. 

Although such evidence would seem to point strongly to a real 

role for copper in this enzyme, the situation is still far from 

unequivocal anu the hypothesis is still, to a certain extent, a 

controversial one. 

This brief survey of the biochemistry of copper will be concl~ded 

with some very brief notes on other copper metalloenzymes. 

Ceruloolascin (found in blood plasma) 

The role of this is not yet known with certainty but it does 

possess oxidase activity and is classed as a metalloenzyme (O'DELL 

and C/.l1PBE1L, 1971). Its more cri tical function may relate to copper 
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balance and transport. A postulated role for it is promotion of 

iron utilization by stimulation of iron oxidation and transfer in 

saturation. 

Tyrosinase 

This enzyme occurs in both plant and animal tissues. It 

appears to catalyse two types of reaction, bydroxilation of mono-

phenols and dehydrogenation of catechols. Copper is very easily 

dissociated from this;enzyme. 

There are, in addition to the copper metalloenzymes listed in 

, Table 4, several less well defined copper metalloproteins. These 

are shown below in Table 5 

TABLE 5 
Cu. content 

Protein Source % g.atoms/mole. 

Haemocuprein bovine erythrocytes 0'.34 2 

Erythrocuprein human erythrocytes 0.32-0.36 2 

Hepatocuprein mammalian liver 0.34 

Cerebrocuprein human &: bovine brain 0.29 2 

Mitochondrcuprein human &: bovine neo-natal 
liver 3.0-5.0 

Haemocyanin snail 0.23 32 

These proteins constitute well over half the copper found in the 

respective tissues from which they are isolated. O'DELL and 

CAI{PBELL (1971) suggest that this fact points to their chief function 

being one of copper storage. 

The physiolo~ical role of copper may be summarized in the 

following way: 
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1. In lower animals it has a respiratory function throuGh its 

presence in haemocyanin. In this respect haemocyanin is a 

unique cuproprotein in that it performs the specific physio­

logical function of oxygen transport. 

2. In mammals copper is a necessary trace element in the building 

up of haemoglobin. Most of the evidence for this was derived 

from dietary studies. 

3. Copper in association with cytochrome is a necessary component 

and has a definite role in oxygen transport. This, however, 

is still open to some question, and elucidating of details. 

It is certain, however, that copper is a genuine constituent of 

the molecule, held by a specific linkage to the protein 

(LE~mERG, 1969). 

A recent study of the haemocyanin from Q.~toEuS vulgaris Lam. 

(SALVATO, GHIH.ETTI-MAGALDI and GHIRETTI, 1974) has thrown some light 

on the structure of this molecule. By using potentiometric and 

spectrophometric titration techniques ~hese workers showed that each 

of the 2 copper atoms in the functional sub-units is bound to 4 non­

carboxyl groups. FELDMAN and WEE (1974) were able to show that the 

cupric ion has a very great catalytic effect on the nonenzymatic 

dephosphorylation of ATP. Copper has also been shown to catalyse 

the oxidation of oxyhaemoglobin even at very low concentrations 

(RIFKIND,1974). This is interesting, especially since it appears 

that other netal ions have no significant effect even at much higher 

cOLcentrations. RIFKIND was also able to demonstrate that haemo­

globin has a hieh copper (11) affinity which suggests that the 

oxidation i~volves copppr bound to haemoglobin. In the ligh t of 



these findings it is suggested that dopper is actually responsible 

for a large part of what has been hitherto thoueht of as autoxidation. 

Toxic action of conper 

PETERS, SHOaTHOUSE and 'WALSHE (1965) have pointed out that the 

toxic action of copper is of theoretical intereGt as it is a normal 

component of cytochrome oxidase and other proteins. This, hCJwever, 

also has a practical bearing on the origins of disturbance in the 

central nervous .system (this is well known in cases of Wilson's 

disease where patients accumulate copper). Also, in an earlier 

study PETERS and WALSEE (1962) had found that copper in trace cIT-aunts 

inhibited the respiration of mitochondria by blocking pyruvate 

, oxidation. In the case of central nervous system disturbance 

extremely small amoants of copper are involved, since most of the 

copper is bound to the insoluble neurokeratin and less than 5~ takes 

part in the toxicity. Further, cupric ions of concentrations as low 

as 10.6~ inhibit the membrane ATP ase of pigeon brain. In this 

connection it has also been discovered that heavy metals such as 

copper have the po\ier to inhibit facilitated transfer and to increase 

permeability to K+ions (DAVSON,1970). 

Most of the detailed work on the toxic effects of copper has 

been carried out with vertebrate animals but there is some evidence 

that copper can in..l-J.ibit the formation of urine in the malpighian 

tubules of Calli -:;::o1'a (BERRIDGE, 1969). Here the tubules utilizing 

anions such as chlorides or nitrates arc inhibited. by copper and the 

rate of urine for::latior. declines. Complete inhibition of urine 

for~ation occurs in two hours. 
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As SPRAGUE (1971) has pointed out, 'understanding the 

physiological action of a toxicant is the key to predicting 

important sublethal effects'. If such an understanding is to come 

about there must be a broader attack mnde on the subject of copper 

toxicity in relation to invertebrates and toxicity. SPRAGUE 

suggests approaches such as histopathology, histochemistry, haemato­

logy, biochemistry and physiology, may be used to determine the mode 

and severity of the action of a toxicant, and although he was 

referring to studies on fish toxicity these approaches are also 

applicable to studies with invertebrates. 

As a conclusion to this chapter Table 6 has been compiled from 

the work of various workers to show the toxicity of copper in terms 

of threshold concentrations to a wide variety of animals. As can be 

seen, the toxic effect of this is variable and does seem to be fairly 

related to the size of the organism, although other factors such as 

the possession of an impermeable integument (as in the case of the 

Crayfish) must playa part. In the case of fish the method of 

poisoning (asphyxiation due to copper forming an impermeable barrier 

with mucus secreted on the surface of the gills) may account for low 

threshold concentrations, since fish must be vulnerable to even low 

concentrations of copper. It is interesting also to note that there 

are discrepancies between tho threshold concentrations arrived at by 

different workers for the same organism. This is probably due to 

many factors including the use of different experimental set-ups, 

different stutes of the animals used and general lack of 

standardization in the use of the toxicity test. 
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TABLE 6 THRESHOLD OE' TOXICITY OF COPPER TO VARIOUS ORGANIS~!S 

Organism 

Orconectes ruStiCl<S 
(Crayfish) 

Trout 

Carp 

Sucker fish 

Catfish 

Pickerel 

Gold fish 

Threshold 
concentration 
as mg CulL. 

3.0 

0.09 

0.22 

0.22 

0.26 

0026 

0.33 

Perch 0.44 

Blackbass and bluegill 0.53 

Sunfish 0.89 

Scandesmus 0.15 

Daphnia 0.10 

Escherichia coli 0.08 

Microreg~a 0.05 

Neosphaero~a oregonensis 0013 

Mytilus edulis 

Mercenaria en:'.f.T',aticF.. 

Polycelis .~ 

Daphnia ::18;;-ra 

ParameciuM 

Frog tadpoles 

Goldfish 

Garunarus pulex 

Balanus bal~noides 

Balanus ebllr~ 

l>Iytilus edulis 

Stone loach 

Taphius glGbrat~~ 

Stickleback 

Fathead minnow 

Bluegill 

1w!innow 

BroWf. trout 

0.21 

0.21 

0.31 

0.06 

0.00012 

0.0013 

0.12 

000013 

0.22 

0.22 

0.55 

0.20 

0.03 

0.05 

0.20 

1.0 

1.0 

Reference 

Hub8chman,1967 

Anon., 1950 

Bringmann and Krrhn,1959 
" Bringmann and Kuhn. 1 959 .. 

Bringmann and Kuhn, 1959 
II 

Bringmann and Kuhn, 1959 

Klock and Pearson, 1959 

Klock and Pearson,1959 

Klock and Pearson,1959 

Jone8,1940 

Anon. ,1950 

Ludwig, 1927 

Dilling and Healey,1926 

Powers,1917 

Jones,1937 

Clarke, 1947 

Clarke,1947 

Clarke, 1941 

Mackereth and S~yly,1951 

Yager and Harry, 1963 

Jones,1939 

Tarzwell and Henderson, 1960 

Tarzwell and lienderson,19GO 

Lispolt and 'Net-er 11958 

Liepok and Weber,195B 
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In general terms, what emerges from this table is that copper 

is toxic to a wide variety of organisms and in most cases the 

amounts which bring about these toxicities are small ones. 



Chapter 3 

THE ANIMALS 



So that the reasons for certain usages in this investigation 

may be better understood it is necessary to give a brief description 

of the animals and their relationship to their environment at this 

point. 

Ephemeroptera (ephereeros, living a day; pteron, a wing) are 

better known by their common name, Mayflies. As the name or the 

order to which they belong implies, many mayfly live only a few 

hours as imagines (serJally mature adults), but this peculiarity i& 

compensated for by the lengthy nymphal life which may be as long as 

three years in some ~pecieB of these insects. Eggs are laid in 

"later and froo these the nymphs emerge. These grow by shedding 

their skins, there being up to 40 such moults before full size is 

attained. Ultimately metamorphosis takes place and a winged form 

emerges from the final nymphal skin. This then undergoes a further 

moult (a feature which is unique to this group of insects) to produce 

the fully mature adult. This dies when it has mated and laid eggs. 

Thus the adult 'life' of the mayfly displays an extreme economy 

where the adult insect is virtually a reproducing 'machine' whose 

sole function is to produce, in the case of the female, fertile eggs. 

The gut is not functional and therefore the adults do not feed. 

It is the n~~phal stage of this life cycle that can be said 

to have a true ecology, i.e. a true relationship with their environ­

ment over an extended period of time. This stable relationship is a 

result of these insects having successfully come to terms with their 

environment in terms of having successfully adapted to their special 

ecosystem. One must, of course I bear this in mind when uttemptir,g to 

set up laboratory studies in which these insects are to be used as 
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test animals. More of this important aspect will be discussed after 

a brief description of the insects themselves. 

Mayfly nymphs come in two main types of body shape. They 

are either broad with dorso-ventral flattening (Le. an essentially 

flat body) or they are what can very loosely be described as the 

'fish-like', i.e. their bodies are narrow and tapered towards the 

posterior, producing a rather streamlined form • The three species 
. 

used in this study show both these two body shapes. As will be 

seen shortly, these shapes are intimately related to the physical 

environment. Fig. 6 is a drawing of the nymph of Ecdyonurus venosus 

which illustrates the flat type of body. Rithrogenia semicolorata, 

another species used in this study, is also of' this type, although 

the flattening here is not so pronounced. Tho last species used is 

Eaetis rhodani and this is typical of the 'fish' type of nymph. 

These body shapes are directly related to the type of 

environment that these insects find themselves in in that they are 

desjgned to help the nymph keep its position in a sometimes fast 

current. All three species used here, and most other mayfly 

species, live in moving water and it is essential that they should be 

able to maintain their position in the current to avoid being swept 

away to a less favourable part of the river. The nymph with the 

flat type of body achieves this by pressing its body closely to 

stones so that its mass largely occupies the thin film of water just 

above the surface of the substrate in which the speed of the flow is 

at its rdnimum. In the case of B.rhodani and other nymphs of the 

'fish' type, their body shape gives them swimming powers which, in 
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FIG 6 Ecdyonurus ------. venosus xl8 (after Macan) 
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normal circumstances, enables them to swim or hold a position against 

a prevailing current. 

This preoccupation with the maintenance of position in a 

stream is of importance, to some extent for feeding but more so in 

relation to respiration and the oxygen demands of these animals. A 

nymph living in a fast stream can live with less actual dissolved 

oxygen in the water than one living in a pool of still water. This 

is not because the fast water species need less oxygen but because in 

a fast-moving stream ~ oxygen is available to them as a result of 

the continual fresh supply of oxygenated water. Fast-water species 

often have higher oxygen demands than those living in still water 

and it is only by virtue of movement that water which may, in 

absolute terms, contain less dissolved oxygen than a stretch of still 

water, can satisfy the high oxygen demands of the nymphs living 

there. The fast water nymphs have therefore become adapted both 

structurally and in terms of behaviour to living in sometimes very 

fast-flowing streams from which they are able to utilise the 

necessary amounts of oxygen they require for their particular level 

of metabolism. If such species are swept away there is the 

possibility of being carried to and deposited into deeper and stiller 

reaches of a stream from which they would no longer be able to 

extract sufficient oxygen even though the level of actual dissolved 

oxygen may be the same or even higher than in the fast vater reaches. 

This apparent paradox can be f:xp1ained when one considers that an 

animal takes up oxygen from the water over the whole volume of water 

surrounding it. This, in a short time, causes an oxygen gradient to 
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be set up. If the rate of oxy~en uptake is increased it 'ilill sooner 

or later reach a point at which the oxygen uptake becomes equal to 

the maximum diffusion rate possible in the water, i.e. the water 

immediately surrounding the animal nOl.,. becomes depleted of oxygen to 

such an extent that it no longer can satisfy the animal's oxygen 

demand. This, and a remedy for this situation, can be shown 

graphically as follows : 
a2 

I 

I 02 cone. 
gradient 

I reaches point 
where = cone . 

I of main bod)' 

IOf watei 

b2 

< L -----------------? 
L = length of gradient 

FIG 7 
If the volume of \iater around the animal is moved. so that the 

water of the outer concentration is broueht in (so that L is 

shortened) tte gradient is now shortened to a' b'. If this is done 

continually as it would be in a fast stream , the animal would then 

once more be able to satisfy its old consumption x'ate but in wa.ter 

which has a 10n'e1' ae tual or aosolu te concentration of dissolved 
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oxygen. Alternatively, it can consume oxygen at a higher rate. 

Thus, a fast-running stream is essential to animals with high 

metabolic rates since it increases the availability of oxygen if not 

the actual concentration. In the case of the mayfly, the movement 

of water around the immediate vicinity of the body is accentuated by 

the precisely coordinated movements of the abdominal gills. These 

movements are themselves, however, stimulated ,by a unidirectional 

flow of water and may not function properly in still water. This 

reliance on a steady current is important to appreciate since, 

ultimately, it controls the metabolic rate of an animal and hence 

will affect the extent of the action of any toxicants introduced into 

the water. It is important, therefore, that any laboratory set up 

should attempt to provide a unidirectional flow of water so that 

natural conditions in this respect are simulated as closely as 

possible. 
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ECOLoar 

No animal living in an ecosystem is entirely independent of 

the other organisms with which it shares that system. The fate of 

the population of one species may, and often does, have far-reaching 

effects on a population of, perhaps taxonomically, totally unrelated 

species. This phenomenon is due to a series of relationships which 

have a predator/prey organisation as their basis. These relation-

ships range throughout the different types of animals inhabiting an 

ecosystem and are the basis of the complex interactions between 

animals and plants of different groups which nre found in the so-

called food chains or, more accurately, food ,·rebs. These webs 

are mostly of a very complex nature but very generally it is possible 

to represent them very simply by means of the food pyramid. 

J 

-

Fig.8 A Food Pyramid 

These pyramids have their beginnings in autotrophic organisms 

which are able to utilize the energy in solar radiation to build up 

complex organic molecules. These are usually known, ecologically, 

as primary producers and form the lowest, and usually the largest, 

block of the pyramid. It is clear that a plant may be eaten by one 
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animal of a certain group which in turn becomes the prey of another 

group of animals and so on, thus forming a chain the links of which 

are made up of all the groups engaged in this predator/prey regime. 

At each of these steps or links in the chain energy is being trans-

ferred from one group to another. This is an inefficient process 

and some energy is lost at each step, hence the number of organisms 

is reduced with each energy transformation. This is an extremely 

simplified view of feeding relationships and is rarely found in this 

exact, sjmple form in nature. It can be seen, however, that if one 

group of organisms comprising one level of the pyramid were suddenly 

to disappear or have its numbers drastically reduced by some event 

outside the balanced ecosystem, this would affect not only the groups 

above this level but also those below. 

Part of a food chain or web which include mayflies is shown 

in Fig.9 • Fron this, which is only a small part of the entire 

structure, one can begin to see how complex the organisation can be. 

fig 9 part of 

a food web 

"Onef\ 

\ ~ 
~/~ 

fragments_--.----) Algae leaf detritus Diatoms 
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To say that the animal ,groups which are in this system are 

not particularly dependent upon each other is at the very least a 

debatable point, and it is difficult to agree \dth Sprague when he 

suggests that there is no particular interaction (SPRAGUB, 1971). 

As can be seen from the above figure, the mayfly occupies a 

position in the food web and as such wil l be preyed on by several 

carnivor types higher up in the web , these in turn will form the food 

of top carnivores which may have a certain economic importance (i.e. 

fish of various types). Mayflies, therefore , play an important part 

in such ecological webs , all the more so because they are a widely 

distributed group, as the f ollowing maps showing the distribution of 

the three species used in this study show. 

o 

• 

E.venosus R.semicolorata B.rhodanl 

o 1011 140 Joe> ..","'Irt$ 
• « t f 

Fig .IO Distribution of mayfly species used in this study 
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There is also a certain amount of data which shows that 

where mayflies are found in a river or pond, they form a sizeable 

proportion of the biomass found within that particular ecosyste~. 

The following is an extract from a table showing the numbers of 

animals, of different groups, found in a fairly typical habitat 

(Fordwood Beck). 

TABLE 7 Animals of different ~roups found in Fordwood 
Beck 

(For complete table see f1ACA."'{,T.T. 'Freshwater Ecology', 
pp. 17-19) 

Taxonomic group Number of animals P!tJ' square ~etre 

Platyhelminthes 48 

Molluscs 42 

Crustaceans 1432 

Mayflies 1809 

Stoneflies 445 

Beetle (larvae) 17 

Caddis fly 304 

In the case of ponds the same large numbers of mayfly can be 

shown, as in the following table. 
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TABLE 8 Numbers of animals in Hudson's tarn living among 

growths of Carex and Littore11a. (See MACAN,T.T. 

'Freshwater Ecology' for full table.) 

Taxonomic grouR Carex Littore11a 

Annelid worms 54 

Molluscs 45 

Crustaceans 18 

Stonef1ies 

lo1ayf1ies 10,152 4158 

Dragonflies 2862 1518 

Caddisf1ies 162 144 

Beetle (larvae) 19 

Arachnids 216 79 

The mayfly can, therefore, be seen to be a widely distributed 

insect, and one which occurs in large numbers within ecosystems. 

These are two qualities which make the aquatic stages of this insect 

good subjects for study. They are comparatively easy to collect in 

sufficient numbers and their wide distribution could also make them 

suitable types for use as indicator species. Also they are of some 

commercial importance, since they have been found to be among the 

species which form the principle day foods of the Trout (ELLIOTT, 

1967) • 
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Life Histories 

Generally, the Ephcmeroptera show three types of Life History 

(LA~WFORD, 1971) which can be summarized as follows: 

1. Nymphs that hatch in late summer or early autumn and grow to 

maturity as the temperature falls. These can be termed winter 

growers and R. semicolorata fits best into this category. 

2. Nymphs that hatch in spring or early summer and grow to maturity 

during the warmest part of the year. These ure therefore called 

summer growers and E. venosus is an example or this type, 

although it can also have a slow-growing winter generation 

(RAWLINSON, 1939). 

3. Nymphs that are P!esent all the year round. in various stages of 

development, though growth is slow or almost stopped at certain 

times of the year. These species may have two generations eve17 

year or a prolonged emergence period which can stretch from 

April/¥~y to September/October. B. rhodani is an example of 

this type and has a main emergence period from May to early June. 

The role which temperature plays in the several life history 

phases is not yet all that well understood, but each species seems to 

be tolerant of a fairly wide range of temperature. Ephemerella 

ignita, for instance, wh~~h appears only during spring and summer, 

o 0 shows that it is tolerant of a natural range of from 8 C to 22 C in 

the Severn (L~GFORD, 1971), and Heptagenia sulphurea can survive the 

t d to OOC h 1 whole tempera ure range own w en new y hatched. These 

tolerances may be explainable by the nymphs exhibiting some resting 
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phase or diapause until conditions are suitable. !1ACAU (1957) htl S 

suggested that R. semicolorata avoids a too-early emergence by what 

may be a diapause stage in the large nymphs. ELLIOTT (1967) has 

recorded e~erging sub-imagines of B. rhodani as late as November on 

Dartmoor although none could be found on the Severn. Here, however, 

it could be lack of food in the winter that is the factor for 

arrested growth and final development. 

The ability of species to tolerate a wide temperature range at 

different stages in their life history could be a very significant 

factor, since it has been sUggested that this ability is sufficient 

to enable the nymphs to withstand and survive even abnormal tempera-

ture conditions provided that these are not sustained. Also, a 

resting or diapase stage may have a significant effect on the 

apparent effect of a toxicant on test animals especially at the 

extremes of temperature ranges. 

Activity 

It has been found that there is a strong interrelation between 

the oxygen consumption of the nymph of Cloen dipterum (L) and its 

motor activity (NAGELL, 1973). Her~ variation of oxygen consumption 

at certain dissolved oxygen concentrations is explained by a 

variation in motor activity. Since oxygen consumption could have 

some effect on toxicity in terms of a general slowing down of 

metabolic rate, some information regarding normal activity patterns 

of some species of nymph would be useful. 

ELLIOTT (1968) made a study of the daily activity patterns of 
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several l1ayfly nymphs including. those used i.n this investigation. 

He found that the nymphs of all the species that he studied showed 

constant patterns of activity under conditions of natural 

illumination, fairly constant temperature, oxygen consumption and 

flow rate. Activity was found to be greatest at night. B.rhodani 

was found to be generally the most active of the three species with 

R. semicolorata being the least active. Also, ELLIOTT found that 

continuous light or darkness did not change the activity pattern 

from that exhibited in natural illumination, although he did find 

the nymphs to be negatively phototaxic and in flo ..... ing water all the 

nymphs were strongly positively thigmotaxic. It is interesting 

that he found that in all except one of the nymph species the d&.:Uy 

activity patterns changed markedly when the flow of water ceased. 

In still water he found that there were alternating periods of high 

and low activity throughout a period of 24 hours. B.rhodani showed 

a nocturnal periodicity in both drift rate and activity. The 

general conclusion arrived at by ELLIOTT in this study was that 

periodicity is probably controlled by light intensity and an 

endogenous rhythm. In normal conditions, however, (in terms of 

water current) mayfly nymphs show a diurnal rhythm which, once 

established, is not affected by eithar light or temperature. It has 

been suggested that this rhythm is developed very early in life 

(HARKER, 1953). Since such rhythms are more than likely to some 

extent inherent there may be a tendency for each species in a stream 

to develop its own r!1ythm wit1~in a specific microhabitat. This is 

due to t~}e fact t:1at the chcinces of the ~la.yfly fauna of one stream 
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mating with that of another are limited, due mainly to the short 

life of the sexually mature fly. 

Although liGht may not have any extensive effect on the 

general diurnal rhythm of r·iayflies there is evidence that it exerts 

an effect on orientation within these broad patterns of activity 

(HUGHES, 1966). Working with the nymph of Baetis Harrisoni, HUGHES 

found that there is a dorsal light response which orientates the 

animal in such a way that light is kept perpendicular to both the 

long and transverse axes of the body. This response maintains, or 

at least helps to maintain, the animal's normal dorso-ventral 

orientation in its natural enviror.ment. When there is no overhead 

light source disorientation occurs and this leads to an inability of 

nymphs to land effectively on the substrate. This observation could 

explain the phenomenon of drift in running waters at night. Also, 

there is a greater degree of activity at night due to periodicity 

which would also contribute greatly to factors causing more drift in 

the dark. HUGHES (1966) has carried out further work in which he 

has shown that the response of nymphs to various properties of light 

are important factors contributing to the nymph's selection and 

maintenance of their respective microhabitats. 

* * * * * 
Thp. interrelationstip between nymphs and habitat is a complex 

one, so that it is unlikely that all the factors which should be 

taken ir.to consideration when carrying out laboratory studies are. 
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Nevertheless, it is of some importance to attempt to come as close 

as possible to natural conditions in the laboratory if the results 

obtained here are to be directly applied to the natural situation. 

If, for some factors, this is not practically possible then these 

should at least be borne in mind when the time comes to interpret 

results. 



Chapter 4 

THE TOXICITY TESTS, AND 

METHODS OP DATA PROCESSING 
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INTRODUCTION 

As a consequence of the time which toxicity tests require this 

section forms the bulk of the experiments carried out in this 

investiga tion. The pattern they have followed is that which see~s 

now to have become a fairly standard and familiar one to those who 

have worked in this field and it does not seem very w()rthwhile to 

reiterate the theoretical concepts behind this general pattern, since 

this has been covered in an earlier chapter. Points worth mention­

ing and explaining will be dealt with as they occur in the 

description of the tests themselves. It is hoped that some clarity 

will be gained as a result of the bulk, which is always the result of 

repetition, being lost. 

The general aim of this long series of toxicity tests has been 

simply to gain data to which can be applied the techniques of 

processing leading to the production of Tlm curves and probit 

analyses. This data has been obtained from toxicity tests carried 

out with various complicating factors in an attempt to obtain a basic 

profile of the animal's reactions when subjected to various concen-

trations in different conditions. All these tests have been carried 

out in the laboratory and are therefore subject to certain limits of 

interpretation if the results obtained from them are ever used, or 

even viewed with the intention of imparting to them some pructical 

application, such applications lying out~ide the substance of the 

actual results themselves as they stand. 
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The scheme or programme which the toxicity tests followed is summed 

up in the following table. 

TABLE Scheme of toxicity tests 

(All concentrations unless otherwise stated are expressed 

in mg/l CuS04) 

Series A Effect of high concentrations (10-200 mg/l) 

Series AA Effect of low concentrations (10-1 mg/l) 

Series B Comparison of effects of other salt of copper 

Series C Effect of temperature on toxicity 

Series D Effect of pH on toxicity 

Series E Effect of hardness on toxicity 

Series F Investigation of possible delayed action and 

sub-lethal concentrations 

The experimental set-up for all these tests was the same 

throughout and will be described now. 

The tests were carried out in a perspex 'race-track' channel 

which was provided with an electrically driven paddle-wheel ao that 

a unidirectional current of water could be maintained throughout the 

test period. Providing this current is of some importance, since 

still water might possibly interfere with the respiration of the 

animals. The reasons for this have already been explained. 

The race track was provided with entry and exit ducts so that 

a continually fresh supply of test solution could be provided. This 

was fed into the channels by means of a peristaltic pump which 

conveyed the test solution from a 20-litre bottle to the channel. 
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In addition, the channel was also supplied with a water heater 

controlled by a mercury/toluene thermost~t. A diagrammatic 

representation of this set-up is shown in'Fig. II As can be seen, 

a duplicate race-track to that described above was used for a 

parallel series of control runs. Both race-track channels were 

fitted with PVC gauze screens 50 that the animals could be confined 

to one area of the track. This was thought necessary to avoid loss 

of animals through the overflow outlet and to prevent possible damage 

of animals by the paddle wheel. 

counts much easier. 

Also it made observations and 

The test solutions were made up in distilled water to which 

was added essential ions. The chemical make-up of these solutions 

was modified from that recommended by the Report of the Technical 

Committee on Fish Toxicity Tests published by the Hinistry of Housing 

and Local Government in 1969. This recommends the addition of 

calcium chloride, sodium chloride, sodium nitrate, magnesium 

sulphate, sodium sulphate and sodium bicarbonate. In the test 

solutions used in this investigation the sodium bicarbonate was 

omitted since the bicnrbonate radicle would have combined with the 

copper to give an insoluble copper compound which "TQuld be 

precipitated. Stock solutions containing all the ~~emicalB listed 

above except the last were therefore made up. In ell cases except 

for Series E test 'linters were made up with the following 

specifications. 
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TABLE 9 Specifications of test waters (mg/l us CaC03) 

Ca Alkalinity Acidity Total hardness 

19.4 45.5 140 10.3 

These figures represent the average values for the entire 

range of concentrations (i.e. 1-200 mg/l). The values were 

achieved by the use of a buffer solution, which was used to prevent 

the acidity value increasing in the more concentrated copper 

solutions. This accounts for the rather high alkalinity value. A 

fuller list of values for the test solutions 1-200 mg/l.CuS04 is 

given later. 

These solutions were never made up more than 12 hours before 

they were needed and stored in a cold room at a temperature of 

about 50C. 

Procedure 

The method used in the toxicity tests was the same throughout 

the entire series. The test solutior.s were poured into their 

respective race-tracks and brought up (or down) to the experimental 

temperature. The animals were usually given a period of acclimati-

zation by placing them in a control test solution for a period of not 

les3 than six hours. They were not starved during acclimatization 

and were provided with a good supply of air as it was not possible to 

keep them in moving water for this period. It was hoped that this 

procedure would avoid shock effect, p.specially in the case of tests 
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carried out at higher temperatures and extremes of pH. In relation 

to the animals it might be a good thing to digress slightly at this 

point to go into a little more detail regarding their treatment. 

Most of the animals used for this work were obtained from the 

River Coquet at a site about 2t miles south of Rothbury. They were 

collected from the river bed by means of a fine mesh hand net which 

was used to dredge small stones from the bed. These were trans-

ferred to an enamel tray and the nymphs collected with a glass bulb 

pipette. At this stage animals which were seen to be damaged were 

discarded. The nymphs collected in this way were placed in a glass 

bottle of river water for transportation to the laboratory. The 

collecting period was usually 1 - 1t hours and the numbers of nymphs 

collected in this time varied considerably. Normally the Coquet at 

the collecting site is about 18-24 inches deep and in these 

conditions it is possible to collect 80-150 nymphs. However, the 

Coquet easily floods and in flood it is difficult to collect, since 

many animals will have been swept downstream. 

In the laboratory the nymphs were kept in a large perspex 

race-track supplied with a ~ari~ble speed paddle wheel, aerator and 

water cooler. The water here was a mixture of river and tap water, 

and by providing stones and vegetation it was possible to keep nymphs 

alive and so build up a stock for use in tha experiments. It was 

found that loss of animals due to mortality and metamorphosis was 

reduced if th~ water temparature was not allowed to rise above 10°C. 

Animals required for toxicity tests were collected from this 

artificial stream with a glass bulb pjpette and transferred to a 
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beaker for the acclimatization period. For the tests 20 animals 

were used, 10 for the test chalmel and 10 for the control. Prior 

to transferring the nymphs to the actual test channels they were 

treated as described above. The nymphs were then placed into the 

channels and the experiment was started by switching on the 

peristaltic pumps, so that a flow of fresh solution began entering 

the channels and starting the paddlewheels. The water heaters, 

being thermostatically controlled and being already set at the 

required temperature, needed no further attention. 

Observations of survival were made every half hour throughout 

the duration of the experiment for all series except AA and parts of 

F. In Series AA observations were made every 12 hours since the 

time span here was much greater than that of the other series. In 

all series (except AA) the temperature and dissolved oxygen concen­

tration (and pH in the case of Series D) were monitored every three 

hours by means of an ordinary centigrade mercury thermometer for 

temperature and the use of the Winkler method for dissolved oxygen. 

Qriteria for death 

One may ask how it was decided at what point test animals 

could be declared to be dead. For the purposes of this study an 

animal was considered dead when All movement had ceased for a period 

of not less than one hour, i.e. if no movement could be observed in 

a nymph during two observation periods. A small glass rod was used 

each time to try to elicit a response to tactile stimulation. 

This was the ultir.:ate and absolute criterion which was used 
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but there are several stages which the nymphs can visibly be seen to 

go through from the time they are placed in the toxic solution to 

the time of death. The remarks which are entered in the data sheets 

(see appendix) for the toxicity tests are based on these stages, so 

it would be well to describe them here with special emphasis on the 

way they are used to describe in a few words the states of the test 

nymphs as the experiment proceeds. 

1. 'Activity' or lactive' 

These words are used to signify the normal state of the animals 

when they are first placed in the solution unless they are accom-

panied by a qualification. Here the nymphs can be seen swimming 

and clinging on to the sides of the channels and retaining meshes 

with their bodies arched characteristically. Also they respond 

very rapidly to tactile stimuli. 

2. 'Animals on backs' 

This seems to be the first real indication that something is 

wrong. lIere a nymph can be seen on its back at the bottom of the 

channel. If touched with a glass rod it will either right itself 

and swim away or will remain on its back but still move its legs 

energetically. An entry of an animal ueing on its back was only 

made on the data sheets if it feiled to swim after a tactile 

stil!lulus. 

Often animals would remain on their backs with their legs making 

energetic movements without the need of any stimulation. Here the 

bodies wOl1.Jd still be well ar~hed backl-:ards'- lfhis arching of the 
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body and the general way in which the nymph 'held' itself became an 

important diagnostic feature in determining the state of a 

particular nymph. 

3. 'Animals on backs and weak' 

Here the nymphs stay on their backs for long periods of time and 

fail to respond to repeated tactile stimuli. The legs still move, 

but only sporadically. The gills are still moving, but only 

intermittently. The bodies are beginning to lose the arching. 

4. 'Animals on backs and very weak' or 'very w~ 

Here no movement of the legs can be seen at all, even when 

mechanically stimulated. Only the gills can be seen to move, these 

movements being weak and era tic. The legs are becoming withdrawn 

and held close to the body. No movement can be observed of the 

antennae. 

5. Death 
, 

The antennae, gills and legs show no movement and cannot be made 

to move by tactile stimuli. The legs are completely bunched, close 

to the ,,-entral surface of the body. The body itself has assumed a 

characteristic 'slouch' in which there is no trace of a dorsal 

arching, this has been replaced by a ventral bending of the body 

along its longitudinal axis. 

What have been deocribed here are the main terms used in 

describing the nymphs during the course of the toxicity tests. 

Other. terms which are fairly self-explanatory are also used from 

time to time. 
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THE TESTS 

Series A 

This series consisted of a set of toxicity tests designed to 

give a basic profile for copper toxicity over a range of concentra­

tions. As such, it must be considered a preliminary series. The 

concentrations used were 10, 20, 50, 100 and 200 mg/1itre of copper 

sulphate 0 These were made up in distilled water containing the 

ions as described above. In the higher concentrations a buffer was 

used to prevent the resulting acidity producing too low a pH value. 

This precaution was also carried out in subsequent tests where high 

concentrations of copper sulphate were used. 

All three species of nymph were used in this series and as 

far as possible precautions were taken to ensure that the treatment 

given to all three species was the same. In all cases 10 nymphs 

were used in each test, with another 10 in the control channel. 

High concentrations were used in this series because it was 

found t~at, given the right environmental conditions these animals 

were very resistant to abnormal copper amounts in the water. 

Therefore, early in this investigation it was decided to have a 

separate section dealing with the lower concentrations to try to 

establish thresholds of toxicity. 

Series AA 

The object of this series was to try to find threshold concen­

trations at which copper would start to exert a chronic toxicity 

effect on the nymphs. The concentrations used were 10, 7, 5, 3 and 
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Observations were made every twelve hours, since 

most of these tests spanned several days to two weeks and counts 

every half-hour would not have been a practical possibility. As in 

Series A, dissolved oxygen and temperature were regularly monitored, 

in this case at 12-hour intervals. 

Since these tests were so long it was necessary to provide 

the animals with vegetation so that they could feed normally. The 

vegetation supplied was grown in a specially prepared copper-free 

medium to ensure that the only source of copper came from that in 

the test solutions. Also the plants were killed by boiling in 

distilled water before placing them in the experimental channels to 

prevent any copper uptake by them. This was probably an extreme 

precaution since the amount of plant material used compared to the 

total volume of test solution was very small indeed. 

The introduction of vegetation introduces a small unknown 

factor in that feeding nymphs will also be taking in somo water 

through the mouth. If this is the method by which coppGr enters 

the body from the external medium then differential rates of feeding 

in individual nymphs may introduce a non-measurable factor, albeit a 

very small one. Whether this makes any difference in the long run 

is a debatable point, but it seems to me that active or incidental 

drinking in of the medium could make a not negligible difference to 

the apparent toxicity of a substance as measured by normal methods. 

To test this out two runs were carried out, with a fairly high 

concentration to give a quick result, in which plant material was 

supplied in one channel but not in the other. The result, using 



this crude technique, showed no significant difference in the 

survival curves of the two sets of nymphs. lw!ore sophisticated 

experiments into this detail could, however, be carried out to 

resolve the problem fully. 

Series B 

Here a concentration range similar to that used in Series A 

was employed, but in this case different copper salts were used. 

These "Tere copper ni tra te and copper chloride. It was thought a 

good idea to do this to check any possible effect that the sulphate 

radical could be exerting in the overall toxicity. If copper 

chloride and r~trate gave the same or at least very similar results 

as each other and copper sulphate it would be reasonable to assume 

that these radicals did not contribute to the toxic action of the 

salts, i.e. it would be the copper that was responsible for 

toxicity. Also in this series a number of runs using magnesium 

sulphate were made to test for any effect of the sulphate radical. 

The concentrations used were fairly high and adjusted so that 

the actual copper content in each case was the same, i.e. 

84.7r.,t~/1 cupric chloride - 40 mg/l copper 

152.1 rr.e/1 copper nitrate - 40 mg/l copper 

1006mg/1 copper [;u~phate - 40 mg/l copper 

'i'his series was restricted to one r'.ln at this concentration 

for each species of nymph. 

analysis. 

The results were subjected to a probit 
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Series e 

This series was carried out in order to determine the effect 

of temperature on the toxicity of copper, i.e. once survival curves 

had been established at a given temperature I wanted to find out bow 

these curves were affected by changes in temperature. 

All the series described so far were carried out at a temper­

ature of 100 e, this being taken as a reasonable temperature to use 

as 'normal'. In nature, however, there are sometimes drastic 

temperature changes and it is important that something is known about 

the effects these changes are going to have on the action of possible 

pollutants in natural waters. Also, industrial processes often 

require cooling water which is extracted from a river and then 

returned to it at a much higher temperature, thus increasing the 

overall temperature of the water for quite considerable distances. 

Calculated safe levels for a certain effluent become, as a 

consequence, meaningless unless the effect of temperature on its 

action is investigated also. 

To give a very general idea of natural temperature variations 

in water bodies a very brief summary of thermal conditions in 

different types of lakes is here included (b~sed on YOSHHlURA, 1936a). 

1. Tropical lakes 

These have high surface temperatures of 20 to 300 C. They 

have a swall annual amplitude of variation and a small thermal 

gradient. 

2. Sub-tropic~l lak~~ 

These have 8 sUl'face temperature ne'ler below 40 C. The 

annual variatio:'l is large o.nd ther:::lal gradicmts are large. 
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3. Temperate lakes 

These have a surface temperature above 40 C in the summer and 

below 40 C in the winter. 

variations are large. 

4. Sub-polar lakes 

Thermal gradients and seasonal 

These have surface temperatures of above 4°C only for a short 

time in summer. The thermal gradient is small. 

5. Polar lakes 

These have surface temperatures always below 40 C. 

Taking a global view, therefore, it can be seen that temperature 

variations occur naturally from one part of the earth to another, 

without the intervention of man. Generally temperatures vary from 

300 C to below 40C and often there are rapid changes in temperatur~ 

within individual bodies of water. 

In rivers there are also climatic variations in water 

temperatures, as well as marked seasonal variations within each 

river. Added to this there must be the consideration that the 

temperature of the water in arlver will vary according to its 

different zones. Therefore, headstreams, which are likely to be 

torrential, will generally have comparatively low temperatures with 

little seasonal variation, whereas lower, broader and slower reaches 

will be warmer and subject to a greater seasonal variation. 

Taking these several considerations into account it would 

seem that some knowledge of the way a toxic effluent is likely to 

behave under different temperature regimes is essential before any 

widespread application of that toxicant which, as in the CBse of 
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copper, may be quite deliberate, i.e. as an antifouling agent, or as 

an incidental part of some industrial processes where an unwanted 

by-product is ejected into water systems. 

This series, which was a large one, was therefore planned to 

give some basic information regarding the effect of different 

temperatures on the toxicity of copper. The temperature range used 

was 5, 10, 15, 20 and 250 C. Each of these temperatures was used in 

conjunction with the range of concentrations used in Series A. 

Copper sulphate was used and the procedure was identical counts of 

survival being taken every half-hour. The required temperatures 

were achieved by use of the submerged water heaters described above. 

An acclimatization period at the test temperature was allowed for all 

three species. 

The dissolved oxygen was kept as constant as possible by 

regulating the water aerator, but here there is some variation 

throughout the series in that the test solutions at the lower end of 

the temperature range do have more dissolved oxygen than those at 

the higher end (see data sheets). Again, dissolved oxygen and 

temperature were monitored every three hours. 

Series D 

This series of runs deals with the effect of varying pH on 

the toxic effect of copper. pH, like temperature, can vary because 

of causes both natural and unnatural. Variatiol1 due to natural 

factors, e.g. local geology through which a river runs or on which a 

lake lies are not normally very great, but they have been large 
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enough to make it possible to classify rivers purely using pH as a 

criterion of classification. Thus, in 1961 HARRISON and AGNEW 

classified three types of rivers according to pH, as follows: 

1. pH 5.0 to 5.9 

2. pH 6.0 to 6.9 

3. pH 7.0 to 8.5 

The pH of a river or lake can have far-reaching effects on 

the type of fauna and flora that will be found living in them, and 

many species of animals or plants may be excluded because the pH is 

too high or too low. Although the pH variation due to natural 

causes may be small between one river and another or one lake and 

another, and although fluctuations within each river or lake may be 

negligible, by-products of industrial processes could change the pH 

of a water system drastically. As with temperature, therefore, pH 

must be considered as a possible complicating factor as it' could 

affect the toxicity of copper. It is important, therefore, that 

some basic knowledge of what this effect might be is attained. 

In this series four pH values were used, 3, 4, 5 and 7. pH 

values above 7 were not used since apove this value copper is 

precipitated out of solution and therefore would be effectively 

removed as a potential toxicant. 

The required pH values were obtained by the addition of 

previously calculated amounts of sulphuric acid. For this series 

the controls consisted of test water made up to the specifications 

given above, but at the pH of the test, i.e. the test an~ control 

solutions were identical except, of course, for the absence of 
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copper in the control water. This was done in order to determine 

the effect of ~H alone at the same time as determining this 

superimposed on copper of different concentrations. These 

concentrations were 10, 50 and 200 mg/l CuS04. The l~ns were, 

therefore, as follows: 

pH 7, 5, 4 and 3 with 10 mg/l CUS04 

pH 7, 5, 4 and 3 with 50 rug/l CUS04 

pH 7, 5, 4 and 3 with 200 mg/l CuS04 

The temperature used for this series was 100 C and the pH was 

monitored every three hours using a portable pH meter. Samples of 

water were taken from the overflows of both test and control channel 

and tested with the rueter. 

Series E 

This series deals with hardness as a complicating factor. 

This factor has also been used in the past as a basis for the 

classification of water systems. Hardness is, therefore, also a 

factor which fluctuates enough in nature to make it possible to 

differentiate between bodies of water and river systems. In 1933 

BUTCHER described four types of river using hardness expressed as 

ppm of calcium carbonate. These were: 

1. No Ca (highly acid) less than 2.0ppm calcium carbonate 

2. Slightly calcareous. 2.0 - 10.0ppm calcium carbonate 

3. Moderately calcareous. 10.0 - 20.0ppm cnlcium carbonate 

4. Highly calcareous. More than 20ppm calcium carbonate 
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Another example of such a classification is that of OHLE(1932): 

1. Ca poor. 0 - 14 mg/l CaO 

2. Intermediate. 14 - 36 mg/l CaO 

3F Ca rich. 36 + mg/l CaO 

and in 1955 DITTMAR used the association between calcium and 

magnesium and prod:l.1.ced a classification based on two types of river: 

1. Gammarus. Ca/r1g ratio greater than 2/1 

2. Niphargus. Ca/Mg ratio less than 2/1 

Hardness, being variable, could therefore be a factor that 

affects the toxicity of a substance; in fact, it haD been shown that 

a high calcium content reduces tho toxicity of heavy metals to 

organisms (JONES, 1938; HERBERT and WAKEFORD, 1962). 

By altering the amounts of stock solution added to the test 

solutions it was possible to obtain the following range of hardnesses 

in the test and control waters: 

Total hardness mg/l CaC0
3 

Calcium Magnesium 

1 • 102.6 79.6 23.0 

2. 64.5 45.5 19.5 

3. 38.8 27.3 11.5 

4. 10.3 7.9 2.4 

5. 6.5 4.5 2.0 

As with Series D, each of these hardnesses was used with 

copper sulphate concentrations of 10. 50 and 200 mg/l for all three 

species of nymph. The hardness of the solutions was determined by 

the EDTA titrimetric method for calcium and the gravimetric method 

for mat~nesium. Both of these methods are de~cribed in Standard 
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Methods for the Examination of Water and Wastewater. 11th Edition, 

.1.9.§Q. 

Series F 

All the series so far described have dealt with essentially 

chronic toxicity in a variety of conditions, i.e. the experiments 

have been continued (in most cases) until all the animals in the 

test channels have been killed by the copper in solution. Series AA 

dealt with the threshold concentrations at which copper just began 

to exert a toxic effect. This series (F) is an attempt at 

obtaining information regarding sub-lethal concentrations not in 

relation to chronix toxicity but in relation to recovery of the 

animals after they have been exposed to toxic solution for certain 

lengths of time, removed from these, and placed in a non-toxic 

solution. Here the aim of the experiments was to place the animals, 

as before, in known toxic solutions for v-arying periods of time and 

then to measure the recovery rate. 

The same range of concentrations was used as in Series A and 

the experimental set-up and procedure was identical, except for the 

fact that in this case the animals were fed during the course of the 

experiment. The exposure periods varied according to the strength 

of solution. A table summarizing this is given below. 
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TABLE 10 Summary of exposure times for Series F. 

Cone. mg/l Exposure times in hours 

CUS0
4 

10 2 4 6 8 10 12 

20 2 4 6 

50 2 3 4 5 

100 2 3 4 

200 1 2 3 4 

The aim in choosing these times has been to give a range of 

times, the maximum of which is within the time taken for copper to 

begin having a toxic action (as measured by mortality), this 

information being obtained from the results of the toxicity teste 

constituting Series A. 

After each of these time periods expired the animals were 

removed carefully and placed in a beaker containing well aerated 

test solution (copper free) while the perspex channel was drained 

and thoroughly washed out several times with distilled water and 

then filled again, this time with copper-free test solution. The 

animals were then replaced and the experiment continued, keeping to 

the original timing for that run. A control perspex channel with 

copper-free solution was also maintained throughout the runs, as in 

all the other series so far described. Observations ,,,ere made every 

half-hour and the dissolved oxygen and temperature (100 C) were 

moni tored every three hours. up to the time wr.en the anicals were 

removed from the toxic solution. 

For thio series only one of the species was used, B.rhodani. 
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After each of the toxicity tests described above the perspex 

channels were carefully drained of the copper solution and given 

several washings with distilled water. If for some reason another 

test was not to be carried out for several days, the channel was 

filled with distilled water for that period. All tubes, rubber and 

glass were disconnected after each run and carefully washed with 

distilled water. The 20L stock bottles were also cleaned out 

between runs. 

The waste copper solution that left the perspex channel by 

way of the overflow outlet (see Fig.11 ) was discarded. It was 

suggested that an analysis could be carried out of this to determine 

the amount of copper that had, in fact, been taken up by the nymphs 

during the course of the experiment. This was not done, however, 

since these animals were in a continuously replenishing solution 

and during the course of some runs as much as 60 litres of solution 

would have passed through the channels. The size of the nymphs is 

such that so little copper would be taken up from 60 litres that it 

seemed optimistic, to say the least, that this minute quantity would 

be detected. 

For each species used it was attempted to use nymphs of a more 

or lass uniform size throughout the series A to F. In this way the 

data obtained from one run would be more comparable with that of 

another using the same species. No attempt was made to obtain a 

uniformity of size or weight embracing all three species, since the 

difference in size and weight could be a factor contributing towards 

any difference& in the response of the respective species. Any 
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attempt at uniformity between different species would have eliminated 

this difference which would be present in nature. 

All the survival and mortality datu from these toxicity tests 

was entered on sheets showing the time, survival of test and control 

animals, the dissolved oxygen and temperature, together with a 

column of brief descriptive remarks (see above). 
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PROCESSING OF TOXICITY T~ST DATA 

The data obtained from the series of toxicity tests A to F 

was handled mainly in two ,.;8.Y8. It was used firstly to obtain TIm 

survival curves, and secondly it was suojccteu to a probit analysis. 

TIm (median tolerance limit) is really synonymous with LC50 

which stands for median lethal concentrat ion, and expresses the conc-

entration that will give a 50% mortality in a certain period Of time 

for a given toxic substance. This time plotted against 

different concentrations gives a survival curve vThich is a bat3ic 

profile of how animals will react to concentrations of different 

strengths . 

In making a snrvival curve a first plot is constructed from 

the data. Here, concentration is plotted age.inst survival 

(expressed as a percentage of the animals used in a test) at 

different points in time during the course of a toxicity test. 

I 

I 
I 
I 

1\ 
I \ 

II) 
I 
I 
I 

Fig.12 ?irst plot for T1m survival curve 
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When this graph has been plotted a line is drawn through the 

-
different time curves, perpendicularly from the 50% survival pOint on 

the horizontal axis. At the points at which this 50% line 

transects the survival curves is read off a series of concentrations 

from the vertical axis. This new data is then used to construct the 

second plot which is the surviva l curve. This is done by plotting 

the range of concentrations obtained above against time. 

This is preferable to using a simple mean for survival as it 

does, to a certain extent, eliminate extremes of response. 

~oo 
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So 
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These extremes could be due to certain animals being damaged in 

some w~y that would lessen their tolerance to copper, or to animals 

being, for some reason, naturally more resistant to copper than most. 

Using T1m does help to level out such extremes of response, whatever 

their cause, and give what can be taken as a general theoretical 

response for a particular species. The curve also gives a very good 

visual representation of the extent of toxicity at different concen­

trations because, as a concentration becomes less toxic, the time at 

which 50% of the animals will survive increases and the curve becomes 

more horizontal. Once this horizontal part is arrived at and main-

tained over an appreciable length of time, the concentration at which 

it is maintained can be read off easily and can be taken as a 

representation of a threshold concentration of toxicity. 

this procedure that was used in Series AA. 

Probit ana1vsis 

It was 

The above method of using the data obtained from toxicity tests 

is a very useful one, but it is also one in which the concentrations 

are plotted directly on an arithmetic scale. This means that the 

resulting curve could be synroetrica1 only if equal increments in 

concentration at all concentrations resulted in equal increments in 

lethal action. It has been noted in many physiological processes 

that equal increments, in effect, are only produced when the stimUlus 

is increased by a constant proportion o~ a given dosage, rather than 

by a constant amount. It seems probable that this same rule might 

also hold true for toxicological processes, in which case dosage 

would have to be plotted in logarithmic terms to show a 
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uniform increase in kill. This is underlined by SPRAGUE (1969), who 

points out that if cumulated percentaGe mortality or survival from a 

toxicity test is plotted against exposure time, a skewed sigmoid 

curve usually results. This curve tails off more gradually towards 

longer survival times and, SPRAGUE points out, the skew apparently 

results from the logarithmic nature of biological time (GADDUH,1953; 

LECOMTE DU NOILY,1937). This skew can be eliminated by using a 

logarithmic scale on the time axis. As SPRAGUE explains, the 

sigmoid nature of the curve results from variable individllal response 

causing the curve to resemble a cumulated normal curve, or a 

cumulated lognormal curve. This is usually straightened out by 

plotting percentage response (in terms of mortality or surviva.l) on 

a probability (= probit) scale instead of an arithmetic. Probits, 

therefore, express mortality (or survival) in terms of standard 

deviations above and below the mean response, with the value 5.0 

added to eliminate negative numbers (BLISS and CATTEL, 1943). 

There are t,.,o more 'trays in which a probi t analyais could be 

carried out. One of these is by the use of graph paper which has 

been ruled in such a way that a relationship involving the hyo 

functions, the cumulative curve (as ordinate) and logarithma (as 

abscissa), would plot as a straight line. The second method is to 

transform the data instead of the paper to appropriate units. The 

transfor~ation of concentration is no problem, since one has only to 

make use of a table of easily accessible logarithms. For the 

percentage of mortality there was no equally simple and direct way 

out. For this reason BLI~S (1934) derived a ta.ble of arbitrary 
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probability units which he termed 'probits'. It is this second 

method, using BLISS's probit units, that has been used in this study 

and applied to much of the data obtained in the above tests. As 

BLISS points out, this type of presentation of data has the following 

advantages. 

1. It is a test of the theory of toxic action that: 

a) the variation in susceptibility among individuals is normal; 

and 

b) the effectiveness of the dose increases as its logarithm. 

2. It gives a closer scrutiny of experimental techniques to 

determine if the organisms exposed to each concentration were 

truly equivalent, and if the amounts administered experimentally 

were uniformly proportional to the effective dosage over the 

entire range covered by the toxicity tests. 

3. (Perhaps the most important) It shows up any change in the mode of 

lethal action with certain poisons over different sections of the 

dosage range (and in different chemical and physical conditions), 

indicated by an abrupt change in slope. 

4. It is a simple method for expressing, in the slope of a straight 

line, the relative uniformity or diversity between individual 

species in their susceptibility to a poison. 



Chapter 5 

RESULTS 01 TOXICITY TESTS 
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DISCUSSION OF RESULTS 

SERIES A 

Fig.14 shows the TIm survival curves for the species B.rhodani, 

E.venosus and R.semicolorata. As can be seen, in all cases there is 

a marked toxic effect down to 10mg/l copper sulphate since there 

appears to be no tendency for the curves to flatten out and become 

horizontal towards the lower concentration end of the graphs. Also, 

according to this graph, B.rhodani seems to be the most susceptible 

of the three species, with E.venosus occupying a middle position. 

The explanation for this may lie in the fact that of the three 

species used, B.rhodani is the most active. It has the 'fishlike' 

body shape and will, in nature, be the species which will swim the 

most of the three. Thus, being the most active, it will also have a 

higher metabolic rate than either E.venosus or R.semicolorata, and 

therefore can be expected to take up copper and metabolise it faster. 

It is also possible that the fact that B.rhodani happens to be the 

smallest of the three nymphs contributes to its greater susceptibility. 

This question of size being a factor which contributes to the extent 

of toxic effect appears to have some support in the work of VOEGTLIN, 

JOHNSON and DYER (1925). Here it is argu.ed that a thread of 

Spirogyra may weigh only a fraction of a milligram and on exposure to 

a large volume (1oocc) (If very dilute copper sulphate solution 

(1:10 million) enough metal ions are present to exert a toxic effect 

by chemical means. It is true that a thread of Spirofayra is not 

immediately comparable to mayfly nymphs, since very small organisms 

such as algae and bacterJ.a have large surface areas and furnish ideal 

condi tior.s for udsorpiion of the metal ions with SUbsequent uptake 



CONC. 

~g/L 
CUS04 

230 

200 

170 

100 

5 

20 

10 

I 
A 
I 

I 
i 
I 

I 
I 

II 

r\ 
\\ 
F 
\\ 

6 

\ .. 

\\ 
H 
\1. 

132 

FIG 14 SERIES A TLM SURVIVAL CURVES 

B.rhodani 0----0 

E.venosus A-·_·-·-·-·-A 

R.semicolorata .-- -- --I 

,- i 

10 11 
i t 

16 17 
i 

12 
\ 

13 
i --
8 9 

, i 
14 15 18 7 

TiME IN HOURS 



133 

into the cel180 VOE~TLIN and his co-workers, however, went on to 

carry out experiments with tadpoles, and they showed that a copper 

sulphate solution of concentration of one part per million killed 

the smaller specimens in 2t hours. Larger tadpoles survived in a 

solution of 1:500,000. From this they concluded that the larger 

tadpoles were able to survive simply because of the larger mass of 

protoplasm. There does not appear to be a great deal of corrobora­

tion for this observation, except for a study made by PODUBSKY and 

STEDRONSKY (1950), and it is perhaps questionable to make direct 

comparisons between animals of differing pr~la since the method of 

killing by copper is likely to be different. Thus, in fish the 

effect is more a surface one so that small quantities could result in 

a fairly rapid kill, whereas in arthropods which are covered by a 

thick impermeable cuticle the toxicant has to penetrate this before 

it can exert its toxic action. It may be, however, that in gill­

breathing aquatic arthropods the gills are a vulnerable site for 

toxic action. The following is a short list compiled from a wide 

range of data and shows threshold concentrations of copper for 

various animals. It can be seen that Mytilus (a small mollusc) has 

a higher tolerance than some fish, while the cray fish has the 

highest of all with a threshold concentration of 3mg CulL. Here, 

therefore, size does not seem to have any correlation when dealing 

with anima13 from different phyla where factors such as body covering 

and respirFltion methods are likely to be of greater importance. 'rhe 

size factor, however, could be having an effect in determining the 

effects of cOPl'er to three species of animals from much smaller 
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taxonomic groups as in the case of the three mayfly species used 

here. What does seem fairly certain, however, is that all three 

are relatively resistant to copper, E.venosus being capable of 

surviving for a period of about six hours in a concentration of 

230mg/l of copper sulphate, R.semicolorata and B.rhodani tolerating 

concentrations of 200 and 170mg/l copper sulphate respectively for 

six hours. These values are high, however, only with respect to the 

laboratory situation, since in nature six hours is not a long time. 

TABLE 11 THRESHOLD COnCENTRATIONS FOR VARIOUS ANIMALS 

Animal ... 

Trout 

Carp 

Goldfish 

Sunfish 

Blackbass 

Bluegill 

Mytilus 

Crayfish 

Daphnia 

Polycelis ni.?;J'B 

Threshold concentration exnressed.!l.s mgCu/L 

0.09 

0.22 

0.33 

0.89 

1.32 

0.53 

0.55 (CLARKE,1947) 

3.00 (HUBSCHMAN, 1967) 

0.10 (BRINGMANN and KUHN,1959) 

0.31 (JONES,1940) 

Arthropods do in general seem to emer6e as a rather resistant 

group, a quality which can perhaps be explained in termsof the 

possession of an outer covering which is very successful ut keeping 

most things out. 
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SERIES AA (Threshold of toxicity) 

Figs:15 ,16 and 17 show the TIm survival curves for concentrations 

ranging from 1 to about 10IJe/l copper sulphate. As can be seen, at 

these lower concentrations the curves do roach horizontal positions 

and t1:e concentrations corresponding to these parts of the cur\res 

have been taken as the threshoids of toxic effect for each species. 

These values are as follows: 

TABLE 12 THRESHOLD CONCENTRATIONS FOR TID.: THREE SPECIES 

Species Conc. mg/l CuS04 Cone. 171Ct'/1 
-C,'I Copper 

R.semicolcrata 109 0.76 

E.venosus 107 0.68 

B.rhodani 1.2 0.48 

Thus the same order of resistance is exposed herf~ ae tIl Cit shci·m by 

Series A, with ~hodan~ being the first to be affected. 

How do these values fit in with those which have already been 

arrived at for other organisms? Table13 o'31ow shows some of t~ese 

values with those of the mayf,ly species included. 

The arthropods do seem to form a relatively resistant group but 

there is still not enough data available to make this more than a 

cautious generalization. The mayflies seem to occupy a fairly high 

position in terms of tolerance in respect to other organisms. 

It must be said that these threshold concentretions should be 

interpreted as representing only 8. rough or approximate value. This 

is beCWlse for ~ne thing, in biological systems there are rarely 

absolute 0::" f3..xed values. The response of one animal c0mpared to 
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that of another, even of the same species, varies greatly. Values 

obtained by experimental means must not, therefore, be seen 

necessarily to represent a trend or general pattern representing the 

response of certain animals in respect to prevailing conditions 

(which are controlled and fixed in the laboratory), and man~' other 

factors, which are not possible to investigate in a study such as 

this, would probably have an effect on these values. 

TABLE 13 THRESHOLD CONCENTRATIOllS 

Animal 

MOLLUSCS: 

Mytilus edulis 

Mercenaria enigmata 

PLATYHELHINTHSS: 

Polycelis nigra 

ARTHROPODS: 

Daphnil! 

Balanus balanoides 

Crayfish (Oronectes) 

Rithrogena semicolorata 

Ecdvonurus venosus 

Bae ti s rhodani -- . 
CHORDATt;S: 

Catfish 

Perch 

Goldfish 

Carp 

Sunfish 

Threshold concentration (mg/l Cu) 

0.55 (CLARKE,194,) 

0.21 (KLOCK and PEARSON) 

0.31 (JONES,1940) 

0.10 (BRINGMANN and KllHN,1959) 

0.22 (CLARKE,1947) 

3.00 (HUBSCHMAli,1967) 

0.76 

0.68 

0.48 

0.26 

0.44 

0.33 
0.22 

0 0 89 
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SERIES B 

The data obtained from the experiments in this series have been 

subjected to probit analysis. The method used was as already 

described and it was used so that it would be possible to compare 

the effect of three different salts of copper. Any differences in 

the mode of action will show up more easily if one is dealing with a 

set of straight lines. Also this type of handling of data requires 

less experimentation than does the Tlm method. Here only one 

toxicity test was carried out for each salt at a concentration of 

40mg/l copper. Ten animals were used in each test and the actual 

method was exactly the same as that used in Series A • 

. Fig:18,A, B, ~:-.l C showsthe results of these toxicity tests and 

there appearB to be little difference in the actions of copper 

nitrate, copper chloride and copper sulphate. Obviously, the 

further left the line, the greater is the toxicity since the time 

value decreases. In the cases of R.Remicolorata and B,rhodani 

copper chloride would appear to be slightly more toxic, but in the 

graph for ~venosus it appears as the least toxic. These 

differences are small, however, and do not point to any major effect 

ascribable to the non-metallic radicles. 

It is interesting to note that the lines are not only found in 

roughly the same position on the graphs, i.e. between 4 nnd 12 hours, 

but also that their slopes are similar, showing even more similarity 

bet~een the toxicities of the three salts since the angle of slope is 

also an indication of toxicity, i.e. the greater the slope the 

greater the toxicity. 
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It would have been desirable to have carried out more toxicity 

tests but these are time-consuming and this series did not really 

have a great deal of importance attached to it. Also, any great 

difference between the three salts would have been shown up by the 

experiments which were carried out, thus justifying further 

investigation into this aspect of toxicity. 

The test carried out with magnesium sulphate can also be 

reported on in this section. This test, using 100mg/l magnesium 

sulphate with B.rhodani as the test animal, was run for three weeks 

with no mortality in either test or control animals. The animals 

in both tanks remained active throughout and there were several 

moults during the course of the experiment. The experiment was 
~ 

continued after this three-week period but the animals were kept in 

well aerated beakers. After a period of several weeks there was a 

~ mortality in the control animals and a 1% mortality among the 

test animals. 

It is now possible to exclude the sulphate part of the copper 

sulphate from playing any major role in the toxic action. 

The single conclusion that can be drawn from this series is 

that copper is the main, if not the 301e, factor causing a toxic 

action by SoW\IL_C.Of'(Xtl"CDn+ctir.l·~~ sCtl+s. 

have very little effect. 

SERIES C ---

ii'he non-metallic part seems to 

This is a large series and is concerned with the effect of 

tempE"rature un the b1lsic survival curves for copper sulphHte as 
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given in Series A. This series is so extensive because toxicity 

tests have been carried out at different temperatures for each 

concentration, for each species. 

Fig·~. 19 A and B are the TIm plots for the three nymph species 

at different temperatures. From these graphs it is easy to see 

that the effect of temperature is quite marked, causing a more rapid 

mortality as it rises. 

The data obtained from these tests were also subjected to probit 

analysis and the results of this procedure from B.rhodani are shown 

in Fig~ ato e. Here can be seen a gradual shift to the left as 

the temperature is increased, indicating decreasing survival times. 

Also, these graphs show that the effect of concentration is accen­

tuated as the temperature begins to rise, this being especially true 

of concentrations above 20mg/l copper sulphate. In Fig20a, for 

example, the lines for 50, 100 and 200 mg/l are fairly close together 

but as one p~ogresses up the temperature gradient these lines 

gradually :nove further and further apart. This is particularly so 

for the 100 and 200 lines as the beh&viour of the lower concentra­

tions is not SO clear cut. In the case of B.rhodanj. these lines are 

virtually the same at 250C. A similar pattern emerges when these 

resul ts are plotted in a slightly different way (Fig2l a to e ). 

Here the lines for temperature are plotted instead of concentration. 

It is interesting to note that all the slopes are more or less 

the sa~e ttroughout, i.e. they are merely deflected to the left as 

the temperature or concentration increases, the actual angle is not 

BC uniformly affected. If one equates angle of slope with degrees 
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FIG 19 SERIES C EFFECTS OF HIGHEST AND LOVVEST EXPERIMENTAL 
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FIG 20 SERIES C PROBIT ANA LYSES FOR B.rhodani (temperature) 
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FI G21 SERIES C PROBIT ANALYSES FOR B.rhodani (concentratio~ 
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of toxicity it is odd to find that at 250 C with a concentration of 

200mg/l (Le. the most lethal combination of factors), the slope 

actually becomes ~ steep. 

Figs~.~show simple treatments of some of the data but they do 

serve to show that the effect of temperature is similar in all three 

species, with B.rhodani being the slightly more susceptible species. 

Fig.19 shows the effect of the lowest and highest experimental 

temperature on the survival curves of the three species, and Fig, 

was constructed by plotting temperature against 50)& survival at 

50mg/l CuS04 for each of the three species. As can be seen, the 

effect is a marked one. 

The toxicity of copper seems to be markedly affected by 

temperature changes, which is, perhaps, not altogether surprising. 

If we assume that the toxic effect of copper is a truly physiological 

one then it is taking place in an aqueous medium. Somewhere in the 

process or processes involved in the toxic effect it is likely that 

copper ions are moving passively within the tissues of the animal by 

diffusion. A rise in temperature would then cause a more rapid rate 

of diffusion of the copper ions. It is likely also that any active 

mechanism for the transportation of copper ions across membranes 

would be accelerated by a moderate rise in temperature. It is 

possible that irreversible and detrimenta.l biochemical changes 

involving copper are brought about at an accelerated rate due to 

higher temperatures. 
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SERIES D 

Graphs21,Ato C. show that pH does have an effect on the toxicity 

of copper to the three species of Mayfly used. Between pH5 and pH? 

the effect is very slight but below pH5 the toxic effect of copper is 

accelerated appreciably. Without knowing more about the details of 

the actual mechanism of copper toxicity it is difficult to offer any 

explanations as to why exactly lower pH values have this effect. At 

pH values as low as 3, however, it is possible that this in itself 

will have an adverse effect on the animal and in some way lower its 

tolerance to the toxicant. pH is an important factor in most 

physiological mechanisms since the enzymes which control them depend 

on fairly specific pH values for their correct functioning. For 

animals in an aquatic medium drastic changes in the pH of their 

environment could surpass the limits within which compensating 

inbuilt buffering systems are able to function effectively. This 

could explain why a value of pH5 does not appear to ~ave a very 

significant effect on the nymph's response to copper. Also, while 

the hydrogenion concentration of extra-cellular fluids is generally 

near or above pH?, the interior of most cells is below pH? and ~he 

average isoelectric point of cell proteins corresponds to a value of 

pH5. 

At low pIT values, therefore, it is possible that internal 

buffering systems break down so that the correct pH values for the 

functioning of major enzyme-controlled processes are no longer 

maintained. One of these processes could be concerned with the 

active removal Dnd excretion of excess ions, such as copper. 
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Interference with such a process would then produce a much reduced 

tolerance. 

It would be interesting to extend this section to a more 

detailed study of a range of pH values between pH5 and pH7 to give 

a more detailed picture of the effects of small changes in pH on 

copper toxicity. 

SERIES E 

As can be seen, the graphs (Fig23) . show that increased 

hardness tends to lessen the toxic effect of copper. That heavy 

metals are less toxic in hard waters has been known for some time 

now (POWERS, 1939h and the effect is probably due to an antagonistic 

effect between the ions causing the hardness, and the heavy metal' 

ions. In the case of these experiments the respective hardneasAs 

were obtained by increasing the amounts of calcium and magnesium 

salts in the test waters. It has been shown already (JOllES,1938; 

HERBERT and WAKEFORD,1962) that high calcium concentrations reduce 

the toxicity of heavy metals to organisms and the results obtained 

here would seem to show that this relationship holdu true in the 

case of calcium (and possibly magnesium) and copper. 
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SERIES F 

Fig.24 shm'is the graph obtained from the data for this series. 

As can be seen, there is a surprising difference in effect between 

the exposures made at 10mg/l ~nd 20mg/l copper sulphate. Also, 

some of the test animals made a recovery after removal from the 

copper solution, removal merely prolonging the time taken for the 

animals to be killed. As can be seen from the curves obtained, the 

greater the concentration the shorter this period is, and it is 

interesting that the concentrations used should cause this ordered 

effect even after the animals had been removed from the toxic 

solutions. 

The fact that even short exposures to copper at low concentra­

tions causes the death of the nymphs over a protracteu period is 

interesting because it seems to suggest that copper is not being 

excreted after removal from the toxic solutions. It is therefore 

possihle that copper is causing a blocking, or at least partial 

blocking, of urine formation which is not as extreme as in the case 

of nymphs subjected to prolonged exposure but severe enough to bring 

about death possibly as a result of a gradual building up of harmful 

waste products. In the case of exposure to the lowest concentra-

tion for a short period of time the question of copper-induced 

mortality is not so clear cut. Here 10~6 mortality of test animals 

is brought about after a period of about 37 days but by then control 

animals are als() beginning to die (see Fig.24 ). It is possible, 

therefore, that at concentrations lower than 10mg/l copper sulphate 

nymphs ;'lill recover proT.,ridf'd the exposure is not a long one. 
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Whether at low concentrations urine formation is being affected is 

more open to question, since one would expect the consequent build-up 

of toxic substances to bring about n more rapid mortality. It is 

possible thnt another metabolic process such as respiration is 

affected so as to lower the general level of tolerance of the nymphs 

to experimental conditions o 
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SUMI1ARY 

The findings of this section can be summarized as follows: 

1) TIm survival curves have heen determined for the species 

E.venosus, R.semicoloral~ uLd E.rh~. Of these, D.rhodani 

appears to be the most susceptible species. 

2) The thresholds of toxicity of copper have been found for each 

species. These are as follo\'{s (as mfjl copper): 

R.semicolorata 0.76 

E 8 venosus 0.68 

B • rhodani 0.48 

These figures are relatively high when compared to values 

available for other organisms and show these nymphs to he 

comparatively tolerant to abnormally high concentrations of 

copper. 

3) Copper has been shown to be largely responsible for the toxic 

effect of copper salts. 

4) There is a direct relationship between an increase in tempera­

ture and an increase in the toxic action of copper. 

5) There appears to be little difference in the toxicity of copper 

in solutions from pH7 to pHS. pH values lower than 5, however, 

do result in a more pronounced toxic action. 

6) The toxicity of copper is reduced in harder waters. 

7) Even short exposures to copper concentrations of 20mg/l copper 

sulphate and above bring about the death of test animals after 

they are remo\-cd from the copper solutions. The mortality rate 

here is dra"ll out over a much protracted period of time, however. 



Chapter 6 

HISTOCHEMISTRY 
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This section of the investigation is concerned with 

establishing that copper is actually entering the body of the nymphs 

exposed to copper containing solutions. The cuticle of Mayfly 

nymphs is impermeable and the most likely method of entry of copper 

is by way of the mouth, either by active drinking or when the nymphs 

feed. If this is so, then it should be possible to detect copper 

at least within the lumen of the gut • This in itself would not, 
. 

however, be evidence that copper was being taken up by the nymphs 

unless some evidence of absorption of copper through the gut wall 

could be obtained. The most direct method of obtaining such 

evidence seemed to be to use hist)chemical techniques where a stain 

that was specific to copper cO"..lld be employed to provide visual 

evidence of the presence of copper in any of the organs of the 

nymphs. This, it was hoped, would give a rough picture of the main 

areas, at least, of accumulation of high concentrations of copper, 

and that this could be the basis of a more detailed physiological 

study of the problem. 

Materials end rr.ethods 

Nymphs which had been used as test animals in the previo·us 

series of toxicity tests were used for this investigation. These 

were fixed in a formaldehyde-saline fixative which was made up as 

follows: 
Formalin (full strength) 

Sodium chloride, 10% aqueous 

Distilled water 

This fixative has been found useful for general histochemistry. 
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The fixed nymphs were then paraffin embedded prior to section 

cutting. In order to do this it was necessary to dehydrate the 

tissue, and the following procedure was adopted: after washing the 

fixed nymphs in distilled water they were left for one hour in each 

of the following: 50% ethanol, 90% ethanol, absolute ethanol (2 lots, 

one hour each, absolute ethanol-xylene (1:1)), xylene. 

After this treatment the nymphs were placed in melted paraffin 

o and kept in an oven at a temperature of 60 C. The molten paraffin 

was kept in solid watch glasses which had been previously smeared 

with 5% glycerol in 60,% ethanol to prevent sticking. One nymph was 

placed in the centre of the watch glass in the paraffin by meanR of 

heated forceps. By blowing gently on the surface of the paraffin a 

thin crust was mado to form and then the whole watch glass was slid 

below the surface of cold water in a dish. By doing this the 

paraffin block floated out of the watch glass after a few minutes. 

When solidified it was removed from the water and left for not less 

than 24 hours before sectioning. 

This procedure was used for all the nymphs used for 

sectioningo 

Serial sections along the longitudinal axis of the body were 

cut, using a rocking microtome' beginning at the anterior end of the 

nymphs. In addition to this longitudinal sections were also made. 

The visual evidence shown in the plates was taken from a single nymph 

but the results obtained were typical of those obtained from several 

other specimens of E.venosus. 



158 

Steining 

There are several histochemical stains which react with 

copper, and because of the ease with which it can be used Rubeanj.c 

acid (dithio-oxamide (CS.NH» was selected. This detects copper 

and copper complexes by staining them black. Since the sections 

were paraffin-embedded the following procedure had to be adopted. 

The sections were dewaxed in xylene and then placed face down over a 

beaker of concentrated acid for fifteen minutes. The following 

solutions were necessary: 

1. Rubeanic acid 50mg 

Absolute alcohol 50cm3 (this was the rubeanic acid 
stock solution) 

2. Sodium acetate solution 

Sodium acetate 10g 

Distilled water 100cm3 

From these two solutions a staining solution was made up as follows: 

Rubeanic stock solution 2.5cm3 

Sodium acetate solution 50cm3 

The staining procedure can be summarized as follows: 

1. All sections were brought down to water. 

2. The sections were then placed in the staining solution at 

370C overnight. 

3. The solutions were then transferred to 70% alcohol for 

fifteen minutes. 

4. The sections were placed in absolute alcohol for six 

hours. 

5. Finally, the sections were placed in xylene and mounted in 

Canada Balsam. 

This method is based on HOWELL,1959, after OW~OTO and UTANURA. 
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Results 

Plates 1 to 29 show the evidence obtained by using 

histochemical techniques. The distribution of copper in the Ilymphs 

of E.venosus can be grouped into these areas: 

1. The alimentary canal 

2. The nervous system 

3. Other organs 

Fig.25 is a diagrammatic representation of these areas showing 

the approximate levels of the sections from which the photomicrographs 

shown in the plates were taken. Each section is given a~ index 

number which has the prefix T (transverse) or L (longitudinal). 

These indices are referred to in the descriptions that follow and it 

is hoped that they are of some help in placing the sections within 

the general body plan of the nymph. Each plate number is, therefore, 

followed by the index number for that section. 

1. The alimentary canal 

The main region of copper accumulation in the alimentary canal 

is in the region of the mid gut. No copper was found in the fore 

gut (oesophagus) ·which is here, a structure which serves merely to 

conduct food from the mouth to the digestive and absorbing regions of 

the mid gut. The fact that no copper was found here may be due to 

two factors. 

a) The oesophagus in insects is lined with cuticle and is 

therefore impermeable. This means that accumulation cannot be taking 

place in the cells of the wall of the oesophagus. The only place 
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where copper could be expected to be found in this region is, 

therefore, within the lumen. Ingested material probably remains in 

the oesophagus for a relatively short period of time so that unless 

the nymphs are feeding or drinking continuously there is not much 

likelihood of finding very much material in the oesophagus, unless 

the nymphs were killed immediately following ingestion of food or 

water. 

b) Any copper which is within the lumen of the oesophagus is 

not at a high enough concentration to be detected by the rubeanic 

acid. The small amounts of copper in this region may be a result of 

the reasons given in (a) above. 

On reaching the level of the mid gut the presence of copper is 

detectable. Plate 1 (Tt) shows large accumulations of copper in 

both the lumen and the cells of the gut wall. This is the digestive 

region of the alimentary canal and material tends to remain here for 

longer periods of time. A si~ilar picture is obtained a little 

further along the mid gut region - Plate 2 (T2), and Plate 3 (T3). 

Further back, it is interesting to note that the lumen itself 

begins to clear of copper and the majority of the detectable copper 

is in the cells of the gut - Plate 4 (T4). This is seen 

particularly clearly in Plate 5 (T5). The explanation of this is 

that this part of the gut is probably mainly responsible for the 

absorption of the products of digestion and copper is also being 

actively absorbed and so is removed from the lumen of the gut and 

becomes concentrated in the cells of the gut wall - Plates 6 (T6) 

and 7 (T6). 
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PLATE 1 (T1) MID-GUT E. venosus x 100 

PLATE 2 ~2) MID-GUT E .venosus x 100 

PLATE 3 (T3) MID-GUT E . venosus x100 
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x 100 

MID-GUT E.venosus x100 

PLATE 6 (T6) GUT-WALL E.venosus x200 
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The absorption of copper is of great interest since it suggests 

that for a time, at least, copper is being taken up physiologically 

by the nymphs and is not merely being ingested into the lumen of the 

gut(which, strictly speaking, must be considered as being outside the 

animal) and then egested. Absorption also suggests the possibility 

of assimilation with all the implications that this carries in terms 

of possible true physiological effects of copper. 

In the region of the hind gut the level of copper detected 

falls off drastically - Plate 8 (T7), Plate 9 (TS) aud Plate 10 (T9). 

In the terminal portion of the hind gut there seems to be very little 

copper - Plate 11 (T10). 

This apparent disappearance of copper in the hind gut can be 

explained in terms similar to those described in explanation for the 

failure of rubeanic acid to detect copper in the oesophagus. This 

is because the hind gut is similar to the oesophagus in that it, too, 

has a cuticular lining and is, therefore, also impermeable. One 

would not, therefore, expect to find copper in the cells of the wall 

of the hind gut. Small amounts of copper are detectable in the 

lumen, however, which suggests that small amounts of copper are going 

thro~gh the alimentary and are presumably being egested with other 

material being removed from the body. The presence of copper in 

small amounts in this region may be further explained by the 

possibility of active excretion of this ion taking place. The 

excretory organs, the ma1pighian tubules, concentrate waste metabolic 

products from the haemocoel and expel these directly into the hind 

gut. These waste products are not stored here for any great period 
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PI AT~ 7 (Tn) 81 IT WAJ x 400 

PLATEts \Tf) HIND-GUT E. venosus )( 100 

PLATE 9 ~8) HIND-GUT E.venosus X 100 



166 

PLATE 10 (T9) HIND-GUT E.venosus x100 

PLATE 11 ~10) HIND-GUT E.venosus X 100 
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of time so that accumulation giving a stronger reaction with the 

rubeanic acid would not have time to occur. 

The distribution of copper in the alimentary canal of E.venosus 

can be summarized in the following table. Here the presence of 

copper as detected by rubeanic acid is indicated b:,' +, on a scale of 

o to 5, giving some indication, if a somewhat crude one, of the 

relative amounts involved and their spacial distribution. 

TABLE 14 DISTRIBUTION OF COPPER IN THE ALlMENTll.RY CANAL Q!c' E. VENOSUS 

Region of gut Index Lumen Cells of ",al1 Plate 

Oesophagus 

Mid-gut 

Hind-gut 

T1 

T2 

T3 
T4 

T5 

T6 

T7 
T8 

T9 
T10 

++11+ 

+++ 
+++ 

++ 

+ 

+ 

+ 

+ 

+ 

+++++ 

+++++ 

+++++ 

+++++ 

+++++ 

+1111 
++1 H 

+++ 

++ 

+ 

+ 

1 

2 

3 

4 

5 

6 
7 

8 

9 

10 

11 

The results obtained using rubeanic acid therefore show that copper 

is: 

1. being taken into the gut of the nymphs of E.venosus. 

2. being absorbed by the cells of the wall of the mid-gut. 

3. possibly being actively excreted. 
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The amounts involved appear to be large although it is not 

possible, usir.g this technique, to give any quantitative statement of 

absolute amounts. This evidence does, however, strongly suggest an 

internal action of copper toxicit~ especially since no evidence was 

found of any surface adsorption of copper on any externa l surface of 

the nymphs. 

2. The nervous system 

Fig 26 is a diagram of the brain of a typical insect and is 

similar to that of E.venosus. 

protocerebrum optic lobe 

_-,,(1-_deutocerebrum 
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The distribution of copper in the brain is seen to be confined 

to bands in the optic lobes and in more diffuse areas of the proto­

cerebrum and deutocerebrum. Plate 12 (T1) shows a relatively thick 

band of copper within the tissues of the optic lobe and extending 

towards the median region of the brain. Plate 13 (T2a) shows that 

this band persists into the deeper tissue of the optic lobe, and 

Plate 14 (T2b) that the copper continues into the protocerebrum 

region of the brain. (Incidentally, Plate 1·4 also shows a section 

of the oesophagus which shows the absence of copper in thi~ region of 

the alimentary canal.) Plate 15 (T3) shows that copper is present 

in a similar band in the other optic lobe, and Plates 16 (T3) and 

17 (T3) are higher magnifications of this band in the left optic lobe, 

showing that the accumulation is intracellular. 

Plates 18 (L1), 19 (L2) and 20 (L3) show longitudinal sections 

of the brain and parts of the optic lobes. As can be seen from 

these, the accumulation of copper within the brain tissue is 

extensive. 

The brain of insects is really an amalgamation of supra-

oesophageal ganglia. It contains a few motor neurones concerned 

with antennal mO'lements but its main functions are sensory and those 

concerned with coordination. It is responsible for maintaining the 

general tonus of the skeletal muscles as well as controlling the 

local reflexes which are mediated by thoracic and abdominal ganglia. 

Also, the brain exerts an inhibitory action on the sub-oesophageal 

ganglion which has the effect of suppressing unnocessary movements. 



170 

NERVOUS SYSTEM E.venDSUS (ubeanic acid 

PLATE 12 (T1) OPTIC LOBE x 100 

PLATE13 ~2a)OPTIC LOBE x 100 
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PLATE 14 ~2b) PROTOCEREBRUM x 100 

PLATE 15 (T3) OPTIC LOBE )(100 
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PLATE 16 (T3) OPTIC LOBE x 200 

PLATE 17 (T3) OPTIC LOBE x 400 
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PLATE 18 (L 1) BRAIN AND OPTIC LOBE x100 

PLATE 19 (L2) BRAIN AND OPTIC LOBE x100 
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The function concerned with maintaining the general tonus is of 

interest because observations made on many nymphs during toxicity 

tests showed that the loss of characteristic body posture accompanies 

the onset of chronic toxicity. Further, the protocerebrum contains 

the so-called 'mushroom bodies' which are collections of association 

neurones. These are regarded as the most important centres 

regulating behaviour (WIGGLESWORTH,1967), and are highly developed in 

most insects. It is possible, therefore, that disruption of this 

area of the br&in could lead to widespread effects on orientation 

generally. Lack of o~ientation may lead to a higher level of 

activity for a time, due to the reduced ability of the nymphs to 

become attached. This would result in a faster metabolic rate which 

could accentuate the effect of copper if it is a physiological one. 

If this is taking place it is, however, for a short time only, since 

observations made on the behaviour of nymphs during toxicity tests 

show that they actually become ~ active after sever~l hours in 

dilute solutions of copper and after shorter periods of time in 

higher concentrations. It is possible, however, that there is a 

period in the early stages when activity levels are increased, and 

another factor that would contribute to this is the failure of the 

brain to exert its inhibitory influence on tho sub-oesophageal 

ganelion. Observations of nymphs during toxicity tests seem to 

support this idea in that nymphs in copper solutions often lie on 

their backs naking energetic movements with their legs. Thus both 

lack of orie~tation and unnecessary locomotory movements were seen 

to be one result of at least one stage of copper toxicity. 
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PLATE 20 (L3) PAOTOCEREBRUM x200 

PLATE 21 (T4) VENTRAL NERVE CORD x100 
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PLATE 22 (T5) VENTRAL NERVE CORD X 200 
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Effects on the brain as such would not of themselves 

necessarily be a primary cause of death, but nymphs with impaired 

locomotive faculties would in nature obviously be unable to function 

normally in terms of escaping predators, feeding and maintaining 

their position in the stream. This evidence does, however, show one 

level of copper toxicity albeit a secondary one. It does not, 

however, account for the deaths of nymphs in the laboratory 

conditions which take place in what is, after all, a short space of 

time. Nor do effects on the brain account for the graded effect 

where higher concentrations cause faster rates of mortality. It 

seems that since the brain of insects is only responsible for 

sensory and certain locomotive functions, an effect of toxicity on 

this area cannot be seen to be responsible, directly, for mortality. 

The other area of the nervous system which is seen to 

accumulate copper is the ventral nerve cord. • This is a median chain 

of segmental ganglia lying beneath the alimentary canal. As can be 

seen, the accumulation here is small (see Plates 21 (T4) and 22 (T5») 

and does not approach that found in the tissue of the brain. The 

significance of copper accumulation here is of some i~tercst because 

the segmental ganglia are responsible for the control of respiratory 

movements which, in the case of mayfly nymphs, are concerned with the 

movement of the abdominal gills. The gill plate of E.venosus carries 

numerous sensillae which are sensitive to external factors and pass 

the information to the segmental ganglia whic:l initiate an appropriate 

response. The moyements of the gill plates are highly coordinated, 

their function being to bring about a current of water over the gill 
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filaments where exchange of gases takes place. In this way the 

filaments are supplied with a continual stream of fresh water and are 

thus able to exploit its dissolved oxygen content. In the case of 

E.venosus and R.semicolorata a disruption of this mechanism could 

reduce greatly the efficiency of the gill filaments as respiratory 

surfaces. This is not so much the case with B.rhodani since this 

species is found in waters in which the dissolved oxygen concent~ation 

rarely falls to below 4mg/l and so there is no need for accessory 

mechanical aid and the gills are non-motile (WINGFIELD,1937). 

In the case of E.venosus (and possibly R,semicolorata), 

therefore, the implications of copper accumulations in the ventral 

nerve cord can be seen in terms of an in~erference with one aspect of 

respiration. This in itself may not be sufficient to bring about 

death but would contribute to a general weakening, making the nymphs 

less resistant to the effects of copper, 

Other organs 

The other areas of copper accumulation fall into the following 

regions: 

a) the gill filaments 

b) the malpighian tubules 

c) the fat bodies 

a) The gill filaments 

The accumulation of copper in the gill filaments carries with 

it the obvious implications concerning respiration. As can be seen 

• 



179 

from Plate 23 (T2), the accumulation is moderate generally but with 

fairly heavy accumulation in some filaments. 

The gill filaments obtain oxygen that is dissolved in the 

water around them by diffusion. Interference at this pOint would, 

therefore, be due to some sort of physical barrier being set up 

which would prevent this diffusion of oxygen into the filaments. 

Whether this is unequivocally the case here is not possible to say 

from the visual evidence alone, but it is reasonable to expect some 

lowering in the general efficiency of each filament in its role of 

oxygen uptake. This lowering in efficioncy may, of course, b~ very 

small in each individual filament, but could build up to a 

significant effect when multiplied by the drop in efficiency of all 

the filaments on ~he nymph. This accumulative effect may be 

considerable when one considers the number of gills involved. Each 

nymph had seven pairs of abdominal gills each with an average of 

twenty filaments. This gives a total of 280 filaments per nymph of 

E.venosus. Assuming that each tuft of filaments receives about 

equal amounts of copper, this builds up to a sizeable accumulation. 

This effect could be magnified when one adds to it that brought about 

by the reduced efficiency of the gill plates due to interference of 

the segmental ganglia of the ventral nerve cord. It seems possible, 

therefore, that copper could be having an effect on the respiration 

of the nymphs at two sites: 

a) at the gill filaments themselves 

b) at the ventral nerve cord 
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b) The Malpighian tubules (Plate 24 (T1» 

In insects the Malpighian t~bules are the organs of nitrogenous 

excretion. They are, therefore, responsible for the elimination of 

true metabolic waste products as opposed to the egestion of indigest-

ible material. The presence of. copper in these tubules is therefore 

interesting because it strongly suggests that copper is indeed 

travelling through metabolic pathways within the nymph. The actual 
, 

extent of involvement of copper is not certain, however, since the 

Malpighian tubules are also responsible for the maintenance of a 

more or less constant internal environment and so will eliminate 

classes of substances other than ~hose that can be termed nitrogen-

ous. These substances include mineral salts or water which are 

present in excess in the diet as well as others which might u.pset the 

hydrogen ion balance in the body fluids or those which may interfere 

with certain osmotic relationships. From the picture obtained from 

the mid-gut region of the nymphs it seems likely that copper may fit 

into the class of substance constituting a simple excess of a 

particular ion, and can also be seen as a substance which in excess 

would also interfere with certain pH values and osmotic relationships. 

The presence of large amounts of copper in the haemocoel would 

therefore scem to call for elimination by the tubules. 

However the copper is reaching the tubules its presence there 

does indicate that active excretion of the ion is taking place by the 

nymphs. This is interesting in itself because it could be an 

important factor to take into consideration in terms of 'safe' levels 

of copper concentrations. Presumably if the rate of uptake does not 
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PLATE 256-3) FAT BODY x 200 
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exceed the rate of elimination the nymphs would be able to prevent 

accumulation occurring. This would have obvious effects on survival 

times. Also, presumably, the higher the external concentration, the 

faster does the rate of uptake become until the staee is reached 

where the excretory system can ~c longer eliminate sufficient 

quantities of copper and accumulation occurs. This could explain 

the results of the toxicity tests where higher concentrations 

resulted in shorter survival times. 

c) The Fat body (Plate 25 (T3)) 

The fat body is found in all insects. It is found in the 

haemocoel and is therefore immersed in the blood which circulates 

through the interstices of the tissue. The ~ain function of the 

fat body is linked to its position within the cavity of the haemocoel 

and this is to separate from the blood reserve materials and to act 

as a storage tissue for these materials. As can be seen here, 

copper also appears to be taken up and 'stored' by this tissue. 

This is an indication that the amount of internal copper is in excess 

of amounts which could be dealt with by the malpighian tubules. 

B.rhodani and R.semicolorata 

Rubeanic acid preparations made with the other two species used 

in this study showed very similar internal copper distributions. 

Plates 26 - 29 are typical examples. 
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PLATE 26 B.rodani TS mid gut x 200 

PLATE 27 B.rhodani LS brain x 100 
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plate 28 R.semjcolorata LS. brain and 

opt ic lobe x 100 

plate 29 R.semicolorata TS . gill 

fi laments x 100 
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NYMPHS NOT EXPOSED TO COPPER 

Sections prepared from nymphs not exposed to copper solution 

were also treated with rubeanic acid. In this case no area within 

the body produced the black staining characteristic of the presence 

of copper, except for the ommatidia of the compound eyes. This, 

however, was not due to the presence of copper but to the natura~ly 

occurring pigment in these structures. The same black c)loration 

appeared in sections not treated with rubeanic acid. 
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SUMMARY 

1. Rubeanic acid has been used to detect copper in sections of 

nymphs exposed to copper containing solutions. 

2. This technique has demonstrated that copper is being taken up 

and accumulated within certain tissues of the nymphs. 

3. The tissues where copper accumulation occurs are in the 

following regions: 

a) the alimentary canal 

b) the central nervous system 

c) other organs: the malpighian tubules, the gill 

filaments, and the fat body. 

In these tissues the accumulation appears to be intracellular. 

4. No evidence was found to show that copper is being adsorbed on 

any external surfaces although this finding must be qualified by 

the possibility of any adsorbed being lost during fixing and 

staining processes. 

5. The distribution of internal copper is the same in all the 

species studied. 

6. The theoretical implications of these distributions are 

discussed. 



Chapter 7 

EFFECT OF COPPER ON RESPIRATION 
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INTRODUCTION 

In 1926 a study was made on the effect of heavy metals, 

including copper, on the respiration of the fungus Aspereillus niger 

(COOK,1926). Here it was found that an initial period existed 

during which there seemed to be no effect on respiration. This was 

then followed by a sudden and dramatic drop in oxygen consumption. 

Another study demonstrated that in fish, solutions of heavy metals 

produced an initial increase in respiration followed by a decline in 

respiration rate (JONES,1946). 

Apart from these two studies there appears to have been very 

little work carried out into the effect of copper on respiration. 

In the more specific case of aquatic insects there seems to be no 

information available. This study was therefore carried out partly 

to remedy this situation to a small extent. 

In the previous chapter it was demonstrated that copper is 

entering the nymphs, and sO it is reasonable to look for some 

internal, physiological effects and hope to find some indication of 

the type of action involved. 

Respiration is a process basic to the general metabolism of an 

organism and therefore would seem to be a good starting point for 

work which is trying to lead to some explanations concerning the 

action of copper in an organism. Another reason for considerillg this 

a useful starting point was supplied by evidence from Chapter Six 

which showed that copper was present in the 6ill filaments, which 

suggests some action hore. Other sites, also, are p03sicle out 
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respiration provides a relatively easily measurable process when 

looked at in ter~s of oxygen consumption. 

For these reasons it was, therefore, decided that an investi­

gation into the effect of copper on the respiration rates of the 

three species of mayfly nymph_used in this study should be the next 

step. 
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MATERIALS AND METHODS 

In choosing a method for measuring the respiration of the 

nymphs certain conditions had to be satisfied. These were cainly 

concerned with providing an environment as similar as possible to 

the natural so that the respiration rates measured were not subject 

to too many variables. This meant that, taking the ecology of the 

nymphs into consideration, certain methods which have become almost 

standard in the past for the measurement of respiration in aquatic 

invertebrates could not be employed here. These methods fall into 

several categories: 

1. 'Closed-bottle' techniques where the disappearance of oxygen in 

a closed bottle containing a known volume of water is taken to 

represent a measure of the oxygen consumed by the organisms being 

investigated. The main objection against this method is concerned 

with the respiration of mayfly nymphs. As already pointed out in an 

earlier chapter, the respiration of the nymphs of mayflies is closely 

related to their physical environment. The three species used in 

this study are all found in running waters and the respiratory 

movements of their gills is extremely sensitive to this factor, so 

that a current is necessary for the natural functioning of the gills. 

The closed-bottle technique, therefore, in which the nymphs would be 

tested in still water, would present a totally unnatural set of 

conditions against which to attempt to make measurements of oxygen 

uptake. Closed-bottle techniques involving still water were, 

therefore, considered unsuitable for the purpose of this study. 



191 

2. Warburg apparatus. Here the nymphs would also be confined in a 

closed bottle but the water would be subjected to continuous 

agitation. This, however, is also unsuitable because the important 

point about the water movement which is required for these nymphs is 

that it be unidirectional. The Warburg apparatus would not only 

bring about agitation unsuitable for normal respiration but would 

also affect the normal activity of the nymphs, and tnus bring about 

another abnormal factor which would also contribute towards an effect 

on respiration. This would be mainly due to the fact that in water 

producing random movement, as opposed to a unidirectional flow, the 

nymphs would not be able to orientate themselves normally, which is 

a necessary requirement to settling. This could produce higher than 

normal activity. 

The Warburg technique was tried out and these trials showed up 

another factor which made this technique unsuitable. It was found 

that, because of the small volume of liquid used in each vessel, the 

carbon dioxide produced by the nymphs was causing precipitation of 

copper, presumably in the form of carbonate, thus making it impossible 

to test the effect of different concentrations of copper in solution. 

3. There are other methods which do employ a continuous 

unidirectional flow of water, but here the flow is usually very slow 

and nothing like that found in the natural habitat. 

Bearing these objections to the methods us.tally in mind, several 

points emerge which seem to be necessary in choosing a method which 

could be considered suitable. These are: 
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1. The maintenance of a unidirectional flow of water. 

2. That this flow is of a velocity that approaches at least 

that found in the natural habitat of the nymphs. 

3. That the volume of water is sufficiently large so that 

evolved carbon dioxide does not interfere appreciably with 

the dissolved copper salt. 

A fourth point might be added here which does not directly come 

into the above but is of some importance. This is that the 

sensitivity of the apparatus is sufficient to detect changes taking 

place in necessarily large volumes of water. 

The apparatus which seems to satisfy all these points is based 

on a manometric method of measuring oxygen uptake. It consists of 

two parts: 

1. A micromanometer 

2. A respirometer 

1. The micromanometer (Plate 30) 

This instrument was supplied by Furness Oontrols Ltd. It is 

highly sensitive and capable of measuring differential gas pressures 

down to 10 dynes!sq.cm. and converting these to readings on a linear 

scale. 

The measuring consists of two symmetrically ar.ranged cavities 

separated by a metal diaphragm. The diaphragm, together with a 

fixed electrode on either side, forms two condensers which are part of 

the tuning capacities of two tuned circuits. Movement of the 

diaphragm causes a variation in the capacitance between it and each 

adjacent electrode. This, in turn, unbalances the voltage across 
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the tuned circuits and this difference is shown on a meter calibrated 

directly in pressure. 

The pressures to be measured are taken to the measuring head by 

way of two small hose entries on the front of, the instrument (see 

Plate 30 ) • In addi tion to the basic circuits the micromanometer has 

also additional facilities of range switching, giving 2X and 5X 

increases in range. 

2. The respirometer (Fig.27) 

This is constructed of perspex and wide (1-inch diameter) PVC 

opaque grey tubing. It provides a unidirectional flow of water 

which is brought about by a magnetically driven centrifugal pump 

which continuously recirculates the water. The rate of flow is 

controlled by a valve which allows for selection of different rates. 

There is a perspex chamber in which the animals are housed during 

experiments (dimensions, 30cm x 4cm x 3.6cm). This chamber is 

fitted with two mesh screens, one for the inflow and the other for 

the outflow apertures, to prevent loss of nymphs. To this chamber 

are fitted two lengths of narrow-bore tubes (connected by airtight 

fitments). One of these tubes is connected to the micromanometer, 

while the other is for connection to valve the closure of which 

isolates the chamber from the atmosphere. 

The remainder of the apparatus consists of a compensation vessel 

of similar dimensions to the chamber described above. This also has 

similar tubes attached to it and is closed to the atmosphere at the 

same time as the respirometer chamber at the start of each experiment. 
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The air pressure in the compensation vessel acts as a reference 

pressure for differential pressure measurements by the micromano-

meter. This was necessary to eliminate errors due to fluctuati.ons 

in atmospheric pressure and temperature which the compensation 

chamber did by balancing any changes that these factors caused in 

the respirometer chamber. -During the course of experiments the 

whole respirometer, with i ts compensating chamber, .wao submerged in 

a constant temperature water bath. 

The experiments using this apparatus were carried out in a 

basement of the Department of Civil Engineering building. 

The species used for this part of the study were B.rhodani, 

E.venosus and R.semicolorata. These were collected from the same 

site as the nymphs used for other parts of this study. 
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PROCEDURE 

Depending on the size of nymphs available, ten to twenty were 

used in each experiment. All the nymphs used were starved for a 

period of about twelve hours before being used in experiments. This 

was done to ensure Bome degree of uniformity as regards the metabolic 

state of the nymphs,making 'comparisons between different experiments 

more meaningful. Only nymphs that appeared to show normal activity 

were used ,in these experi~ents. 

At the beginning of each experiment the respirometer was 

partially filled with a copper sulphate solution which had been 

aerated for a period of not less than one hour. The oxygen 

concentration of this was determined using the Winkler method and 

solutions of as uniform dissolved oxygen content as possible were 

used. The solution was poured into the respirometer through a 

t-inch diameter aperture at the top of the perspex chamber. The 

nymphs, contained in a copper solution of the same concentration as 

that in the respirometer, were introduced into the chamber through 

the same aperture. The respirometer was then completely filled, 

some care being taken to exclude air bubbles. The amount of 

solution placed into the apparatus was 500cm2 and from this exactly 

100cm2 were removed, using a 100cm2 volumetric pipette, so that a gas 

space of kno~n volume was always present throughout this series of 

experiments (this was subject to a slight error due to displac~ment 

caused by the nymphs). Some potassium hydroxide solutjon soaked 

onto a piece of filter paper for greater surface area ... :as introduced 

into the apparatus by means of a well designed for this purpose that 
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was built into the respirometer. The aperture through which the 

nymphs were introduced was sealed by meano of a plastic screw thread 

stopper. This was smeared with a silicone grease to ensure an 

airtight seal. Other joints were also smeared with silicone grease. 

The whole apparatus was then submerged completely in the water. bath, 

the pump switched on and the flow valve adjusted to give what was 

judged to be an app!"opriate l-latAr velocity. Information regarding 

this had previously been obtained by using f." current metor at the 

collecting site on the River Coquet. The temperature of these 

. t 120C +- 10 C. experJ.men s was 

Ideally, some time should have been given for acclimatization 

before taking recordings but this was not possible since the nymphs 

were in a toxic solution and any early effects would have been missed. 

A continuous record of the pressure changes in the respirometer was 

made in all the experiments by using a servo scribe chart recorder 

connected to the micromanometer. Immediately before recording the 

valves connecting the gas spaces were closed at the same time. 

Each experiment lasted approximately eleven hours and three 

experiments were carried out at each concentration of copper sulphate 

used. At the end of each experiment the nymphs were killed and 

dried in an oven at 1000C for twelve hours. They were then weighed 

on an electronic balance. The results were therefore calculated as 

consumption of mg oxygen per gm dry weight per hour. 

Using the traces obtained from the chart recorder, the rate of 

total oxygen consumption per hour was calculated using the following 

equation: 
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273 
T 

Po 

+ VF"""'-

x = amount of oxygen consumed, mm3 at NTP 

h = micromanometer reading, rom water gauge 

VG = volume of gas space in respirometer 

T = temperature of water bath, °A 

VF = volume of liquid in respirometer 

c:.(. = solubility ·of evolved gas at TO 

Po = normal pressure in rom, water gauge 

For each group of three experiments at a particular concentra-

tion of copper sulphate the standard error was calculated. This is 

expressed as + or - value after each result in the tables of results. 

It must be noted here that the results obtained represent the 

total amount of oxygen consumed by all the organisms present in the 

respirometer, i.e. they include oxygen consumed by micro-organisms 

which were probably introduced into the respirometer with the nymphs. 

Also, some initial problems were experienced with leaks in various 

parts of the apparatus. These were overcome, however, with liberal 

applications of silicone grease. Some incalculable degree of error 

originating from this factor probably persisted, however. 
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DURATlm; OF EXPERnr~NTS (100 and 200mg/l Copper Sulphate) 

It was felt that it would be desirable to prolong the 

experiments for a reasonable length of time so that there would be a 

greater chance to detect any effects of copper on respiration which 

might not necessarily be imme4iate. This presented obvious 

difficulties with the experiments involving the higher concentrations 

of copper, since the nymphs would start to die in a relatively short 

time from the start of the experiment. From earlier experiments it 

was found that the three species had the following Tlms 

(approximately): 

species concentration copper sulphate 

100 200 

B.rhodani 6.8 6.4 

E.venosus 8.0 6.4 

R.semicolorata 7.8 6.3 

(times in hours) 

mell 

This meant that, at the times shown above, half the animals 

would be dead. This presented the problem of how to account for 

this in an experiment lasting over ten hours. To try to overcome 

this problem the following procedure was adopted in the experiments 

involving 100 and 200mg/1 copper sulphate (it was also used in some 

of the other experiments when necessary, and in the case of 

B.rhodani it was used at 50mg/l copper sulphate). 
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A very close watch was made on the nymphs during the experiment. 
turning 

This involved/th~ water velocity down to a low level for a period of 

about one to two minutes while observations wero being made. 

Through the perspex lid of the respirometer (animal) chamber it was 

quite easy to see which nymphs had died and the times of death were 

noted. The water velocity WB.S then restored to its original speed 

and the experiment allowed tocontinue with the survivi~g nymphs. 

At the end of the experiment surviving nymphs were killed and treated 

as described above. The dead nymphs were also dried and weighed 

and the weight added to that of the surviving nymphs, giving the 

total dry weight for all the nymphs. In the subsequent calculations 

an assumption had to be made that the nymphs weighed approximately 

the same (for this reason nymphs of as uniform size as possible were 

used in these experiments), so that with the times of mortalities it 

was possible to make appropriate allowances for these deaths. 

This procedure obviously introduces another source of error 

lThich comes into effect and becomes greater after sbou t six hours. 

It was felt worth using this method, however, to gain additional 

information so that comparisons could be made with other 

concentrations. 
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RESULTS 

In looking at the results obtained from this set of experiments 

it would be best if each species is looked at in turn before 

attempting detailed explanations and comparisons. 

In each case a table is_given showing the oxygen consumption/ 

minute/gm for each species. The data obtained represents the means 

of three experiments and which are followed by the standard error 

expressed as + or - values. The curves obtained from this data are 

also shown for each species of nymph at the concentrations of copper 

used. 

Before looking at the individual results there are some general 

comments which ought to be made. 

The first point to note is that at most of the concentrations 

there is an initial period lasting about 200 minutes which seems to 

be characterized by large fluctuations in consumption resulting in 

high standard error values. This is by no means always the case but 

is generally true. In interpreting these graphs, therefore, this 

initial period will be regarded as a 'settling down' phase in which, 

for varied reasons, the nymphs are respiring somewhat erratically. 

This could be due to such factors as the physical handling of the 

nymphs while introducing them into the apparatus, and also the 

attempts of the nymphs finding paints of attachment in a new cnviron-

ment. Both of the De factors could subject to large individual 

discrepancies in the behaviour of nymphs or groups of nymphs. For 

these reasons, therefore, the most significant or useful parts of the 

curves are taken to be those coming after approximately 150-200 

minutes. 
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A second point which requires comment is the fact that even in 

the experiments in which no copper was present there is seen to be a 

gradual decline in respiratory rate. 

explanations: 

This has two possible 

1. It could be due to a residual and diminishing 'settling down' 

effect in which the nymphs become increasingly more settled (i.e. 

attached), activity becomes less, this leading to a reduced oxygen 

requirement. 

2. The apparatus is a closed system, so that there is a finite 

amount of oxygen available to the nymphs in anyone experiment. As 

this becomes gradually depleted a reduced overall consumptlon could 

result. 

A third possible reason could be ar~led, this due to the death 

of nymphs during the experiment. This possibility, however, was 

eliminated by keeping a very careful count at short intervals during 

the experiment so that deaths could be monitored. Data from 

experiments during which nymph mortalities occurred were treated in 

two ways: 

1) If only one or two per cent n~rmphs died the time of death 

was noted and this was taken into account in subsequent 

calculations involving weights of nymphs and oxygen consumption. 

2) If, for one reason or another, more than two per cent nymphs 

died, the data for that experiment was scrapped and a new 

experiment using fresh nymphs was set up. 

In interpreting the curves, it is the ~~ or rate of the 

falling-off in oxygen consumption which is significant r8.ther than 



204 

the actual decrease as such. This is especially important in 

making comparisons. Also, the oxygen consumption at the ~ of the 

experimental period (about 660 minutes) is perhaps a good pOint for 

making comparisons between the effects of different concentrations 

since this will be determined by the rate of falling off in 

consumption. 

Ecdyonurus venosus 

The table given in the appendix gives the data obtained for 

concentrations of 0, 10, 20, 50 and 100mg/1 copper sulphate. 

Figs 28 to 29 show the graphs obtained from this data. 

As can be seen from a comparison between the curve obtained for 

no copper with that for 10mg/1 copper sulphate, at this concentration 

there does not appear to be any great effect on the respiratory rate 

of tt.e nymphs. Generally, the 02 consumption rate is higher, 

suggesting a stimulated rate for a short period with low concentra­

tion of copper. 

The curve obtained for 20mg/l copper sulphate is difficult to 

explain when one considers those obtained for higher concentrations, 

for it is seen to be similar to that produced for 100rng/1 copper 

sulphate. It is possible that a concentration of around 20mg/1 is a 

threshold at which the concentration of copper is sufficiently high 

to affect the respiratory rate, concentrations above this making 

little difference. This point will be discussed later in relation to 

the results for the other two species. 
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f.ig.28 effect of cOPP2r on respirat ion E.venosus 
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FIG 29 EFFECT OF COPPER ON RESPIRATION. 
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Baetis rhodani 

Table15 shows the data obtained from experiments using 0, 50, 

100 and 200mg/l copper sulphate, and this will be found in the 

appendix. 

As can be seen in Fig 30 , B.rhod?n~ uisplays a 

generally high rate of respiration initially. This perhaps is not 

so surprising when one considers that of the three species used in 

this study B.rhodani is the most active, thus having a faster 

metabolic rate than the other two and hence a higher rate of 

respiration. 

Again, after about 150 minutes the curves for 50, 100 and 200mg/l 

copper sulphate are similar although here the effect of 200mg/l copper 

sulphate is appreciably greater than the other two, to the extent that 

respiration appears to have almost stopped at around 660 minutes. 

Rithrogena semicolorata 

The table in the appendix shows the data obtained using the 

concentrations 0, 10, 50, 100 and 200mg/l copper sulphate. The 

graphs obtained from this data are given in Figs31a to b 

R.semicolorata has a surprisingly high rate of respiration in 

terms of a relationship between respiration and activity since this 

species is not generally thought to be as active in nature as 

B.rhodani. It is possible that in the experimental apparatus the 

nJ~phs did not become attached as successfully as E.venosus and so had 

a higher than normal activity level imposed on them by the artificial 

envirOI~ent in which they found themselves. 

In R.semicolorata, as in E.venosus, a concentration of 10mg/l 
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FIG31 EFFECT OF COPPER ON RESPIRATION - R.semicolorata 
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copper sulphate does not have a very great effect on oxygen uptake, 

but this is greatly depressed by concentrations of 100 and 200mg/1 

copper sulphate. 

DISCUSSION 

With the exception of E.venosus, there seems to be a direct 

relationship between concentration of copper in the external medium 

and the depression of oxygen uptake. This seems to be especially 

so in the case of R.semicolorata, in which the idea of a threshold 

concentration of about 20mg/l copper sulphate seems to be operating. 

In the case of E.venosus this does not appear to hold true. This is 

interesting because in the previous chapter it was shown that copper 

is found in the gill filaments. From these results it must there-

fore be concluded that this has little or no effect on respiration in 

this species. B.rhodani also shows a graded response to a certain 

extent, although here, also, the difference between oxygen uptake is 

slight in different coppe~ solutions. It has been shown, however, 

that in two of the species the rate of oxygen uptake is affected by 

copper in that concentrations of over 20mg/l copper sulphate bring 

about a definite 1rop in consumption. The question which these 

findings prompt is: having shown that oxygen consumption falls off 

in copper solutions, is this due directly to an effect which copper 

has on the respiratory mechanism itself, or is it an indirect effect 

due to some other metabolic site being affected by the copper, thus 

causing respiration to falloff as a s"econdary or incidental e!'fect? 

This leads to another question: could the effect be a physical one 
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in which the gills are affected in a way similar to that in fish, 

thus causing a barrier which would effectively reduce the efficiency 

of the gills as mechanical respiratory surfaces? This would seem to 

be unlikely, since in the case of fish the copper had to combine with 

the mucin produced on the gill surface to form an impermeable 

barrier. There is no evidence to show that the gills of aquatic 

insects produce such a secretion. S~rface effects as such can be 

argued against generally in the light of the findings of the 

previous chapter, where no evidence was found for copper adsorption 

on either the body or gill surfaces. The histochemistry did, 

however, show that copper does enter the body of the nymphs via the 

mouth, presumably when feeding and active drinking take place. 

Further, the copper was found to have been deposited inside the cells 

of the gut wall as well as being present within the lumen of the gut. 

In other words, it looks as if absorption is taking place. . In view 

of this it is easier to conceive of copper as having a true internal, 

physiological effect. 

Of the mechanisms which could be disrupted it is difficult to 

think of one which does not in some way have an influence on 

respiration in some way. It could be argued that the cells of the 

gut are affected in some way so as to prevent them absorbing products 

of digestion. If this is so, then it is unlikely that the effects 

of this would manifest themselves as quickly as to produce results 

within the relatively short period of the experiments. Also, there 

is the fact that the nymphs were starved for 12 hours before they 

were used in experiments in an attempt to ensura a reasonably equal 
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metabolic condition in the nymphs used in experiments. By the time 

the nymphs were used, therefore, they should have been utilizing 

already absorbed and assimilated reserves, mostly in the form of 

glycogen. It could be argued that copper in some way affects this 

process but again the time scale involved is too short for this to 

show up in the course of the experiments. The same arguments apply 

to the possibility of copper interfering with digestive enzymes. It 

seems, therefore, that interference with the digestive physiology of 

the nymphs is unlikely. 

In the previous chapter it was demonstrated that copper is 

present in the nervous tissues, particularly in the brain where it 

was found accumulated in the protocerebrum and parts of the optic 

lobes. Also copper was found in the ventral nerve cord. This is 

additional evidence that it is being absorbed through the gut wall to 

be distributed and accumulated in various tissues of the body. The 

fact that this tissue is nervous tissue is interesting for two 

reasons: 

1. The accumulations of large amounts of copper in such vital 

tissue as that comprising the central nervous system could be having 

far-reaching consequences for many aspects of the nymph's normal 

functioning which come under the control of the central nervous 

system. 

2. The respiratory movements of insects (in the case of aquatj.c 

insects movements of the gills) are controlled by impulses from nerve 

centres. These nerve centres are situated in the so-called primary 

respira tory centres which li.e in the segmental ganglia and control 
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the movements in their own segments (WIGGLESWORTH,1966). The ventral 

nerve cord is, in fact, a median chain made up of segmental ganglia 

lying just beneath the alimentary canal. It is possible that the 

accumulation of copper in the tissue of the segmental ganglia could 

in some way be interfering with their roles of respiratory centres. 

In this way copper could be affecting mechanical or external 

respiration by preventing the gills functioning normally. 

Another tissue which is associated with respiration is the blood 

or haemolymph. This is the only tissue fluid found in insects and 

is thus solely responsible for the transport of substances within the 

body. As we have seen that copper is transported in the body, the 

blood must be coming into close contact with it. It has been 

established that although oxygen is ordinarily conveyed directly to 

the tissues by the tracheal system, in many circumstances the blood 

also acts as an oxygen carrier. It is possible, therefore, that 

copper is exerting some influence at this level also. Also, it is 

possible that copper could be exerting an effect on cellular 

respiration itself. Copper seems to be capable of entering cells 

and, once inside, could be responsible for disrupting the biochemical 

processes of energy production which in insects are basically the same 

as in other animals, i.e. the citric acid cycle is the main pathway 

for the liberation of the hydrogen ion which is needed for the 

cytochrome system to function. And it Beems reasonable that here is 

a likely site for copper to exert an influence since cytochrome is a 

copper-containing complex where excessive amounts of copper ions may 

upset functiona: equilibria. 
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Another aspect of this study on respiration which requires some 

comment concerns the effects of copper on the oxygen consumption of 

the three species of nymph used. It is of interest that while the 

three produced similar results on a general level, there are 

nevertheless differences. In the case of E.venosus there seems to 

be an all-or-nothing response in which, after a certain concentration 

(somewhere in the region of 20mg/l copper sulphate) is reached, the 

rate of oxygen consumption becomes depressed, but thereafter there 

seems to be little relationship between the extent of this depression 

and concentration. Thus, a concentration of 20mg/l copper sulphate 

appears to produce a greater depression in oxygen consumption than 

50mg/l copper sulphate. How much this is due to experimental error 

it is not possible to say with any degree of certainty without more 

extensive experimentation with this species. What is generally 

accepted, however, is that there must be endless variation in the 

physiology of different species. These differences could be related 

to differences in habit which bring about different levels of 

activity and hence differing metabolic rates. This could certainly 

account for the differences in the responses of the three species 

studied here. 

At this stage it is obvious that more research into this part of 

the problem needs to be undertaken to investigate further the ideas 

set out above. The ways in which such work could be undertaken will 

be discussed in a later chapter dealing specifically with future work 

on questions arising from this present study. 
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SUMMARY 

1. It has been demonstrated that in the species of mayfly nymph 

E.venosus, B.rhodani and R.semicolorat§ the respiration rate as 

measured by oxygen consumption is depressed by exposure to 

certain copper solutions. 

2. The effect begins at about 20mg/l copper sulphate,although in 

the case of R.sernicolorata a slight depression occurs in a 

concentration o"f 10mg,/l copper sulphate. 

3. For the species B.rhodani and R.semicolorata there seems to be 

a graded response in that more copper causes a more acute 

depression. No evidence of this being the case for E,veno§us 

was found, where only a very slight effect was caused by the 

copper. 

4. Various ideas are discussed concerning the possible implications 

of these findings. These are: 

a) The effect is probably due to the respiratory system itself 

being affected. 

b) This effect on respiration could be indirect in that the 

primary effect is on nervous tissue which is responsible for 

the control on aspects of external respiration. 

c) The effect could be a direct one acting on either the 

haemolymph or on cellular respiration itself. 

d) A combination of all these factors could be responsible for 

the effect. 

5. The results underline the differences which exist in the 

physiology of even closoly related species. 



Chapter 8 

RATE OF UPTAKE OF COPPER 
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INTRODUCTION 

In Chapter 6 it was demonstrated that copper enters the nymphs 

in quite large quantities and is then distributed to various tissues 

within the body. No attempt was made here to show the rate at 

~hich copper is being taken up. The evidence of Chapter 6 was, 

therefore, essentially a static picture of the uptake of coppero 

The work reported in this chapter is an attempt to gain some evidence 

regarding this rate of uptake. 

can be summed up as follows: 

The desirability of such information 

1. Such information would give a more precise indication of the 

time scale involved in the bringing about of mortalities in a 

population of nymphs if the uptake rates could be correlated with 

data obtained from toxicity tests. 

2. A dynamic picture of copper uptake generally could be of use as 

a basis for the formulation of guidelines concerning the applications 

of copper-containing preparations or wastes to natural river systems. 

Here, critical times wr.ere copper uptake reaches a maximum could be 

pointed out. 

3. A knowledge of uptake rates would shed more light on the 

question of active excretion of copper, since it would show any 

equilibria reached and maintained between internal and external 

copper. 

4. A knowledge of uptake rates could result in interesting 

correlations with the other parameters investigated in this study, 

i.e. survival rates, sub-lethal effects and effects of copper on 

respiration rates. 
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MATERIALS 

It was decided that the most straightforward way of measuring 

the rate of copper uptake was to use the radioactive isotope Cu64. 

This was obtained rrom the Radiochemical Centre at Amersham, Bucks. 

and was supplied as a solution of copper chloride. This was 

obtained in batches of one millicurie (= 10-3Curies) activity 

contained in 2cm3 copper chloride solution. Cu64 has a half lifa of 

only 12.84 hours and this was one lioitation on the length of the 

experiments. 

Nymphs of all three species obtained from the same site as that 

from which nymphs for the preceding parts of this study were obtained 

were used in this series of experiments. During the course of these 

experiments the nymphs were kept in 8 250cm3 round-bottomed, narrow-

necked 'Quickfit' flasks. This raised immediate problems concerning 

the aeration of the nymphs in still water, so in order to overcome 

these problems each flask was supplied with an aerator which was a 

branch of an air manifold made up of l~bber tubing and hypodenlic 

needles (Fig 32 ). This arrangement was found to be adequate in 

terms of maintaining a level of disso1vei oxygen in each flask which 

was comparable to that used in the toxicity tests. These oxygen 

levels were determined by means of the Winkler method carried out 

during a series of dummy runs prior to the actual experiments for 

this reason. 

The experimental flasks were sl.tbmerged up to their necks in a 

constant temperature water bath during the course of the experiments. 

The experimental tCI!'lpera ture was 180 C + 2°C. It was not possible to 



218 

FIG 32 RATE OF UPTAKE APPARATUS 
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carry out the experiments at a lower and more desirable temperature 

since the necessary cooling unit was not available. The 

experiments were therefore carried out at a higher temperature than 

ideally desirable and one which was subject to some fluctuation 

according to ambient temperatures. 

Each of the flasks was marked with the time interval at which 

samples of solution were removed from that flask as follows: 0,2,4, 

6,8,12,16,24 hours. The solutions contained in these flunks were 

of copper chloride, since this was t~e salt of copper in which the 

Cu64 was supplied. The concentrations used were such that the 

copper content corresponded to that used in previous tests so that 

comparisons could be made. The concent.ra tions used were 2.7 and 

17.amg / L Cu • To each of these flasks was added radioactive 

copper so that its disappearance from the solutions could be measured 

agaiLst time. To each flask, therefore, was added 0.2cm2 of the 

radioactive copper chloride using a pipette fitted with a safety 

bulb. A curie as defined by the I.C.R.U. is 3.7 x 10'" nuclear 

transformations per second. 'The aetivi ty of the Cu64 used here was 

therefore initially: 3.7 x 107 (i.e. 1 millicurie). Therefore, if 

1cm3 of copper chloride solution contained Cu64 of activity 3.7 x 107 

(or 37,000,000 nuclear transformations per seconQ), then 0.2cm3 

copper chloride will contain Cu64 of activity equal to 7,400,000 

nuclear transformations per second; i.e. theoretically each 

experimental flask was receiving Cu64 of this activity at the start 

of each experi~ent. This is a theoretical value, since the Cu64 

would have already undergone some degree of decay before its arrival 
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at the laboratory. Assuming, however, full activi~y at the start of 

each experiment, after twelve hours the activity would have dropped 

to 3,700,000 and after a further period of twelve hours to 1,850,000 

nuclear transformations per second. Theoretically, therefore, it 

should have been possible to extend the experiments over a period of 

24 hours. In practice, however, it was found that activity levels 

dropped to too Iowa level after about sixteen hours, and depending 

on the time taken fo~ the Cu64 to arrive at the laboratory thj.s time 

was sometimes eve~ shorter. Also it was found that the nymphs 

began to die at or soon after 16 hours. This could have been due 

to a combination of several possible factors: 

1. Lack of oxygen due to the aerators not being a suitable means 

of aerating the water. This is unlikely since, as mentioned 

before, the oxygen levels of the water were high enough to' 

satisfy the oxygen demands of the nymphs, but there could have 

been a slight effect due to lack of mechanical stimulation to 

the gills. 

2. The relatively high temperatures at which the experiments were 

carried out. WHITNEY (1939) found that Mayfly nymphs from 

running waters were less resistant to high temperatures than 

thoue from still waters. 

3. The radioactive copper itself being the cause of death. It is 

possible that the Cu64 is exerting a detrimental effect on the 

nymphs. 

The instrument used for counting was an tEkco' automatic 

scintillation counter •. Using radioactive samples of k110wn activity 
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this instrument was found to have an efficiency of about 70% and this 

Bet a further limit on the duration of the experiments, since at 

24 hours the counter would, theoretically, be registering only 

1,295,000 nuclear transformations per second of the total activity of 

the Cu64 at the start of an experiment. 
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PROCEDURE 

Each 250cm3 flask had ten nymphs of as uniform size as possible 

placed into it at the start of each experiment. An additional flask 

containing isotope but no animals was also included in each 

experiment to act as a control and to give some measure of the 

natural decay rate of the isotope during the time span of the 

experiment. The aeration apparatus was switched on about six hours 

before the isotope was added to the solutions in the flasks. The 

nymphs were added immediately after addition of the isotope to the 

flasks. During the whole course of the experiment the experimental 

flasks were kept partially submerged in the water bath, although it 

was sometimes necessary to remove individual flasks to check for 

mortalities. Ordinarily, however, it was possible to remove water 

samples and animals from the flasks' without disturbing them. 

At the time intervals 0,2,4,6,8,12,16 (and in one case 24) 

hours, 5cm3 of solution was removed from the flasks,usine a safety 

pipette, and transferred to a glass counting tube. This was sealed 

with a plastic cap and placed in the counting well of the 

~cintillation counter. The activity was measured over a 100-second 

period and noted. The nymphs were then removed from the fl.asks, 

washed in distilled water and dried on a filter paper in a drying 

oven. The drying time was for ten minutes at a temperature of 850 C 

hnd was intended to remove surface water from the bodies of the 

nymphs; in the subsequent calculations, therefore, uptake was worked 

out in terms of wet weight. After surface drying the nymphs were 

macerated in a solid watch glass using a elass rod and a little clean 
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sand. The resulting homogenate was diluted with distilled water to 

make up a volume of 40cm3 • This was then stirred vigorously for 3 

to 4 minutes and after allowing solids to settle out, 5cm3 samples 

were removed using a clean safety pipette. These were placed in 

counting tubes and the activity measured. Lastly, samples from the 

control flask were taken and measured. At anyone time j.nterval 

this procedure was carried out with six samples from each of the 

three components of the experiment, i.e. the nymphs, the bathing 

solution and the control flask. The results obtained from these 

experiments therefore represent the means of six measurements at each 

time interval with their standard error. Counts of background 

radiation were made throughout this series of experiments. 

When all samples were measured at each time interval all the 

pipettes and beakers used were thoroughly washed several times with 

dilute detergent solution and rinsed several times with distilled 

llater and then dried in a drying oven. Other pieces of glass 

apparatus were similarly treated except for the counting tubes. In 

this case a fresh tube was used for each sample at each time interval. 

The copper chloride solutions used for these experiments were 

made up to concentrations of 3 and 20mg/l copper chloride to give 

uptake rates which would be representative of the situation at high 
. 

(corresponding to Series A), and low (corresponding to Series AA), 

¢oncentrations. To make comparisons possible equivalent values for 

copper sulp~ate and copper chloride are given below: 

3mg/l copper chloride == 4.1 mg/l. copper sulphate = 2. 7mg cOPl-'er/li tre 

20mg/l copper chloride = 27.0mg/l copper sulphate = 17.8mg copper/litre. 



Mortalities durin~ the experiment 

It was necessary to keep a careful check of mortalities during 

the course of these experiments. Dead nymphs were removed and a 

note made of the time. They were immediately macerated as 

described above (after drying) and this data was used in sUbsequent 

calculations. Mortalities up to twelve hours were very rare but 

their incidence increased towards the sixteen hour interval, this 

being especially true in the case of the experiments carried out at 

20mg/l copper chloride. However, in no case did the mortality of 

test animals exceed 5~b of nyw.phs being used. In several of the 

experiments a flask containing copper chloride solution but no 

isotope was included and this produced a decrease in the mortality of 

nymphs (in 20mg/l copper chloride an average of 3% mortality 

resulted). It seems likely, therefore, that the isotope itself is 

exerting some kind of detrimental effect on the nymphs, although the 

evidence mentioned here cannot be regarded as conclusive. 
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RESULTS AND DISCUSSION 

The data obtained from these experiments were dealt with in the 

following ways: 

1. The background counts made during the course of the experiments 

were used to correct the counts in respect of this factor. tn most 

cases the background radiation was very small and probably would not 

have affected the results significantly. 

1. The data was converted to microcuries (me) Cu64 per gram wet 

weight of nymph and it is in this form that the results are expressed 

in the graphs that follow where me/g. wet wt. is plotted against 

time. The points used for the plots represent the mean of six 

counts for which the standard error was calculated. A full table of 

results is given in the app:mdix (Table18and19) 

,. Before using the data to draw the graphs a correction factor 

had to be introduced. This was necessary because the natural rate 

of decay of the isotope had to be taken into account to give a true 

picture of the uptake. To correct for this the following equation 

was used: 

= 

where: Nt = observe~ count 

No = desired (corrected) count 

t = time between reference point(time 0) and time of counting 

tt = half-life of isotope 

4. Using the corrected data.gruphs were drawn showing the uptake 

for the three species at the two concentrations used. These are 

shown in Fig. 33 to 37 • 
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* 
In the cases of all three species of nymph used copper is seen 

to be accumulated rapidly up to sixteen hours and this accumulation 

is greater in the more concentrated of the two copper chloride 

solutions used. This is interesting because it seems to suggest 

that uptake is due to an active process since, if it was caused 

solely by a passive entry of copper, one would not expect a rise in 

the count of radioactive copper in relation to a rise in 

concentration of copper chloride solution. This is because the 

concentration of Cu64 was the same in both solutions and so, although 

there might be a higher intake of non-radioactive copp&r since more 
; 

ions are present in a more concentrated solution, this does not hold 

true in the case of the radioactive copper if all the copper was 

entering passively. An active process, however, that was for Bome 

reason accelerated would result in a greater intake of both normal 

and radioactive copper. Assuming, therefore, that there is active 

uptake of copper as opposed to, or at least in addition to, a 

passive, mass-flow mechanism, it is interesting to speculate how and 

where this is operating. The most simple explanation would seem to 

be that the mechanism involved is not one specific to co~per or to 

any other ion in particular, but is brought about simply by the 

nymphs taking water in through the mouth, i.e. active drinking. If 

this process was for some reason accelerated, then one would expect 

un increased uptake of a wide variety of substances and ions present 

in the water, including radioactive ones. It has already been shown 

iT'. Chapter 6 that lart':~e amounts of copper are found in the gut and 
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FIG 33 ACCUMULATION OF COPPER B.rbcidani 
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FIG 34 ACCUMULATION OF COPPER E.venosus 
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-
FIG 35 ACCUMULATION OF COPPER R.semicolorata 
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there could be no other way of entry other than through the mouth. 

It is suggested, therefore, that higher concentrations of copper 

have the effect of increasing the rate of drinking. It is not 

possible here to give a satisfactory explanation as to why this 

occurs except tentatively to suggest as one possible explanation that 

an increased drinking rate is o~ly part of an initial increase in 

general activity brought about by copper solutions. (It might be 

suggested that the effect is caused by some weakening of the mouth 

parts brought about by copper so that the nymphs cannot close their 

mouths effectively. This alone, however, would not necessarily 

cause a greater influx of water, since some muscular contraction of 

the pharynx is necessary to cause water to enter the oesophagus.) 

In nearly all cases the accumulation of copper is seen to be 

linear up to sixteen hours and this suggests that excretion of copper 

may either not be taking place at allor, if it is, at a very low 

level. The result obtained for R.semicolorata at 2.7mg/l copper 

(Fig.35 ) is difficult to explain since it is rather atypical. This 

experiment was carried out over a period of 24 hours and was one of 

the first to be carried out in this series. As can be seen, the 

amount of Cu64 being taken up has apparently dropped after sixteen 

hours. Also the general level of copper uptake is lower than for 

either of the other two species at this concentration. Although, 

therefore, these results are included it is suggested that they are 

somewhat unreliable since 90% of the nymphs had died in the 24-hour 

flask, also mortality was unusually high in the other flasks and 

surviving nymphs became very inactive after twelve hours in this 
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particular experiment. Ideally, this experiment should have been 

repeated but time did not allow for this. 

From the data obtained, the actual rate of uptake per hour was 

calculated and the graphs obtained from these data are shown in 

Fig.36 to 37 (the full data tables will be found in Tab1es18&19in 

the appendix). As can be seen, a peak of uptake occurs at 4 hours 

in the cases of B.rhodani and R.semico10rata (17.8mg/1 eu) and at 

6 hours in the case of E.venosus (at 2.7mg/1 eu). These rates, 

together with the cumulative amounts of Cu64 taken up per gram, are 

interesting when one makes comparisons between the tnree species. 

In both cases it can be seen that B,rhodani has a higher rate of 

uptake than either of the other species, and at 17.8mg/1 eu 

E.venosus has the 10\lest. These results correlate fairly well with 

the information yielded by the toxicity tests, where it was found 

that B,rhodani was less tolerant to copper than either of the other 

two species, and it would seem reasonable to suggest that a higher 

initial rate of uptake at least contributes to this. 

Graphs 36 to 37 also show that after the peaks of uptake have 

been reached they are followed by a slow decline in uptake rate, so 

that it seems that much of the copper which is taken up during any 

given period of time is taken up during a phase near the beginning of 

that period, although up to sixteen hours at least copper io still 

being taken up, but at a reduced rate. This is especially true in 

the case of 3.rhodani (Fig.36), where there is a particularly high 

rate of uptake at four hours followed by a. relatively rapid decline 

of this rate. In the cases of the other two opecies, although there 

are peaks at four or six hours these are not as pronounced and they 
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are followed by a more steady uptake rate up to sixteen hours. 

Presumably a larger initial uptake will bring about a more rapid 

toxic effect, causing gradually reducing activity ending ultimately 

in death. 

The fact that concentration affects the rate of uptake also 

correlates well with the toxicity test data which sllow that there is 

a direct relationship between concentration and toxicity. It is 

reasonable, therefore, to envisage a situation where higher 

concentrations will cause larger and, possibly, earlier peaks of 

uptake to occur. This will affect the overall toxicity because, 

as Fig. 36 to 37 show, 50% mortali ty seems to occur saveral hours 

after the peak of uptake has been reached, SO that very early peaks 

which may result from high concentrations will bo followed by a 

corresponding 50% mortality in a population, i.e. the higher and 

earlier the peak the more rapidly will a 5~ mortality be roached. 

The time at which the maximum rate of uptake occurs is of 

importance also in terms of the ability of animals to recover after 

short exposures to toxic copper solutions. In the case of 

p.rhodani, for example, a peak uptake rate is reached in four to six 

hours after exposure to a copper concentration of 17.Smg/l Cu. The 

times at which these peaks occur help to explain why short exposures 

of less than four hours produce much prolonged survival times for 

eiven concentrations of copper. In Series F (Chapters 4 and 5) of 

the toxicity tests it was found that an exposure of 2 hours to 

20mg/l copper sulphate (= 13.2mg/l copper) resulted in a 50% 

mortality in about 220 hours, whereas an exposure time of 8 hours 
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produced a 50.% kill in only about 24 hours (See Fig.24 , Chapter 5). 

It seems, therefore, that copper uptake which takes place during the 

relatively ea~ly stages of a time period have a far-reaching effect 

on the overall toxic effect that is exerted. In this case this 

critical title seems to be in the region of 4-6 hours for the species 

of nymph used in this investigation for a concentration of about 

20mg/l copper. At higher concent~ations this time will, presumably, 

be arrived at after a correspondingly shorter period of time, 

although more work in measuring the uptake rates of copper at higher 

concentrations will have to be carried out to confirm this point. 

In the case of respiration rates it was shown in Chapter 7 that 

copper begins to depress this after about 150 minutes (about 2t 
hours) in the cases of B.rhodani and R.semicolorat~ (in the case of 

E.venosus the picture is not so clear). Here, the lowest 

concentration giving clear results was about 50~g/1 copper sulphate 

(= 33mg/1 copper); therefore, it is not posaible to make precise 

comparisons since the highest concentration used in this present 

series of experiments was 17.8mg/l copper. However, in the case of 

respiration it seems more likely that the actual accumulation of 

copper will be of more direct relevance than the rate of uptake, 

although this is indirectly concerned since this causes the ultimate 

accumulation level. Generally, therefore, it can be said that there 

exists an inverse relationship between copper accumulation and rate 

of respiration. It is possible, also, that the eecUne in trle rate 

of uptake of copper which takeb place after about 4-6 hours is in 

turn caused by the declining rate of respiration, assuming that this 
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is accompanied by a reduced rate of activity. These three 

parameters, accumulation, rate of uptake and rate of respiration 

are, therefore, seen to be closely interrelated and, further, these 

relationships are affected by external variables such as copper 

concentration and (probably) temperature. The relationships can be 

summed up as follows: 

modified by cone. 
uptake rate ----------------~) increased accumulation 

reduced rate 

of reBPration and temp. 

reduced rate 

of uptake. 
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SUMMARY 

1. The uptake of copper by the three speciea R.venosus, B.rhodani 

and R.semicolorata has been studied using the radioactive 

isotope of copper Cu64. 

2. Copper has been shown to be accumulated rapidly within a period 

of sixteen hours. The accumulation is such that it shows no 

evidence of copper ~xcretion taking place to any great extent. 

This is not, however, conclusive, especially in the light of the 

fact that copper was found to be present in the Malpighian 

tubules of the nymphs (Chapter 6). 

3. For all three species the rate of uptake follows a similar pattern 

in that a peak of uptake is reached at about 4-6 hours and 

thereafter the rate begins to decline. This peak was the most 

pronounced for B.rhodani. 

4. It has been shown that concentration of external copper has an 

effect on the rate of uptake in that in more concentrated 

solutions more radioactive copper is taken up by the nymphs. 

It is suggested that this is evidence for there being an active 

mechanism involved in the uptake process. 

5. It has been shown that the three species yield slightly dj.ffering 

results which correspond reasonably well wi.th the pattern of 

specific reactions to copper found throughout this study. 
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6. The rate of uptake has been compared with the information 

derived from the toxicity tests and a relationship between the 

peaks of uptake and mortality has been found to exist. 

7. An explanation is offered f~r the results obtained from 

Series F (Chapter 5) in terms of peaks of copper uptake. 

8. An interrelationship between accumulation, uptake rate and 

respiration rate is described • 

.. 



Chapter 9 

CONCLUSIONS AND SUMMARY 



239 

CONCWSIONS 

THE EF?~CT 

In his study of the distribution, abundance and life histories 

of Stoneflies and Mayflies, LANGFORD (1971) stressed the fact that 

these two groups are generally regarded as the most sensitive to 

ecological disturbance. This study has shown that three species of 

Mayfly nymph, although in relative terms showing a certain degree of 

tolerance, are sensitive to copper, the introduction of which into 

natural waters must be regarded as constituting an 'ecological 

disturbance'. The nature of this sensitivity is in terms of chronic 

toxicity, and threshold concentrations of toxicity have been found for 

each species. These are in the order of 1.0mg/l copper and it is 

easy to imagine a situation in which the amount of dissolved copper in 

a natural freshwater system will exceed this value. The maximum 

limit for copper set by the US PHS in 1962 was 1.0mg/l, but this was 

only a recommendation and applied to drinking water only. The first 

conclusion, therefore, is that the three species of nymphs studied 

here and, by implication, all species of mayfly nymph to a greater or 

lesser extent, are susceptible to what in polluted natural cor-ditions 

must be regarded as fairly small amounts of copper. The thresholds 

of toxicity found in this study must often be surpassed in waters 

receiving effluents containing copper, so that populations of mayfly 

will be detrimentally affected. Also these thresholds will be 

affected by temperature so that at higher temperatures the threshold 

concentrations will be lowered, and added to this, other complicating 

factorc such as pH and water hardness will affect the threshold 
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values. It must be generally concluded, therefore, that populations 

of Mayfly nymph will be at risk through the uncontrolled jischarging 

of copper effluents into natural freshwater systems. 

Depending on the concentration of copper, rapid uptake takes 

place up to six hours, after which recovery is not likely. 

Therefore, even relatively short ex~osures to abnormally high 

concentrations of copper will cause a high mortality rate in that 

population. It is possible, however, that this effect will be 

reduced because cupric ions introduced into natural waters at pH 7 

and above will quickly precipitate as the hydroxide or as basic 

copper carbonate, CuC03.Cu(OH)2.H20• In this case, therefore, copper 

will be removed by adsorption an4l0r precipitation (McKEE and WOLF, 

1963). In a river which is continually receiving algicidel 

preparations containing copper, or one which is receiving a continuous 

discharge of copper-containing effluent, there will always be an 

appreciable amount of copper in solution at any one time, so that 

precipitation may not be rapid enough to reduce its effects 

appreciably. 

A general conclusion that can be drawn from a consideration of 

ceveral f~ctors is that it i3 difficult to predict exactly what the 

toxicity of copper will be when introduced into a river or stream 

without a very careful study of the physical makeup of the water into 

which the copper is being introduced. This is because the effect 

which a given concentration of copper will have on a population of 

Hayfly is subject to several physical factors and the net effect will 

depend on the interaction and superi~position of these factors. 
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Added to this must be the question of sub-lethal effects. So far 

only chronic toxicity has been discusaed but it is possible that 

certain sub-lethal effects which are not immediately noticeable will 

also occur, and until these are fully investigated it is only possible 

to formulate a Ter~ incomplete prediction of the effects of copper. 

Copper affects the rate of respiration by depressing it and 

this effect is subject to interspecific variation. Respiration 

itself can be regarded as a sub-lethal factor since a reduced 

respiratory rate that does not necessarily lead to death within a 

ehort space of time will nevertheless affect other aspects of the 

nymph's normal life pattern. One factor which will almost certainly 

be affected by a reduction in respiration is activity. In the 

natural environment a reduction in general activity will have far­

reaching effects in terms of escape from predators, maintenance of 

position in the stream and the finding of food. Correct orientation 

with respect to light and current may also be affected by a reduction 

in activity. 

In considoring the different factors which have a modifying 

effect on the basic copper toxicity as determined by the toxicity test 

at the beginning of this study, a rather complex picture begin~ to 

emerge and perhaps a general conclusion for this part of the work is 

lhat the responses which are likely to occur towards a pollutant such 

as copper are subject to modification by a complex interrelationship 

of physical and biotic factors. Certainly the biotic factors in 

ter~3 of sub-lethal effects are the least known and until these are 

better understood for this group of animals only conclusion~ 
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containing a certain amount of speculation can be drawn. 

THE CAUSE 

It is concluded that the cause of copper toxicity in this case 

springs from internal, physiological effects rather than those &rising 

from external surface effects. This conclusion stems from two pieces 

of evidence. The first is the fact that copper has been seen to 

enter the nymphs in large amounts and is then distributed to various 

tissues of the body including the oentral nervous system. The second 

is related to the first and is the fact that the rate of uptake of 

copper is rapid, with a correspondingly rapid accumulation. Copper 

is therefore seen to be entering the nymphs. No evidenoe was found 

to suggest any surface deposits or accumulations of copper either on 

the general body surface or on the gill surfaces. Once within the 

internal tissues copper may, therefore, disrupt several prOc~sse8. 

One of these is related to respiration since it has been found that 

copper in trace amounts inhibits the respiration of Mitochondria 

(PETrmS and WALSHE, ~ 962) by blocking pyruvate oxidation. The 

amounts of copper involved here are minute, being only 5g, so that 

amoun~s far below the threshold of chronic toxicity could exert 

detrimental effects on the respiration of the nymphs. Another 

possible site of aetior. is concerned with membrane permeability, since 

it is known that heavy metals, including copper, have the power to 

inhibit facilitated transfer and also to increase membrane 

permeability to potassium ions (DAVSON,1970). This is particularly 

~~ltercoting when added to the fact that copper 1s accumulated in the 
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central nervous system which has as a functional basis the transfer Df 

sodium and potassium iona across cell membranes. It seems 

reasonable, therefore, to suggest that copper is exerting an effect 

here. Also, it has been shown that copper inhibits membrane 

permeability to chloride ions (CHIARANDINI et a1,1967), so that some 

general effect on membrane permeability vital to the maintenance of 

ionic equi11ibria can be expected although, until work is carried out 

specifically on the three species used in this study, this is only a 

tentative suggestion. Another implication of interference with 

membrane permeabilities is that animals may not be able to maintain 

osmotic balance with their external environment, a factor which ia 

vital to animals living in freshwater. 

In general terms the causes of toxicity can be seen to stem 

from several possibilities each contributing towards the overall 

effect. These possibilities ca~ be summed up as follows: 

1. Depression of respiration rate which could be due to 

inhibition at mitochondria level. 

2. Disruption of membrane permeahilities genArally, thus 

making normal osmotic regulation impossible. 

also put the excretory system out of action. 

This would 

3. Disruption of membrane permeabi1ities specifically in nerve 

cells resulting in disruptions of coordinution generally. 

This point is also related to respiration, since, as 

already described, respiratory movements are controlled by 

the seg~ental gan01ia. 
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It is suggested that there is no single cause of copper 

toxicity but that tile effect is a composite one with each component 

contributing towards the ultimate death of the nymphs in the case of 

chronic toxicity, or to longer-term detrimental effects in the case of 

, sub-lethal poisoni.:g. 

These conclusions can be summarized as follows: 

1. The three species of Mayfly nymph used in this study, although 

showing a certain degree of tolerance, are nevertheless sensitive to 

copper at certain concentrations. 

2. The species show a sensi tivi ty, ill terms of -acute toxici ty 

thresholds, to concentrations of copper in the region of 1 mg/l. 

,. Mayfly species in the natural environment are at risk from 

pollutants containing copper. 

4. The degree of effect which a population exposed to copper will 

suf~er is subject to modification by several factors including 

temperature, pH and water hardness. 

5. Copper is taken up rapiely within a period of six hours from 

tha start of exposure. 

tration of copper. 

This rate is ~ffected by the external concen-

6. It is difficult to predict exactly the extent of copper toxicity 

in U.e natural environment as the nat effect is dependent on several 

interacting factors. These include sub-lethal effects. 

7. Copp~r affects the rate of respiration by depressing it for at 

least two of the specips used. 
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8. The cause of copper toxicity is a physiological one as 

opposed to an external surface effect. 

9. Several possibilities for this physiological cause are 

discussed and it is suggested that there is no single cause for 

chronic copper toxicity. 
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SUMMARY 

1. The literature relating to copper toxicity in terms of toxicity 

test methodology, and treatment of data obtained from tox1city 

tests, has been.reviewed. 

2. A short review of the literature regarding the general 

biochemistry of copper has been included in this study. 

3. The nymphs used and certain aspects of their ecology have been 

described. 

4. Laboratory studies have been carried out on various aspects of 

copper toxicity to the nymphs of the Mayflies, Baetis rhodani, 

Ecdyonurus venosus and Rithrogena semicolorata. 

5. A preliminary series of toxicity t6sts have been carried out 

using all t~ree species to establish basic profiles of copper 

toxicity at different concentrations. From the data obtained 

from these tests Tlm survival curves were drawn. It was found 

that a simple relationship exists between concentration and 

toxicity in that more concentrated copper solutions had a more 

toxic effect. Also it vas found that the three species did not 

have e~actly the same tolerance to copper. B.rhodani was found 

to be the most susceptible, follcwed by E.venosus, with 

R.se~icolorata as the most tolerant of the three. 

6. A series 0; toxicity tests at low concentrations of copper were 

carried out to ascertain threst-old concentrations of toxicity. 
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The results were used to draw Tlm curves and the following 

threshold of toxicity values were found: 

B.rhodani 

E.venosus 

R.semicolorata 

o.48mg/l Cu 

O.samg/l Cu 

O.76mg/l Cu 

The differential susceptibilities are again stressed. 

A series of toxicity tests designed to confiru that the toxic 

effect is due to copper and not the sulphate radiclo in the 

above tests was' carried out. In this series other salts of 

copper were used, these being copper nitrate and copper 

chloride. The results of these tests were subjected to a 

probit analysis and it was found that there is no significant 

difference in the toxicities of the different salts. A 

further experiment using magnesium sulphate was carried out in 

which it was found that this salt had no toxic effect on the 

nymphs. It was concluded that the toxic effect of copper 

salts is indeed due to the copper. 

8. A series of toxicity tests designed to determine the effects of 

certain complicating fact~rs on the toxicity of copper was 

carried out. The factors investigated here Nere temperature, 

pH and hardness. The data obtained from these experiments 

were subjected to a probit analysis and the results demonstrai.:ed 

that the toxicity of :opper is increased at higher temperatures 

and at low pH values. This toxicity is, however, decreased in 

waters of increasing hardness. A brief description of these 

variables in natural waters is given. 
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9. A series of toxicity tests to determine the effects of short 

exposures to copper was carried out. Hero nymphs were exposed 

to different concentrations of copper for times ranging from 2 

to 12 hours, depending on the· concentration of copper. It was 

found that recovery is possible only with .-ihort exposures 

(2 hours) to low concentrations (10mg/l copper sulphate = 

6.6mg/l copper). In the case of longer exposures the effect 

was merely to prolong the time taken for a 50% mortality. The 

conclusion drawn is that exposures of 4 hours and over to even 

low concentrations are ultimately toxic but that this toxic 

effect is spread out over a protracted period of time. 

Only the nymphs of B.rhodani were used in this series. 

10. Serial sections were made of the bodies of nymphs killed by 

toxic copper solutions and these were then treated. with the 

histochemical stain, Rubeanic acid. Photomicrographs were 

made from these preparations which clearly show that copper is 

being taken into the gut of the nymphs and is being accumulated 

in various tissues including those of the central nervous 

system. Other areas of copper accumulation were found to be 

the malpighian tubules, the gill filaments and the fat body. 

The possible implications of copper in these regions are 

discussed. No evidence of external surface adsorption of 

copper was found. 

11. A short review of the methods used for measuring respiratory 

rates is civeno 
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12. Experiments were carried out to show the effect of copper on 

the respiratory ra~es of the three species of Mayfly nymph 

used in this study. For this purpose a continuous flow 

respirometer linked to a highly sensitive micromanometer was 

used. 

It was found that in the case of the species E.venosus 

the effect on respiration was only slight. For the other two 

species there was a definite depression of respiratory rates 

which was related to copper concentration, more concentrated 

copper solutions producing a greater depression in respiratory 

rate as measured by oxygen consumption. 

The implications of these findings are discussed. 

13. The radioactive isotope of copper Cu64·was used to measure the 

uptake rates of copper in the three species. 

It was found that up to a period of 16 hours accumulation 

of copper is rapid but that the rate of uptake causing the 

accumulatioIl reaches a peak at 4-6 hours and then gradually 

falls off. The rates of uptsKe f~r each of the three species 

compares well with their different susceptibilities to copper, 

B.rhodani having the most rapid rate. 

These rates are compared to earlier findings and some 

correlations between the Tlm curves, short exposure experiments 

and respiration rates are discussed. It is suggested that 

these findings show that the uptake of copper is not passive 

but is at least linked to an active process. 



14. The correction factore and statistical methods used in 

processing the data from the Cu64 experiments are described. 

15. Recommendations for further study are discussed. 

16. It is concluded that the effect that copper will have on a 

given pop~lation of Mayfly nymphs is subject to several 

variable factors which must be carefully considered when 

making any predictions regarding such effects. 

It is suggested that the tOxicity of copper is brought 

about by a complexity of factors rather than one single cause. 

Here copper is responsible for the disruption of several vital 

physiological processes. 



Chapter 10 

RECOMMENDATIONS FOR "'RTHER SroDY 
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1 • In general terms this study has shown that the three species of 

May~ly nymph used, although closely related, are nevertheless 

af~ected to significantly differing extents by copper. This is true 

in the case of the direct effect of copper as expressed by survival 

curves or in the case of the effects of copper on a physiological 

process such as respiration. This observation would, therefore, 

seem to lead one to suppose that in an ecosystem consisting of many 

thousands of species of invertebrates, some of which will not be 

closely relate:!, one can expect a spectrum of responses to a 

pollutant such as copper. At present there is very little 

information regarding the susceptibilities of freshwater inverte­

brates to heavy metals and a broad programme of studies taking in the 

effects of several heavy metals on a vide variety of invertebrate 

species would seem to be desirable. The starting point for this 

study could be the toxicity test, so that basic profiles of tolerance 

of a wide range of animals would be built up. 

2. This study has been carried out using three species of Mayfly 

nymph which are found in fast-running waters, and it seems desirable 

t~at some work should be carried out vith still water and burrowing 

species since this might uncover differences in response arising from 

different modea of life. Studies on the effects of copper on th~ 

respiration of still yater species would make a particularly 

interesting: c<Jl:lparison with running water species. 

3. This has been a purely laboratory study and some work in the 

field would shed more light on the toxicity of copper in the natural 

eJlvironment. Bio~ssays couln be carried out in natural waters with 
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known ~ffh copper contents to give information regarding the effect 

of this metal on species variety, distribution and number. Food 

webs constructed from such information would stress the implications 

of heavy metal conta~nation in freshwater populations. 

4. Studies have been carried out into the effects of heavy 

metals, including copper, on the behaviour of fish (JONES,1947) and 

it seems that the techniques used here could be adapted for use with 

Mayfly nymphs. The behaviour studied would centre around avoiding 

reactions and it should be possible to Bet up and maintain sharply 

differentiated concentration gradients of copper solutions in the 

laboratory. In this way it would be possible to discover whether 

the nymphs are, firstly, sensitive tos~ll concentrations of copper 

in that they are able to detect its presence, and secondly, whether 

they exhibit avoiding reactions which will determine their spatial 

distribution. Such avoiding reactions would be of some importance 

in the natural environment, especially if they result in migratiOLs 

of nymphs to less favourable reaches of a river in terms of dissolved 

oxygen and food availability. 

5. It has been demonstrated in this study that copper is less 

toxic in hard waters and this effect can be explained in terms of an 

antagonistic effect between the copper and calcium ions. It would 

be of some benefit to carry out further work on antagonism in 

relation to copper with a view to finding other ions and substances 

which woulc have on antagonistic effect. Many substances make up 

the physical aquatic e~vironcent and the effects of these on copper 

toxicity would be of j~t9rest. 



6. A more detailed and extensive study of the actual mechanism of 

copper toxicity should be undertaken. In this present study it has 

been demonstrated that for two of the species studied, ccpper 

depresses the respiratory rate. This observation could be used as 

a starting point for a more thorough investigation into this aspect 

of the problem. It is known, for instance, that the blood of 

insects does have a small role to play in the transport of oxygen. 

Some study into the effect of copper on the oxygen affinity of the 

blood of several species could be carried out to build up an overall 

picture of the nature of the effect of copper on respiration. 

Further, the uptake of oxygen at the gill surfaces could be studied 

in some detail using a technique which would involve the isolation of 

gills with the filaments intact and carrying out measurements of the 

oxygen consumption in different copper solutions. 

Basic respiration studies should also be undertaken using a 

wide range of freshwater invertebrates. 

7. Using autoradiographical techniques it should be possible to 

obtain mor~ precise inrormation regarding the, distribution of copper 

within the nymphs. This would be a more sensitive technique than & 

histochemical one, which probably misses very small quantities of 

copper in the tissues. Autoradiography would also give a clearer 

indication of relative amounts of copper involved in different 

tissues. 

8. It is possible that a relationship exists between size and 

extent of toxic effoct. An investigation could therefore be 

undert~ken in which the toxicity test could be used to investigate 
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size as a variable factor. Size seems to lead fairly naturally to 

a consideration of the different stages of the life histories of 

Mayfly ny~phs so that work could be carried out using different 

inetars so that the effect of copper on nymphs at different stages 

of development would be ascertai~ed. This could be extended to a 

study including the effects of copper on the hatching of the eggs of 

several species. 

A relationship between size and toxicity could go some way 

towards explaining the differential toxicity of copper not only to 

species of Mayfly but also in terms of a much wider range of 

organisms. 

9. The rate of uptake should be investigated for a wider range of 

species both of Mayfly and other freshwater.invertebrates. The 

effects of complicating facto~s such as temperature, light (as this 

ftfects diurnal activity), and pH should also be studied in terms of 

their effects on uptake rates. Such studies could be extended to 

other heavy metals. Also the uptake rates at higher concentrations 

than those studied here should be investigated. 

10. A broad programme of research aimed at gaining information in 

terms of sub-lethal effects could be carried out initially with one 

species. Such a programme would include "lork on the effect of 

coppe~ on certain asp6cts of reproduction such as the development of 

r.onads and gameto-genesis as well as davelopment generally. Studies 
~ . 

in other fields could also be undertaken, and as SPRAGUE (1971) has 

suggested, these would include histopathology, histochemistry, 



biochemistry and physiology generally. Other criteria which could 

be investigated could include disease resistance, and effects on 

production in experimental communities. 
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'l'ABLE 15. DA'l'A OBTAINED FROM ru:SPIRA'l'ION STUDIES (Chapter 7) 

B.rhodani 

Oxygen consumption/hr/gm 

(min.) 0 50 100 200 

10 24.8 ± 19.1 8.0 : 1.2 1.1 ± 0.5 14.3! 1.0 
20 16.6 ± 8.1 7.5 ! 0.8 1.4:t 1.3 11.9±1.2 

30 14.9 :t 7.1 7.0 :t 0.7 3.0 :t 2.0 8.2 :t 0.9 
40 12.2 ± 5.0 7.0 ± 0.6 3.5 ± 1.9 8.1 ± 1.0 
50 11.3 ± 3.0 6.5 ± 0.7 4.0 ± 2.1 5.6 ± 0.4 
60 8.8 ! 3.0 5.7 ± 0.5 3.9:t 1.9 4.8 ! 0.5 
70 7.1 ± 4.0 5.6 ± 0.4 4'0:t 1.4 4.1 :t 0.5 
ao 6.1 ± 3.0 5.6 :t 0.4 3.9 ± 1.1 3.6 ± 0.4 
90 5.5 :t 3.0 5.3 ::!:: 0.4 3.8 ± 0.5 3.2 ! 0.5 

100 4.9 ! 2.6 4.8 ± 0.3 3.6 ± 0.4 2.9 ! 0.5 
110 4.6 ± 2.3 4.4 ± 0.3 3.4 ± 0.2 2.6 ± 0.3 
129 5.7 ! 5.4 3.9 ± 0.2 3.2 ± 0.1 2.4 ± 003 
130 6.1 ± 4.0 3.6 ± 0.2 3.1 ± 0.0 2.2 : 0.3 
140 5.6 ± 3.5 3.4 ± 0.2 3.0 ± 0.2 2.2 ! 0.4 
150 5.5 :!: 3.2 3.1 ± 0.2 2.8 ± 0.2 2.1 ± 0.3 
160 5.2 :!: 2.9 2.9 :!: 0.2 2.7 :t 0.2 1.8 ± 0.3 
170 5.0 ::!:: 2.7 2.7 ::!:: 0.2 2.6 ! 0.2 1. 7 :!: 0.2 
180 4.7 ! 2.5 2.5 ! 0.1 2.4 + 0.2 1.6 : 0.2 
240 3.9 + 1.7 1.8 ± 0.1 1.8 + 0.2 0.9 ! 0.3 
300 3.2 :!: 1.3 1.4 + 0.1 1.5 ! 0.2 0.7 + 0.2 - -
360 208 + 1.1 1.2 + 0.1 1.2 + 0.1 0.5 ± 0.2 

I -
420 2.4 ± 0.9 1.0 ± 0.1 1.1 ± 0.1 0.4 ± 0.2 
480 2.1 ± 0.8 0.9 ± 0.1 0.9 ± 0.1 0.4 ::!:: 0.2 
540 2.0 ! 0.6 0.6 :t 0.1 O.8±0.1 0.3 ± 0.2 
600 1.8 ± 0.6 0.8 ± 0.1 0.7 ± 0.1 0.2 ± 0.1 
660 1.7 + 0.6 0.6 ± 0.1 0.5:0.1 0.1 ± 0.0 

I 
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TABLE 16 DATA OBTAINED FROM RESPIRATION STUDIES (Chapter 7) 

R.semicolorata 

Oxygen consumption/mini g 

(min. ) 0 10 50 100 200 

10 6.6 ! 2.2 9.8 ± 1.0 7.' ± 0.0 6.1 ± 0.8 6.0 ± 1.6 

20 5.5 :t 2.0 10.6 :!: 0.1 7.1 + 1.0 6.6 ± 0.8 6.7::!: 1.' -
30 5.5,% 1.9 11.1 % 0.1 5.9 ! 0.6 6.8 ± 1.2 

40 5.6! 1.5 10.0 ± 0.2 5.7 :t 0.6 6.3:t 1.4 

50 5.9:!: 1.5 9.6 :!: 0.8 5.0 ± 0.8 5.9 ± 1.2 

60 6.5:t 1.7 9.2 ! 0.2 6.0 + 0.8 - '.5 + 0.5 - 5.4 ± 1.1 

70 7.8:t 1.7 9.1 ± 0.2 '.1 ::!: 0.5 5.3:t 1.0 

80 7.8:t 1.5 8.8 :!: 0.2 2.9 ! 0.5 4.8 ± 1.0 

90 7.' ± 1.2 8.6 ± 0.4 2.6 ± 0.5 4.3 ± 0.9 

100 6.5 ± 1.0 8.4 :!: 0.9 2.4 :!: 0.6 4.1 : 0.9 

110 6.2 ± 0.8 8.' ! 0.1 4.9 ± 0.0 2.2 :!: 0.6 '.9 :!: 0.9 

120 5.9 ± 0.6 7.8 ± 0.1 2.2 ± 0.5 ,.6 ± 0.7 

1,0 5.7 ± 0.5 7.5 ± 0.2 2.0 ± 0.5 3.4 ± 0.8 

140 5.4 ± 0 .. 4 7.' ! 0.5 1.9 ± 0.5 3.1 :t 0.9 

150 5.2 :!: 0.' 7.1 ± 0.6 1.7±0.5 2.9 ! 0.8 

160 5.1 ± 0.3 6.8 + 0.6 1.6 ± 0.4 2., + 0.5 -
170 4.9 ! 0.3 6.5 ± 0.2 1.5 ± 0.5 2.1 ! 0.5 

180 4.7 :t 0.3 6.2 + 0.2 3.4 ! 0.0 1.3 ± 0.5 1.9 ± 0.3 -
240 ,.8 ± 0.1 4.3 + 0.2 - 0.6 ± 0.4 1.' ± 0.2 

300 3.5 :!: 0.2 3.4 ± 0.1 . 0.5 :t 0., 0.8 ± 0.3 

360 ,., ± 0.2 ,.O:!:O., 0.4 :!: 0.' 0.6 ! 0.2 

420 3.4 ± 0.2 2.6 ± 0.' 0.' ! 0.3 0.4 :!: 0.1 

480 3.2 ± 0.1 2.4 ! 0.1 0.2 :t 0.2 0.3 ± 0.1 

540 3.0 :t 0.1 2.2:!:0., 0.2 ± 0.2 0.2 ! 0.1 

600 2.7 ± 0 0 1 2.1 :t 0.1 0.2 ± 0.2 0.2 + 0 0 1 

660 2.4 + 0.1 1.9 ± 0.1 0.2 + 0.2 O. , ! 0.1 
I i 
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TABLE 17 DATA OBTAINED FROM RESPIRATION STUDIES (Chapter 7) 

E.yenosus 

Oxygen consumptio~hr/gm 

(min. ) 0 10 20 50 100 

10 3.1 ± 2.7 5.5 :t 0.9 3.8 :!: 0.2 12.2 :! 0.8 

20 + 2.; _ 1.6 ;.6 ± 1.0 1.9 ± 0.2 7.2 ± 1.9 

30 4.2:!: 1.8 ;.4:! 1.0 ;.0 ! 0.; 1.7 + 0.1 7.4 + 1.5 - -
40 3.4 + 1.; ;.8 :!: 0.8 

50 3.1 ± 1.2 4.; :!: 0.5 2.6 to.; 
60 2.6 ± 0.0 4.4 ± 0.5 2.4 ± 0.; 2.5 ± 0.2 5.5 ± 1.4 

70 2.5 ± 0.9 4.; ± 0.9 2.4 ± 0.2 

80 2.4 ± 0.9 4.1 :t 0.7 2.3 + 0~2 

90 2.; ± 0.0 4.1 ± 0.; 2.1 ± 0.2 

100 2.4 :!: 0.9 4.1 ± 0.8 1.9 ± 0.2 

110 2.2 :!: 0.9 4.2 ± 0.9 1.8:t 0.3 

120 2.1 ± 0.8 4.1 ± 0.9 1.7 ± 0.2 ,.; ± 0.' 2.6 ~ 0.4 

,,0 2.0 ± 0.7 4.0 ± 0.9 1.5 :t 0.2 

140 2.0 ± 0.8 4.0 ± 1.9 1.5 + 0.2 -
150 2.0 ± 0.5 4.0 t 1.0 1.4 ± 0.2 

160 2.1 ± 0.5 ;.7 ± 1.0 1.2 + 0.1 

180 1.8! 0.5 3.4 t 0.9 1.1 t 0.5 2.4 ± 0.2 1.5 :!: 0.; 

240 1.61: 0.5 2.6 ± 0.6 1.0 ± 0.2 1.8 ± 0.2 1.2 + 0.2 

;00 1.4 ± 0.5 2.1 :t 0.5 0.9 ± 0.2 1.5:t 0•1 1.0 ± 0.2 

360 1.6 ± 0.8 1.2 ± 0.1 0.8 ± 0.2 

420 1.4 ± 0.8 1.8 :t 0.4 0.7 t 0.2 1.1 + 0.0 0.6 + 0.2 -
480 1.2 + 0.7 1.7 ± 0.4 0.6 ~ 0.2 1.0 ! 0.1 0.6 :!: 0,2 

540 1.1 ± 0.6 1.6 ± 0.; 0.5 :t 0.2 0.9 :t 0.9 0.5 ± 0.2 

600 1.0 ± 0.5 1.; ± 0.3 0.4 t 0.2 0.4 ± 0.1 

660 0.9 ± 0.4 1 .1 ± 0.3 0.4 ± 0.1 0.2 + 0.1 -
I 
I 

I 
~ 
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TABLE 18 DATA FROM ISOTOPF. UPTAKE EXPERIMEUTS (Chapter 8) 

Val~eB are means of six counts and are followed 

by standard error + or - values. 

Baetis rhodanj" 

Time in hr. 

o 
2 

4 

6 

8 

12 

16 

o 
2 

4 

6 

8 

12 

16 

2,7 mgtl copper (= 3 mg/l copper chloride) 
c mc 

mc/g body wet wt. wate~ samples control (no ~nimals) 

0,01 :!: 0.0 

0,9 :!: 0.1 

2.4 :t 0.4 

3.1 t 0.7 

3,4 ! 0.8 

4.1 :!: 0.6 
+ 5.4 - 0.5 

2.4 ! 0.2 

1.6 :t 0.2 

1.4 t 0.4 

1.9 :t 0.7 

1.6 ± 0.6 

1.2 :!: 0.8 

0.7 ± 0.7 

2., :!: 0.2 

1.8 ± 0.2 

1.6 ± 0.5 
2.0 t 0.6 

1.7 ± 0.8 
2.0 ± 0.6 

2.0 ± 0.7 

17.8 mgtl copper (= 20 mgtl copper chloriqe) 

0.01 ± 0.0 

1.0 ± 0.1 

3.4 ± 0.6 

4.1 ! 0.4 

4.7 ± 0.8 

5.9 :!: 0.6 
7.6 :!: 0.5 

2.5 ± 0.1 . 

1.5 ± 0.2 

1.5 ± 0.6 
1.4 ± 0.4 

1.3 ! 0 0 5 

1.0 ± 0.6 

0.9 ± 0.7 

2.1 ± 0.1 

2.0 ± 0.1 

1.9 ± 0.4 

1.9 ± 0.4 

2.0 ± 0.5 

2.3 ± 0.3 

2.2 :t 0.2 

Rithrogena semicolorata 2.7 mg/l copper 

o 
2 

4 

6 

8 

12 
16 

24 

0.2 ± 0.1 

0.7 ! 0.1 

1.0 ± 0.3 

1.4 ± 0.1 

1.7 ! 0.3 

3,7 ± 0.6 

307 ± 0.5 

2.7 ! 009 

2.0 ± 0.2 

1.5 :t 0.4 

1.4 ± 0.5 

1.3 ± 003 

1.1 ! 0.3 

1.1 ! 0.6 

1.2 ± 0.a5 

'0' ± 1.1 

2.1 ! 0.1 

2.1 ± 0.1 

2.0 :!: 0.4 

2.1 ± 0.4 

2.7:!: 1.0 

2.2 ! 0.6 

2.0 ± 00 4 

2.1 ± 0.6 
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TABLE 18 (continued) 

Rithrogena semico1orata 17.8 &1 copper 

Time in hr. mc/g body wet wt. water samples 

o 
2 

4 

6 

8 

12 

16 

0.1 ! 0.1 

1.0 ± 0.1 

2., ± 0.3 
2.8 ± 0.6 

'.6 :!: 0.5 
5.7 :t 0.4 

6.8 ± 0.7 

Ecdyonurus venosus 

o 
2 

4 

6 

8 

12 

16 

o 
2 

4 

6 

8 

12 

16 

0.1 :!: 0.1 

0.3 ± 0.3 

1.1 ± 0.5 

2.1 ± 0., 

2.5 ± 0.5 
2.9 :!: 0.4 

'.9 ± 0.6 

0.0 

0.5 ± 0.2 

1.5 :!: 0.4 

2.2 ± 0.6 

2.8 :!: 0.5 

401 :!: 0.8 

5.6 :t 0 0 9 

1.8 ± 0.1 

1.7 ± 0., 
1.' :t 0.5 
1.0:t 0.7 

0.8 t 0.5 

0.6 ± 0.8 
0.5 ± , 0 0 

2.7 mg/1 copper 

1.4 ± 0.3 

1.0 t 0.5 

0.8 :!: 0.4 

0.8 :!: 0.7 

0.7 :!: 0.5 

0.6 ± 0.8 

0.5 ± 0.7 

17.8 mg/1 copper 

1.6 :!: 0.2 

1.0:t 0., 
0.7 ! 0., 

0.7 :!: 0.7 

0., ± 0., 
+ C.l - 0.2 

0.1 :!: 0.2 

control (no animals) 

2.0 ± 0.3 

2.0 :!: 0.4 

2.1 ± 0.6 

2.2 :t 0.4 

2.2 ± 0.' 
2., ± 0.8 

2.4 ± 0.7 

1.1 ± 0.' 
0.9 ± 0.4 

1.0 ± 0.6 

1.0 ± 0.6 

1.0±0.5 

1.0 :!: 0.'5 

0.7 ± 0.8 

1.7 :!: 0.' 

1.7 ± 0.5 

1.6 ! 0.4 

1.4 :!: 006 

1.4 ± 0.4 

1.2 ± 0.' 

1.'3 ! 0.2 
J 
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TABLE 19 RATE OF UPTAKE OF Cu64 (Chapter 8) 

Bae ti s rhodani 

Time in hours millicuries Cu64/gram (wet wt.)/hour 

2.7m#1 Cu 17.8 mg/l Cu 

2 0.45 ! 0.05 0.50 ± 0005 

4 0.60 ± 0.1 0.85 ! 0.15 

6 0.50 :t 0.12 0.68 ± 0.06 

8 0.42 ! 0.10 0.65 ! 0.10 

12 0.34 ± 0.05 0.49 :t 0.05 

16 0.33 ! 0.03 0.47 ! 0.03 

Rithro~ena semicolorata 

Time in hours millicwd£s Cu64/gram (wet wt.)/hour 

2.7 mg/l Cu 17.8 mg/l Cu 

2 0.35 ! 0.05 0050 :t 0.05 

4 0.25 ! 0.08 0.58 ! 0.08 

6 0.23 ! 0.02 0.47 t 0010 

8 0.21 :t 0.04 0.45 ± 0.06 

12 0.3' ± 0.05 0.47 ± 0.03 

16 0.2, ± 0.03 0.43 :t 0.04 

24 0.11 :t 0.06 .:. 

Ecvonurus venosus 

Time in hours millicuries Cu64/gram (wet wt.)/hour 

2.7 mg/l Cu 17.8 mg/l Cu 

2 0.15 ! 0.15 0.25 ! 0.10 

4 0.28 ! 0013 0.38 :t 0.10 

6 0.35 ± 0.05 0.37 ! 0.10 
8 0.31 ± 0.06 0.35 ! 0.06 

12 0.24 ± 0.03 0.'4 ± 0.07 
16 0.24 ± 0.04 0.35 ! 0.06 
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