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The background of this paper is described in the Foreword to the report itself.
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POREWORD

This is the tenth technical paper on water quality criteria for Buropean freshwater fish for the
Furopean Inlend Fisheries Advisory Commission (BIFAC) — an inter—governmental orgenization with a
membershin of 23 countries. The Commission has been active in its efforts to establish water quality
criteria for Duropean freshwater fish since its Second Session, Paris, 1962, when it took note of a
recommendation of the United Nations Conference on Water Pollution Problems in Europe, 1961,1 at
BIFAC tazke the initiative in drawing up water quality requirements with respect to fisherie .

As wag stated in its first nine reports on water quality criteriag/, the Commissiontagreed that
the proper management of a river system demands that water of suitable quality be provided for each
use that is made or intended to be made of it and that the attainment and maintenance of such quality
is normally to be sought through the control of pollution. It was necessary, therefore; to know the
standards of quality recuired for each particular use in order to determine the degree of pollution
control necessary and to forecast the probable effect of augmented or new discharges of effluents. It
was nointed out that water quality standards for drinking water had been well defined by the World
Health Cresnization (WHO) and that standards for certain agricultural and industrial uses are also well
defined, However, water quality criteria for fish have not received the attention that they deserve.
111 toee often, water has been considered quite adequate for fish as long as there has been no obvious
mortality which can be ascribed to known pollutanis. Degradation of the agquatic habitat through pol-
lution and decrease in the ammual production and subsequent harvest of fish have often passed unnoted.

¥ith such reasoning in mind, it was agreed that the establishment of water quality criteria for
Turopean freshwater fish be undertaken by the Commission. This was %o be accomplished by a critical
exrmination of the literature, and very possibly experimentation to clear up contradictions and fill
in gaps of knowledge, followed by recommendations as to desirable requirements for various aquatic
organisms or groups of aguatic organisms with respect to the various qualities of water. The final
criteria were to be published and given wide dissemination.®

To accomplish this tagk, the Second Session of the Commission appointed a Working Party of experts
selented on the basis of their knowledge of physical, chemical and biological requirements of European
freshwater fish in relation to the topics to be studied.

Thig Morking Party prepared its first report on finely divided solids and inland fisheries (see
footnote£/3 which was submitted tg/ihe Commission at its Third Session, Scharfling am Mondsee, 1964,
where it was unanimously approved= .

The Third Session then suggested that the following studies be considered by the Working Party:

~ water temperature (including a review of the effect of heated discharges);

- dissolved oxygen and carbon dioxide; pH; toxic substances including heavy metals, phenols,
vesticides and herbicides.

1/ See, respectively: EIFAC Report, Second Session, 1962, p. 21-2
UN (1961) Counference on Water Pollution Problems in Eurcpe, held in Geneva
from 22 February to 3 March 1961
Documents submitted to the Conference. Vols. I-III, United Nations, Geneva,600 p.

2/ Report on Finely Divided Solids and Inland Fisheries, EIFAC Tech.Pap., (1):21 p., 1964
Report on Extreme pH Values and Inland Fisheries, EIFAC Tech.Pap., (4):18 p., 1968
Report on Water Temperature and Inland Fisheries based mainly on Slavonic Literature, EIFAC Tech.
Pap., (6):32 p., 1968 -
List of Literature on the effect of Water Temperature on Fish, EIFAC Tech,Pap., (8):8 p., 1969
Report on Ammonia and Inland Fisheries, EIFAC Tech.PaE., (11):12 p.,( 9

70
Report on Monohydric Fhenols and Inland Fisheries, AC Tech.Pap., (15):18 p., 1972
Report on Dissolved Oxygen and Inland Fisheries, EIFAC Tech.Pap., (19):10 p., 1973
Report on Chlorine and Freshwater Fish, EIFAC Tech.Pap., (20):11 p., 1973
Report on Zinc and Freshwater Fish, EIFAC Tech.Pap., (21):22 p., 1973

3/ EIFAC Report, Third Session, 1964, p. 11
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Elevated temperature was given first priority, and a draft on this subject was prepared by the Working
Party during the following inter-sessional pericd. (At the Third Session the work of the Commimsion

was re-organized into three Sub-~Commissions, one of vwhich, Sub-UCommission III - Fish amd Polluted Water -
regrouped all the activities of EIFAC im the Tield of water pollution. The Working Perty on Water
Guality Criteria for European Freshwater Fish has since functiomed under this Sub-Commission)

The Fourth Session of the Commission, Belgrade, 1966, after having studied this first draft of
review of literature on the effects of water temperature onm aguatic 1life concluded that such a review
required more effort than the resources of the Commission permitted at the time. HMeamwhile, it sugges—
ted that a water quality report for extreme pH values be prepared for the next Session of EIFAC, and
that a report on dissolved oxygen be prepared when funds become available for a full-time consultant= .

The report on extreme pH values and inland fisheries (see footnoteéys was published in 1968,§}n
time for presentation at the Fifth Session of EIFAC, Rome, 1968, where it was unanimously approved= ,

At its Fifth Session the Commission again reviewed priorities for future studies apd decided to
undertake. critical reviews on the effects of ammonia and phencls on freshwater fishes.

It also recommended that guidance as %o its future work in the field of water pollution control,
including the development of water quality criteria, be taken from the FAO/EIFAC Symposium on the
Nature and Extent of Water Pollution Problems affecting Inland Fisheries in Burope which was later held
in Jsblonna, Poland, 1516 May 1970, just before the Sixth Session of EIFAC.

The Fifth Session also approved in draft & report on water temperature and inland fisheries based
mainly on Slavonic literature. The report was published in FHovember 1968 as the third in the EIFAC
water quality criteria series, and was followed in 1969 by the fourth puhlication in the series, a list
of literature on the effect of water temperature on fish., (See footnote for both papers.)

Following the Jablonna Symposiumé/, the Sixth Session of FIFAC, Krakow, 1970, again reviewed the
Commission's programme with respect to water quality criteri . HNoting that a report on ammonia was
almost complete, it approved continuance of work on phenols, and the current work begun by the Working
Party on copper, zinc and mercury, and recommended the addition of cyanides, detergents, chlorine and
hydrocarbons as items for future reviews. It also recommended eventual resumption of work on water
temperature and §. preparation of a review based om a critical worldwide report on dissolved oxygen
prepared for FA .

After the Sixth Session of EIFAC, the EIFAC Working Party has published- reportz on ammon;i/and
monohydric phenols as the fifth and sixth reviews in this EIFAC _series of water quality paper 2/ which
were presented o the Seventh Session of EIFAC (Amsterdam, 19722/ ) where they were unanimously approved.

After the Seventh Session, the EIFAC Working Party om Water Quality Criteria drafted reviews on
dissolved oxygen, chlorine and zinc which were studied at its eleventh and twelfth meetings held in
Rome (15-17 January 1973) and Karlsruhe (25 May 1973), respectively. The reports on dissolveq oxygen,
chlorine and zinc have been published as the seventh, eighth and ninth reviews of this serie and
were approved by the Eighth Session of EIFAC (Aviemsf'eg Scotland, 1974)19/, The Bighth Session gave
priority to cedmium as the subject of the next report. It recommended in addition (i) that all completed
reports should be updated where necemsaery and offered %o a publisher for printing in a single volume and
(ii) that research in the field to provide information emsential for the formulation of water quality
criteria should be encouraged by EIFAC,

The tenth review, which follows, iz the one on copper and freshwater fish. For the preparation of
this report, the following experis were sppointed to the EIFAC Horking Party on Water Quality Criteriat

EIFAC Report, Fourth Session, 1966, p. 12
EIFAC Report, Fifth Session, 1968, pp. 14~5

Holden, A.Ve. and R, Lloyd (1972), Symposium on the Nature end Extent of Water Pollutiom Problems
affecting Inland Fisheries in Burope. Symthesis of Naiiomal Reporis, EIFAC Tech.Pap., (16):20 p.

EIFAC Report, Sixth Sesmsiom, 1970; p. 13

Doudoroff, P. and D,L. Shumway (1970)9 Dissolved Qxygen Requirements of Freshwater Fishes, FAQ
Tech,Pap., (86):291 p.

EIFAC Report, Seventh Session, 1973, p. 18
10/ EIFAC Report, Eighth Session, 1975, p. 11
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Mr. J.S. Alabaster (United Kingdom), Convener
Dr, D. Calamari Ttaly)

Mr, W, Grande Horway

Dr, T.B. Hasselrot {Sweden

¥r. R, Lloyd United Kingdom)
Dre AW, Lysak Poland)

Dr. W.X., Beach Germany, Fed. Rep.)

The thanks of the Working Party are hereby comveyed to Hessrs., V.M. Brown, J.F. de L.G. Solbé,
Dro. J. Gardiner and Dr. J. Hall of the Water Remearch Cemire, Stevenage (U.K.) who have provided
constructive criticism of the draft copper report.

PAQ Secretariat:

Mre Je=L. Gaudet -~ Secretary to EIFAC

The Working Party used the same general bagis for their work oan which they had agreed for the
preparation of their firat report thats

"ater quality criteria for freshwater fish should ideally permit all stages in the life cycles
to be successfully completed and, in addition, should not produce conditions in a river water which
would either taint the flesh of the fish or cause them to zvoid a siretch of river where they would
otherwise be present, or give rise to accumulation of deleterious substances in fish to such a degree
that they are potentially harmful when consumed. Indirect factors like those affecting fish~food
organisms must also be considered should they prove to be important.”

This report will be presenied to the Ninth Session of EIFAC (Helsinki, Finland, 9-15 June 1976).
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SUMHARY

Copper is a commou pollutant in surface waters; its mode of action on aguatic organisms is not
clear but toxicity is largely altributable to Cu?¥, The cupric form of copper (which is the species
commonly found) is readily complexed by inorganic and orgenic substances snd is adsorbed on %o partie-
culate matter. For $his reason, the free ion rarely ocours except in pure acidic soft waters, The
analyticel techniquescommonly used do not distinguish beiween toxic ionic copper and non—toxic soluble
copper complexes and are not scourate at low concembrations, meking the interpretation of field data
difficult; where possible, copper concerirations are ezpressed im this repori as "moluble copper®, i.e.,
that which passes through o millipore filter of averaze porosity 0.45 .

Toxicity (1050} is increased by reduction in water hardness, temperature, dissclived oxygen,
chelating agents such as EDTA and NTA, humic acids, amine acids, and suspended solids but little is
kmown of the effect of oH,.

Acutely lethal concentraitions (iaea, 48~ or 96k &Cﬁo)of copper o Buropsan species of fish in
hard water range over 1% orders of magunitude., No relisble comparative date are aveilable for different
species in soft waber, for the young stages, or Tfor sub-lethal effects.

Significant adverse effects on growth of some spscies, imcludinmg ralmbow trout, ocour at avout
0,1 of the 896~h LG50,

Aquatic plants and algae and inverlebrates ars generally more resistant thenm fish and there is
no evidence that fisheries in waters containing copper have been adversely affected because of a
reduction in food organisms.

The tozicity of copper in natural waters, except moft water free from organic matter and susw
pended solids, is less than that predicted from laboratory tests in clean water, probably because of
the presence of non-toxic complexes and insoluble precipitates. Sewage effluents containing copper
ere also less toXxic than would be predicted from laboratory data. The presence of nop~toxic complexes
mey parily ezplain the existence of brown trout populations where the ammusl §0 and 95 percentile
values of soluble copper were 0,17 and 0.38 of the 48-h LU50 fo rainbow trout, and some non-salmonid
species where the corresponding values were 0.17 and 0.66 respectively.

Only temtative water quality criteria can be formmlated 2t present because there are virtually no
field observations that indicate unequivocally the concentrations of copper that are mot inimical +o
fish populations or Tisheries. This is mainly becsuse analytical methods Tor low concentrations are
inadequate and the metheds commenly used Go uot distinguish between toxic and non-toxic soluble Forms.
Also, gmantitative data on the size anmd structure of the fish populations are not available and other
poisons are frequently present with copper. Ouly meagre qualitative date are available for non-
salmonild species,

In the absence of data on the precise effecis of copper on natural Tish populations, considerable
reliance has 0 be placed ou laborstory date; it is suggesied that the maximum safe concenirations
should be based on zmmual 50 and 35 percentile veluse of soluble copper of 0,05 and 0.2 respeciively
of the threshold LC50 to rainbow trout, teking into account the effect of water hardness as shown in
Table I. Peak concenmtrations (0.5 of the ihresheld LUS0) may be more damaging in the winter than in
the summer.

The presence of orgeaic matter might allow the values in Table I to be increased up to 3~fold,
The valves shouwld be decreased to allow Tor low temperature and for the presence of other poisons and
also adjusted 4o allow for the different sensiitiviities of other species of fish, as illustreted in
the appropriate seciions of the repori.
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Table I Approximete maximum annuzl 50 and 95 percentile concentrations of soluble copper for rainbow

trout. Adjustments can be made for the presence of organic matter, 1ow temperature, harmful
substances and other species {see main report)

Water hardness 50 percentile percentile
(mg/1 as CaCOy) (e cuﬁ?
10 1.0% 5.0%
50 6.0 22,0
100 10,0 40,0
300 28,0 112,0

# The presence of fish in waters containing higher concen-
trations may indicate the predominance of soluble, non-
toxic, organo-copper complexes
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1.  INTRODUGTION

(1) Copper is found in matural waters as a trace metal, i.e., usually ai concemtrations of <5 pg/l,
but can also be present at much higher concembrations (several mg/l), as a result of mining activities
and other industrial procssses, %o the detriment of fish; it is often preseni with other heavy metals
(especially szine) a% potentially hermful concsniraiions apd wiih other poisons, meking it difficult to
distinguish the effect atiributeble to coppsr. It is alsc used sy an algleide end molluscicide.

1.1 Chemistry of conper in fresh water

(2) 1In the asrcbic condiiions normslly prevailing inm mstural supface fresh waters the only stable
oxidation shtate of copper is the oupric Porm. This has a grest tendency to form complexes (i.e., the
stability comstanis of its complezes ars large), and the chemistry of copper in water is dominsbed by
this tendemcy. The proporiion of the toital dissclved copper present as the free ion has been found to
be about 1 percemt, but would be mach smeller in waters with heavy organic loads and thossof high pH
(> 7.5). Only in waler of unusunlly low pH, or very soft water, could 2 mignificent proportion be
present as the free lon.

(3) Complexstion im fresh water has been thoroughly imvestigated by Stiff (1971b). The complexes
usually presemt ars those with the carbomate and hydrozids ionms and amine acids and, in waters receiving
domestic and indusirial wastes, cyanide and synthetic chelating egemnis such ag the detergent builders
polyphosphate and nitrilotbiscetic asid (%?A)e The stability constanis of all these complexes are
known {Sillem and Mardell, 1964} and %he exbent of complexsbion canm be caleulated if the pH and con=
centration of the complexzing agent are slsc known. Ancther important class of copper compounds found

in natural waters is that conmbaining humic substaznces, for which few accurate stability constants are
known. S

(4) Most copper complexss sre labile and equilibria ave repidly estsblished. Certain of the humic
complexes, however, sppsar o be imert (Chem end lam~Shue-Chan, 1974) and omce formed, probably by
slow rearrangement of e labile humic complex, thelr subsequent vesponse to changes in the composition
of the water which would lsad toward dissociating the complexz will be slow.

(5) The least soluble copper salt forming under normal serobic conditions in natural fresh waters
containing bicarbonate salts is the basic carbonate, melachite, A4t _a bicarbonete concentration of
5 x 1073 ¥ the equilibrium solubility of free cupric ion is 8 = 1078 M (or 5 ug/1) at pH 7, and

3 x 1079 ¥ (or 0,16 ug/l) at pH 8. Because of complezation, however, total dissolved copper concen-
trations in excess of this are thermodynamically steble and esisblishment of equilibrium is in any
case a slow process,

(6) There has been discussion of the role of the chemical specistion of copper in accounting for dif-
ferences in the toxicity of the metal in waler of differsnt chemical composition €S*tiff, 1971a, 1971by
Calamari and Merchetti, 1974 and Pagemkopf et al., 1974). It has been suggestgd (pare. 20) that the
toxicity can be related to the total concentration of soluble copper, i.e., Cu * and CuCO (Shaw and
Brown, 1974), tui recent work in the U.S.4. (B.¥W. Andrew, unpublished) appears to demonstiate ade—
quately +that it iz the coppsr lom which is the most imporitent form.

(7) Like other %trace metals, copper is also readily adsorbed om to solid particles suspended in water
and on to comtainer surfaces., Substantisl proporiions of the itotal copper present in unfiliered
natural water sa%?i@eg thersfors, can bs assoclated with particulate materisl (S'tiff, 1971b; Nachéina
and Feldman, 1971).

(8) T more common methods for measuring copper in fresh water (atomic absorption spectrophotometry, acti-
vation emslysis, mass specirometry, abd most oolorimetric wethods) meagure the total concentration of
copper in the sample after suiteble pretrsaimeni. The counceniration of copper associated with parti-
culate material canm readily be obbained by filtration, but the differentistion and identification of
even only some of the complexzes preseht réguires wore slaborvate procedures ijmvolvimg the copper specific
ion electrode and colorimetric reagents (S$iff, 19712} and poseibly other methods. Anodic siripping
voltammetry can also be used to o limited extent to measure complexation (Chan and Ium-Shue~Chan, 1974),
and after the release of copper from ineri complezess provides an alternative method of determining the
total dissolved metal comcemirastion. Complete smalyiical identification cammot, however, be made and
becange of the low conceniraiions at which the iomic form (the most importent gtete) is present, this

is very difficult 4o determime at levels of inmterest with regard %o aquatic life.

(9) T4 will be evident from the foregoing pavagrephs that the value of much of the published data on
the toxicity of copper %o aguatic life is severely limited by the inadequacy of mmalytical information
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on water quality, especially in early publications, and the fact that comditionz in the field are more
complex than those produced inm the laboratery. This is discusmed again in peraz. 19 do 29, and 73 4o 83,

2o DIRECT LETHAL ACTION OY ¥ISH
2.1 Yode of action

(10) The toxicity of copper salis to fish was ettributed by early workers, for example, Ellis (1937,
to the precipitstion of mucus on the gills thereby ceusing suffoostion, and 2lso to direct damagzs of
the gill. Certainly, acutely lethal comcemiralbions of copper csuss & tempovary reduction im the mumber
of mucus cells in common carp (Q@?img carpio) { Lebat of al., 1974} and extensive breskiown of
the gill of raimbow trout {Salmo imrii the lamellds teniimg 1o oollepse avd overiie each cthex
and showing hyperirophy snd hyperplasie (Department of SBsientific and Industrial Ressarch, 1961).
Effects on the gills of lower concenirations are less severe, the epithslisl layer ghowing thickening
of the apical cells, vacuoliszation, and comteining myelinm-like bodies and ineressed numbers of chlorids
cells (Baker, 1969).

(11) Bilinski and Jonas (1973) found that exposure of rainbow irout to rapidly lethal levels of copper
reduced the capacity of exzolsed gills %o oxzidize laciaie, but with exposure to concewirations causing
33 percent mortality in 96 b there was uo veduciion im oxidsticn vate. Therefore the hypothesis that
fish die from agphyxiation im probably an oversimplificstion, metsbolic pathways imvolving other
enzymes probably being implicated. For exzample, hepstic end rensl disorders have been reported for
the winter flounder (Psendopleuromectes americamie) {Baker, 1969) and for killifish {or mummichog)
(Pundulus heteroclitus) |Gardner Te Roche, 1973}, and changes in the activiiy of sowe liver enzymes
have been found im mummichog following exposure o the G6~h LOSO of copper (Jackim et ale, 1970).

In vitro measursmenss of the effect of coppsr on the plasme lasiaie dehydrogensss (PLDE) and plasma
glutamic oxalacetic transaminase (?GGE’) activity in white sucker {(Cotoszbonus commersoni) showed izhi-
bition by 65 and 130 mg Guf}. respeciively {(Chrisjensen, 1971}, tut these levels ars certainly higher
than those likely to be found inm the plasme of Fish exposed to copper solubions (mee para. 56).
However, with brook trout {Salvelimwe foniinalis) PEOT activiiy was reduced at lovels of copper that
were detrimental %o survivel and growitn (Mckim end Bemoit, 1971).

(12) Little is known of the significamce of emhanced concemiratiomsof copper im the blood, gill, liver
end kiduey of irout ireated with sub-lethal comcemivations {Calameri and Harchetti, 1973) end im whols
figh exposed to lethal comcemirations (Kariye et al., 1967). Increased levels occurred in the gill,
liver and kidney but mot im the opsroula, red blood cells and bleod plasma of brown tullhesd (Ictalurus
nebulosus) exposed to mub~lethal comcenitrations of copper (Brungs, Leonard and HMeXim, 1973); ond some—
what similar resulis were found for bluegill (Lepomis m&crsséaimss {Benoit, 1975). Tissue levels in
brown bullhesd when killed by further oxposure to lethal concentrations were higher than thoss of cone
trols kept beforchazd inm clean waiter. Other relevent data are given in para. 56 o 62,

(13) I% may therefors be comcludsd that little of the hermful mode of action of copper on figh is known
with certainty.

2.2 Pactors affschtine acuiely lethal levels

{14) The curve relating the logarithm of medien perisd of survival 4o the logarithm of copper concen-
tration can bs used to estimate the median ssymptotic or threshold IL50; the shape, and more impor—
tantly, the asympiotic walues of the curves, ars affecied by envirommental factors such as water hard-
ness, dissolved ozygen comcentration, pH value, and tempsrature, and are different for different species
and stages in the 1life history. 8ince these concenitvation-response ourves may cross each other, one
curve may indicate s ghoriter time of survival et high concentrations than another and yet indicalte a
higher median lethal threshold comcemtration, i.e., a lower toxicity (pave. 17).

a) Temperaturs

{15) Liepolt and Websr (1958) found that in hard watep (250 mg/i as CaC03), the threshold concenmtration
for rainbow trout was 0.5 mg Ca/l at both 15°C and 107C althougn the survival time a2t concentrations
higher thazn the threshold were shortest at the highest tempsralture.

(16) similarly, the 8~day IC50 of 0.5 mg Cu/l for this species found by the Department of the Environ—
ment {1971) im water having a hardneus of gheut 250 ag/l as CaGly apd = temperature of 11,5 C wes close
to that obtained by Calameri apd Harcheiti (1973) in water havibg a herdness of 290-310 mg/l as CaCOy
and & temperat re of 15.0=15.6 G,

{17) Cn the othor hamd, for juvenile raimbow trout (lensth 3 cm) acclimated to the Yest temperature
for at least 14 deys inm hard water (250-260 mg/lL as CaC0y) at a dissolved-oxygen comecentration of over
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70 pagcent of the airesaturation valide and at » pH value between 7.0 and 7.5, the 6=day 1050 at 6%
and 2°C was about 8.3~aﬁa 0.5 of the value at 15°C (Depariment of the Emvirommemt, 1973). Thus for
rainbow frout at 6 C,as compared with 1570, survivel %time at aeuiely lethal comcentrations can be
increased but the 6-day LL50 reduced by two thimds, providing =n example of crossing over of the
concentration-response curves. Reduction in the survival %ime of goldfish (Carsssive auratus) agcli~

mated to the %ssg temperature and exposed 0 1.5 mg Cu/i in very soft water has been found at 27 C as
compared with 14°C (Mercheti, 1962), Similar results have bsen found for the minnow (Phoximus
phoximus) though the 7-day LC50 was unchenged (Liepolt and Weber, 1958). Rehwoldt et al, (1972)
also found no differences in 96-h LOS0 values for six Horth American species tesfe&—2€‘77bc and 2800.

b) Dissolved o n

(18) Low concentrations of dissolved oxygen increase the toxicity of poisoms to fish (ILloyd, 1961a),
and for copper the 48=h 1050 is reduced by about ome third with a reduction in the dissolved—oxygen
concentration from 100 percent to 40 percent of ths air—saturation value.

c) pH value

(19) There are few data on the effects of pH on the toxicity of copper, but it is kmown that copper is
precipitated in herd water at alkeline pH valuss. For example, for a nominal concemtration of 5 mg Cu/i
at pH Te45, 2.94 mg Cu/ﬁ were in solution after 24 h vhersas at pH 8 only 1 mg/l was in solution after
2 hours (Department of the FEmviromment, 1971). It is not kmown whether the precipitate is toxic.

(20) Liepolt and Weber (1958) found that in hard water (250 mg/l as CaCO3) the threshold concentration
for rainbow trout was 0.5 mg Cu/i at pH values of both 5.6 and 6.4 although the survival time was
reduced at the lower pH value. Also, Shaw and Brown {?9?4) found that the median period of survival
for raimbow trout was similar for equal comcenirabioms of copper (Cu®™ and CuGOB) at pH values of 6.5
and 7.5 in hard water.

d) Harduness

{21) Copper has been shown to be more voxic im soft than iwm hard water (Department of Sciemtific
Industrial Research, 1962); tests made with rainbow trout at three differemt levels of hardness (12,
42 and 320 mg/l as CaCOB) to which the fish were acclimated beforehend showed that the T=day LC50 was
about 0,03, 0.8 and 0,5 mg Cu/l vespsctively.

(22) Tabata (1969) also Ffound with both ralnbow troutamd carp that the 24-h LS50 increased almost
3-fold with an 8=fold increase inm hardness effected by the additiom of calcium chloride and magnesium
sulphate. Lioyd and Herbers (1962) suggested that a linear relation exists between the logarithm of
threshold LCS0 of copper for rainbow trout and the logarithm of total water hardness.

e) Salimity

(23) With juvenile pompano {Trachimotus carolinus) acclimated o different salinities the toxicity of
solutions conmiaining coppsr sulphate gecreased with increase inm salinity (Birdsong and Avault, 1971),
the 96-h LO50 being 1.42 mg Cu/l and 10 g/l amd 1.97 mg Cu/l at 30 g/i.

) Organic subsgtances

(24) Some orgenic substances of low dozicity to Pish such as ethylene—diaminetetraacetic acid (EDTA),
N¥ra, citric acid, humic subsfences, and natural amino acids, can reduce the acute toxicity of copper
(Sprague, 1968; Nishikawa and Tabata, 1969; Ministry ofTechnclogy,7970)e ’

(25) Grende (1966) Ffound an incressed survival of Atlamtic salmon fingerlings (Salmo salar) in soft
water containing 1 mg Gufi after addition of an amount of EDTA sufficient for a complete chelation of
the metal., Shaw and Brown (1974) observed a 50 percemt mortality of rainmbow trout in 8 days at

0.5 mg Cu/fl in the absence of HDA, but no mortality with 4 mg Cu/i in the presence of 12 mg NTA/& under
otherwise the same test conditions. In the presence of up to 2 mg Gu/i survival time of rainbow trout
was progressively increased by increase in the concentration of humic acid {Brown et ales 1974) .

(26) Zitko et 2l. (1973) also found that the presence of humic acid reduced the toxicity of copper;
the 96~h LCS50 Por juvenile Atlamtic salmon in water having a hardness of 14 mg/i as CaC0, and a2 tem
perature of 3.8 to 4.8°C was 0,09 and 0,165 mg Cu/l in the presence of 5 and 10 mg/1l of humic acid
respsctively, and about 0,02 mg Cu/fl in its sbsence, i.e., & reduction im toxicity of 0.22 amd 0,12
respectively. Cook end Cote {1972) using a siightly harder water (24~96 mg/l as CacoB) found a
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gomewhat smaller reduction in toxicity, being ebout 0.3, 0.2 and 0,14 of comizel values in the prasence
of 10, 20 and 30 mg/l humic acid respectively.

{27) Increasing the conmcentration of glycine can alsc reduce the foxicity of copper sulphate solutions,
and at o comcemiration of 10 mg glycine/l the 24, 48~ and 725 1050 walues for rainbow trout were
seven to bten times higher than in the sgbsence of the amino acid., The survival time of this spacies

in the presence of 2 ng Caf? wes increased from B h in solutions condaining no sewags effinent to

80 b in those cousisting of only sewage offiuent (Brown et al., 1974) (see para. 74).

(28) The above observationms (parz. 24 %o 27) suggest that thess orgsnc-copper complexes have little, if
any, acutely toxic effect on fish but no imformation is available op long-term effecis. However, smoms
orgenic subsiances combaining copper may be foxic (para. 59).

i

g} Suspended sclids

(29) Investigations of Svensks Gruvftreningen (1960) and cbservations of the Norwegian Institute of
Water Research [M. Grande, pers. comm.) imdicate that the doxicity of copper and zine is reduced when
the metals are mixed with wastes from flotation procesges. These wastes conitaln high levels of finely
ground materials vhich may adsorb hesvy mefsls. 4 3=fold increase in the 48-h 1050 of toial copper

to rainbow trout was shown in the pressuce of organic or inorganic solids at a conmcsntration of 50 mg/i
(Brown et al., 1974). However, in terms of goluble copper, the toxicity of such solutions appears to
incresse with increase in the concsunirsiion of solids, the 48-h I0S0 in the presence of 100 mg/i
organic solids being gbout half of that observed when no sclids ars present.

n)  Age and size of fish

(30) In a hard water (260-280 mg/l s CaC0,) = copper concembration of 1 mg/l did not affect fertili-
zation of raimbow trout eggs although it afd incrsase the rate of development, all copper—sxpossed eggs
hatching before amy of the comirols {Shaw and Brown, 1971).

(31) Experiments with egge of raiubow ivout at 10%¢ and in water having & harduness of 14 mg/l as CaCO3
showed that at 0.02, 0.04 szd 0.06 mg Cu/l there was 25, 70 and 100 percent mortality respeciively
compared with 10 percent in the comirols {Grande, 1966). Mortality swonz eggs of Atlantic salmon under
the same conditions was 82, 92 and 100 psrcent respecitively compared with 15 percemt in the controls.
These concentrations bhad less effect on yolke-sac fry and fingerlings of Atlambic salmon for which the
2i-d LC50 was 0,04 mg Cu{i¢ Howsver, damsge to ths fish at 0.02 mg Sufi wag indicated by their umwil-
lingness to eat food. Thus, there was relabively little difference in tolersnce beiween eggs, yolk—
gsac fry and fingerling Atlantic salmon but salmon eggs were more sgensitive than those of rainbow trout.

{32) Yeariing amd fingerling rainmbow %4rout had a similar resiziance o acutely lethal levels of copper
ol

in the ramge 0.8 %0 1,0 mg/l in water having a hardness of 320 mg/l as €aG0, {Department of Sciemtific
and Industrial Research, 1560).

{33) Hazel ant Msith (1970) found that egge of chimock salmon {Oncorhvnchus tshawytscha) were more
resistant to copper than fry; eyed egge exposed o & concentrabion of 0.08 mg Cu/l at 13°C to 14°C and
a hardness of 44 mg/l as Call, hatched successfully, but 0.04 mgj? was acutely toxic to fry and

0.02 mg/l czused az moritality &f 33 and 12 percent among the swimeup sitages and the sac fry respechively,
compared with a mortality of 23 percent and 4 percent respsctively in the comirols., MNeKim and Benoit
(1971) veported that 17 pg G&fi did not adversely affsct the survivel of adult brook trout or ths
hatchability of the eggs wut seversly reduced the survivel of the alevin/juveniles during S-gonth
experiments in water having s hardness of 45.4 mgjﬁ ag Cal0l, and temperatures ranging from 6°C in March
to 16°C in September; the 96<h IL50 for adults was 0.1 mz Cugis Thug it appearsz that the early stages
of some salmonids are more sgensitive to copper than other stages in the lifle oycle,

(34) ¥ount end Stevhan {1969) foumd hat no fathead mimnow fry survived a 30-d exposure to water having
2 hardness of 31.4 mg/l as CaCO, at 19°C and comtaiming 18 yg Cu/l whereas the §6-h LOS0 for adults

was T5 %g/ia Gardrer and LeRoche (1973) found $hat the emevgence of larvel mummichog was greatly
reduced in the presence of 0.25 mg Cu/l and that only 57 percent of ihe hatched imfividuals survived
whereas the 48-h 1050 for $he larvas was 1.2 agfée These studies suggest that for some non~salmonid
fish alsc the early larval stages are less ifolerant of copper than eggs or adulis.

{i) Acclimetion %o coppesy

{35) There are : > specific studies known %o us on the effect of acclimation to 30§§@§ on the resistance
of fish, but im » 3-month experiment with brook trout glevins MeHim and Benoit {1971} found that +the
mortality of ‘hoze from parents not previcusly exposed to copper was similar %o that of the progeny
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from parenis exposed Tor 8 months to copper. Resulis with fathead mimmow (Mount and Stephan, 1969)

in soft water were similar. On the other hand, Paul {1952) observed that Tish were regident im the
Sacramento River despite the presence of & concembration of copper high enough to prevent the survival
of introduced hatchery-reared fish.

{36) Rainbow trout exposed to surfactant, after being kepd for 1 wesk at 0.5 of the 14-d IC50 of
copper, during which time they asccumulated abnormally high concenbrations of metal in some organs,
survived about =5 long as those not previously exposed o copper (Celamsri and Marchetti, 1973).

3)  Acclimation to other poisons

(37) Oseid and Smith (1972) Ffound that the time of survival of bluegill in solutions containing copper
was two—- to four-fold higher among fish acclimated %o high concentrations of hydrogen sulphide
(5 to 15 ﬁg/i) than it was among those acclimated %o low concentrations (1.5 gg/i>e

k)  Joint effect of copper and other heavy metals

(38) Doudoroff {19%52) found that whereas fathead mimnow (Pimephales promelas) usually survived am 8-h
exposure to solutions containing either 8 mg Zn/l or 0.2 mg Cu/L in soft water, most succumbed within
this period in & mixture of copper and zinc at cne-eighth of these concentrations respectively. Lloyd
{1961b) obtained somewhst similer resulis with rainmbow trout in soft water (hardness 14 mg/l as CaCOS)
but found that at relatively low concenirations, corresponding o less than the 3-d and 7-d LC50 of
copper and zinc respectively, the effect of the mixtures was gimply additive in both the soft and a
hard water (hardness 320 mg/l as CaC0,). Spregue and Ramsay {1965),who ussd these metals in water
having a hardness of 14 mg/l as CaC03%alsc found that the ioxicity of mixtures fto juvenile Atlantic
salmon could be accounted for by the simple addition of ths fractions of the corresponding 050 of the
separate metals.

(39) D. Calamari and R. Harchet$i {pers. comm.) obiained similar daia in terms of fractions of the
96-h LC50 valuss for rainbow %rout with copper and mercury tested at 15 C in a webter having a hardness
of 320 mg/l as Call, .

(40) The 48-h 1050 to rainbow %rout sxposed %o miziures of copper, zinc and nickel has also been found
to be adequately predicted by summation of the fracition of the 48-h LG50 values of the ssparate poisons
(Brown and Dalton, 1970).

(241) Baton {1973) reporied that the 96~h LC50 for fathead minnow wes only 0.8 of that predicted for
s mizture combaining meinly copper and zime im hard water (hardness 200 mg/l as Cal0,) while, on the
other hand, Bisler and Gardner (1973} found increased moriality of mummichog when nofi~lethal concen—
trations of cadmium were present with lethal concentrations of coppsr and zinc.

(42) Thus it can be concluded that the acubte lethal foxicity of mixtures of copper and other heavy
metale can be largely accounted for by summation of the individual bxzicity of the metals expressed as
fractions of the threshcld LGS0,

1) Joint action of copper and other poisons

(43) Herbert amd Van Dyke (1964) tested rainbow trout in solufions conmbaining smmonium chloride and
coppsr sulphate inm hard water and found that the estimated valus for the threshold concemiration of
the mixture was close to the value predicied from the sum of the fracitioms of the threshold concen—
trations of the individusl poisoms. Similar resulis have bsen found for mixturss of copper and phenol,
and for copper, zinc and phenol (Brown and Dslton, 1970). Cairms and Scheier (1968) also report an
additive effect on bluegill of a mixture of acetic acid, aceteldehyde, acetons and copper in soft
water. Celamari and Harcheddi (1973) tesied rainbow trout in mizbures of copper and surfactants and
found that with the nonm~ionic monyl phenol sthoxylate the survival time was lomger than that expected,
but with the aniomic ABS or LAS the survival time was grestly reduced; the 96-b LC50, expressed as a
sum of the fractions of the imdividual LGSO wvalues, was sboul 0.8 of that predicted assuming a2 simply
additive effect, i.e., the mizbure was slightly mors toxic than expeched.

(44) Thus the acute lethal toxicity of a mumber of common poisoms tesied in mixtures with copper demons-
trate a simple edditive effect which could be largely predicted on the basis of the sum of the fractioms
of the 48-h LG50 veluss of the individual poisons.

m) Upteke in food

(45) An oral dose of 400 mg Cu/kg was reported as lethal to common carp after 3 days (Wehring, 1964)
but mo information is apparently available on chromic effecis.
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2+3 Summary of toxicity data

a) Acutely lethal values

(46) Concentrations from 0,02 %o over 10 mg/l of copper eve reported to be lethal to fish, the diffe—
rence being abttributed mainly to different water hardness, species of fish, durstion of test and stage
in the life cycle. However, azs is clear from pars. 2 to é and 19 4¢ 29 there is considerable unser—
tainty as ‘o the amount and speciaiion of soluble copper especially at low concentrations, and often
the daba relate to the total comcemirsiion of copper spparenily in solution.

i, Salmonid eggs

(47) Concentrations of 0.02 %o 0.04 mg Cu/l impairsed the hatch of rainbow trout and Atlantic salmon in
very soft water (14 mg/l as Cal0,), while in slightly harder wster (44 mg/l as CaC0,) 0.08 mz Cu/1 did
not affect the hatching success 3f chinock selmon (para. 33). In harder water {26@280 mg/l as CaCl,),
1 mg Cu/l increased the rate of development of rainmbow trout eggs (pave. 30). -

ii. Sslwonid fry, jureniles and adulis

(48) The early stages of the 1life cycle of salmonids are more semsitive %o copper than the aduls
{para. 31 and 33). Brook trout appear to be lems sensitive and Atlamtic salmon more susceptible than
reinbow trout (MeKim and Benoit, 19713 Sprague,1964a: Zitko st al., 1973: Iloyd emd Herbert, 1962).

(49) For adult rainbow trout in soft water {14 %o 45 mgfi as 0200,) the 96-h LCS0 is between 0.02 4o
0.1 mg Cu/l whereas in hard water {(200-300 mg/i as CaCSB} the %;aié@s are from 0.5 4o 1 mg Cu/l.

iii, Coarme fish

(50) ¥o work has been reported for the youngz sitages of Burcpean cogrse fish tut studies on other non-
salmonid species (para. 33 amd 34) show thet these sieges are mors semsitive than adulis.

(51) The 96~h LC50 for adult goldfish in a hard waber {hardness asbout 220 mg/l as CaC0,) was found to
be 0.46 mg Cu/l by Calamari and Harchetti (1970). In seft water (53 mg/l as CaCO,) iHe values were
less than 1 mg Cu/l for this speciss and common carp while for other species incluéing the eel
(Anguilla rosirata) they were 0.81 and 6.4 mg Cu/i under static conditions (Rehwoldt et ale, 1971).
Values were about 3 mg/l for pike (Esox lucius) and 4 mg/l for eel (inguilla amguilla) at 10 C in recent
tests in a hard water (250 mg/l as CaGO,) and comtinuous flow conditions, and for rudd (Scardinus
erythrophthalms), common carp, and perth {Perca fluviatilis) tested concurvently they were about 0.6,
0.6 and 0.3 mg Cu/l respectively, compared wiih 0.9 mg Cu/l for reinbow irout {(Depariment of the
Environment, 1971). Por atome loach {Nemacheilus barbatulus) inm waier of the same hardness at 12°C
the 4-d LC50 waes 0.76 mg Cu/i (JI.F. de L.G. Solbé and Gooper, ir press). In a slightly softer water
(about 100 mg/l as Cal0y) the lethal threshold for fench (Tinea timea) at 16°C and pH 7.7 was 0,08 to
0.15 mg Cu/l (Haider, 1966},

b) Long-term lethal values

ie Salmonids

(52) & mortality of 24 percemt was found among rainbow trout kept for 17 weeks in a hard water {250-260
mg/‘l as CaCl,) comtaining 0.28 mg Cu/l {about 0.5 of ths 96-h L{E§G% but Little or no mortality was
fourd at lowdr comcentrations {Department of the Fnwiromment, 1973}. HeKim end Benoit {1971) kept
brook trout for & months in soft waber (hardness 45 mg CaCO /g'i} containing copper: with adulis there
was a 57 percent mertality st 32 B Cu/l (0,32 of the 96-h §c5o) and no mortality at 17 pg Cu/l but
with the alevims there was & complete mortality at the lower concentration. With the same species in
water of the same hardness MoKim ef sl. (1970) fowmd s morbality of 10 percent ot 63 pg Cu/l in 21 days

and 60 percent morielity at 32 pg Cu/L in 337 days.
iie Co2rse fish

{53) With fathead mimmow in hard water {198 mg/l as CaC0,) {Mount, 1968; Mount and Stephanm, 1969), there
was in ons test a low mortality and inm ancther a C@&?E@%g gurvival after 11 months at 33 Cu/l and

2 30 percent kill at 95 pg C?a/% {C.2 of %he 96~k L050). On the other hand, in soft wa’zgf*g%o mg/1 as
CaCo ? there was & low moriality or complete survival at 11 ug C*;z/l and 50 percent kill at 18 yg cu/l
{ngé of the 96-7 L050). Fry from exposed snd umexposed parsnbe survived equally well when kept for

1 month at 10 pg Cu/l but a1l disd at 18 pg Cu/i.
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(54) In replicate tests Calamari and Harchetdi {1970) found & 50 percent mortality esmong goldfish at
20 and 30 days respectively at a concentration of 0.12 mg Gu/i (0.26 of the 96~h L050) in water having
a hardness of about 220 mg/i as CaCl, and a temperature of 15.5 €. Recently the 50-d LC50 for the
gstone loach was found to be 0.29 mg éu/i in water having a hardness equivelent to 250 mg/i as Ca003
(J.F. de L.G. Solbs and Cooper, perS. Comm.)s

3. SUB-IETHAL EFFECTS ON FISH

3.1 Enzymes

(55) The few enzymes that have been studied (para. 11) have been inmhibited only a$ concentrations of
copper that are either rapidly or potentially lethal to fish., With brown bullhead {Christensen et al.,
1972) as with brooktrout (McoKim and Benoit, 1971) the only measursd lomg~term effect was a reduced
level of PGOT at above 27 ug Cu/l (0.15 of the 96~h 1LC50),

3.2 Tissue residue analyses

(56) No accumulation of copper occurred in the opercula, red blood cells, or blood plasma of brown bull-
head exposed for up to 20 months %o copper levels up to 104 gg/i in water of total hardness 202 mg/l as
CaC0, (96-h L050, 170-190 pg Cu/l) (Brungs et al., 1973). However, gill amnd liver levels increased
with exposure to concembrations greater tham 27-53 g Ou/l (0,16 40 0.31 of the 96-h LC50) and kidney
levels increased at 104 pg/l within 30 days, but not at 27 yg/l within 20 months. Also, brown bullhead
exposed to sub=lethal concentrations of copper had higher levels of copper in their tissues when killed
by copper solutions than thoge mo killed after having previously beem held in clean weter. After 24
months exposure in the laboratory %o copper solutions in Lake Supsrior water {totel hardness 45 mg/l

as CaC0,), bluegill showed imcreased copper levels in the gills at concentrations above 40 gz Cu/%, and
higher “liver and kidney levels were measured at 162 pg Cu/l and asbove (Benoit, 1975). However, survival
wags raduced at levels higher than 40 ugfl for fry and T7 gg/i for adults., KeKim and Benoit (1974) found
that progeny of brook trout which had been exposed o 4.5 and 9.4 wg Cu/i (total hardness 44 mg/l as
CaC0,) were not more susceptible, nor did they accumulate copper in their tissues, when exposed to these
coppér levels,

(57) Increased copper in fish tissues, especially the gill, has alsoc been observed in l-year-old common
carp fed on a diet emriched with copper (Iozepsom, 1971). Prolomged feeding of this species with a
copper ammonium compound caused slevated levels of copper in the $issues,especially the liver, disturbed
protein synthesis and reduced serum globulins (Sembuk and Avdodev, 1972).

(58) Elevated levels of copper in the tissues (gill and liver) of some species have therefore been
associated with adverse physiological effecis.

3.3 Blood analyses

(59) When chenmel catfish {Ictalurus pumctatus) were exposed fo 2.5 mg Cu/l for 4 days (total hardness
206236 mg/l as CaC0,), & nom—lethal level, the serum osmolarity decreased during the Tirst 2 days,
followed by a recove®y to mormsl levels (Lewis and Lewis, 1971). However, exposure 0 5 mg Cu/i was
lethal in 2 days. Similar resulis were obtaimed with golden shiner (gb%emigOﬁus crysoleucas) and in
both epecies the effects were elimimated by the addition of 235 mOsm Hall to the solution. A1 these
copper concentrations both species were coated with precipitated mucus.

(60) Msasurements of red blood cells, haematocrit and hasmoglobin levels of brook trout exposed to 24,

39 and 67 ¥z Cu/l (%otal hardness 46 mg/l as CaCO,) showed a tramsient increase, amd chloride a decrease,
during the firet 21 days, but after 337 deys thert was no msasurebls difference between fish exposed

to up to 32.5 pg Cu/l and the controle (McKim ef al., 1970). Higher levels wers detrimental to survival
and growth of this species (McKim and Benoit, 1971). Similer experiments with brown bullhead exposed

40 3.4 to 104 pg Cu/l for up %o 20 months showed that glucose and haematocrii increased within 6 days

at 104 gg/l, the highest concentration, and that at levels above 49 ig Cu/i (0.26 of the 96=h 1650),
chloride, haematocrit, haemoglobin and glucose imocreased at 30 days {Christensen et al., 1972},

61) Transient increases in cortisol and coritisone during a 24~h period were observed in sockeye s§lmon
Oncorhyunchus nerka) exposed to 6 ug Gu/i in water having a hardness of 12 mg/l as Cal0,; levels of

. 3
0.6 mg Cu/l were lethal within 24 h (Domaldson and Dye, 1975).

(62) Thus transient changes omly have been observed in blood anslyses of some species exposed to cone-
centrations of copper lower than between 0.5 and 0,26 of ‘the 96~k LL50.
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3.4 ILife ¢ycle studies

(63) Several long-term studies have been made on the effects of chronic exposure to copper solutions

on the survival, growth and spewning success on species of Horih American Tish. HoKim and Benoit (1971)
found that, im the laboratory im Lake Superior weter (hardness 45 mg/l as Call,, p¥ 5.9 to 8.0 and
geasonal temperature 4%3%0 2?06) the growth and survival of yearling brook %reé% was affected at a
copper concentration of 32.5 yg/l over an B-month exposure period, althoush spawning was successful at
this level. However; this concenmtration affected the hatching success of the eges, and copper levels
above 17.4 pg/l affected the growth and survival of aleving, both from exposed and non—exposed parents,
overa J-month periocd. 4 transient effect of copper on growth rate was noted a% copper concentraltions
of 3.4 to 32.5 kgfl, but after 23 weeks the growth rate of brook drout was equal $o that of the controls
at concentrations up to 9.5 §g/1. It was comncluded that the maximum concentratiocn of copper which did
not significantly affect brook trout under these experimental conditions was betwsen 0.1 and 0.17 of
the 96~h IC50 value. Wore recently, McKim and Bemoit {1974) have shown shat the progenmy from brook
frout exposed as above to 4.5 and 9.5 pg Cu/i were not mors susceptible to these concemirations and
conclude that o single life oycle experiment geve resulis which were probably applicsble to sxposuve
for many generations.

(64) Tests with bluegill over a 24-month exposure period ghowed that survival wes reduced at copper
levels greater than 40 pg/l and that growth was retarded at 77-162 ug/i gE%moitg 1975). Growth of larvae
was slightly reduced at 77 gg/i and survival was less at 40 and 70 gg/i {water harduness 45 mg/l a

03003 and o sgeasonal range of temperaiure of 13«2800). The level of 40 uz Cu/i was 0,04 of the 96<h

1050 velue for this species under these conditions.

(65) Similar tests with fathead mimmow exposed for 11 months to copper soluiions in a soft water (hard-
ness 31.4 mg/l as CaCO,; femperature 19~25°C) showed that spawning potential was reduced at 18.4 pz/i Cu
wut that at levels up 26 10.6 pg/l growth and reproduction were normal (Mount and Stephan, 1969); these
levels were 0,22 and 0,13 of the 96-h LC50 respectively. However, tests in a hard water (198 mg/l as
CaCO3) showed that growth and fecundity were unaffected below the rangs 14.5 %o 33.0 pe Ou/l which was
0.037%0 0.07 of the 96=h LC50 value of 450 ug/l (Moumt, 1968).

(66) Comparable data are not available for Buropean species but Grande (1966) found that salmon fry
were unwilling to feed when held in solutions containing 20 pg Cu/i in soft water which was equivalent
0 0.4 of the 21-d 1050 {pare. 31). Rainbow irout kept for 17 weeks at concentrations of 0.16 %o 0,05
mg Cu/l (about 0.32 to 0.1 of the 96-h LC50) grew less repidly in the higher than in the lower concen-
trations aund comtrols (Depariment of the Emviromment, 1973).

{67) Thus long-ierm tests have shown that the highest levels of copper that failed to produce adverse
effects on fish were (expressed ag Fractions of the 96-h LC50) between 0.1 and 0,17 for the growth of
brook trout and rainbow trout and 0.13 and 0.07 for the growth and rsproduction of fathead minnow in

soft and hard wabter respechtively; growith and survivel of bluegill however were affected at 0.04. HNo

comparable data are available for Huropean species.

3.5 Behavicur

(68) Experiments on the effscis of heavy metals om the palatal chemo—receptors of common carp showsed
that & concentration of 6.4 mg Cu/l {1074H) depressed the respomse of the sugar and salt receptors
(Fidaka, 1970). Also olfactory responses of sockeye salmon, coho salmon (Oncohrynchus kisuich) and
rainbow trout to food extracits, amine acids and hend rinses were exbtinguished afiter more than 12 h
exposure of the fish to a concentration of 40 ug Ca/l {Hara, 1972). However, the naturs of the dilution
water was not given in either of these studies. The Ycough frequeancy™ of brook trout was found to
increase within the range 6 to 15 ug Cu/i {water hardness 45 mg/l as Cal0,, pH 7.5 4o 7.7 and tempe—
rature 8,5°C), reaching a pesk 5 to 20 h afier exposure and decreasing thareafter (Drummond et al.,
1973), A gimilar, though more prolonged, iramsitory response was found by IMborgen and Kuhn (19737-ﬁh0
found that large-mouth bass {Micropterus saimoides) exposed to 100 pg Cu/g (water hardness 54 mg/l as
CaC0,, tempersturs 2560} increased their respiratory freguency during the first 3 days of exposure with
a grgdual return to normal in the following 4 days,

(69) Imorease in antivity of fish exposed %o sub~lethal copper soluiions iz well kmowni for example,
brook trout exposed to copper solutioms of 6 to 115 pg/l (Drummond e} al., 1973) increased their acti-
vity to 4-6 times that of the coubrols during the first 8 h of exzposuve; activity patternms returned

to normal after 3 days in those fish exposed to up to 12 ug Ga/ie Similarly, brook trout exposed to
copper levels greater than 17 gg/l stopped feeding and at 12 gg/l an initial reduced feeding rate
~seurned to normal (albeit singgishly) after 4 days; these levels were similar fo those ab which the
survival and gro sh of brook trout began to bs affectsd (MoKim and Bemoit, 1971) (para. 63).
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€70) Sprague (1964b) showed that Atlantic salmon parr could detect levels of copper in a sof't water

20 mg/l as CaCO,) as low as 2.4 pg/l, which was 0,05 of the lethal threshold comcentration; in fhese
laboratory exper%ments the fish were given a choice of clean or pelluted water im a shord tube with a
sharp interface between $he two solutions, and in ihe absencs of other sgtimuli. However, field obser-
vations at a counting fence (Saunders and Sprague, 1967) showed that adult salmon migrating upsiream
were turned back omly by much higher concentrations, equivelent to 0.35 %o 0.43 of the joimt lethal
threshold concemtration for the mixture of zinc and copper presemt in the river. Kleerekoper et al.,
{1973) found that goldfish, which avoided water with a copper concemtration of 10 ug/i (total hardness
54 mg/l as CaCo0 ), were attracted to ihis water when the temperaturs was increased by 1.0 %o 1.400
above the acclimftion temperature snd this inberaction between temperature and copper provided a stronger
attractant than tempersture alone. In other experiments, Timms et sl {1972) found that the charac—
teristics of the copper gradient were more important im behaviour studies than the actual copper levels
present and that goldfish, chammel catfish and large-mouth bass only displayed slight changes of
wehaviour in such solutions; a concentration of 50 ug Cu/i was a slight attractant in water of total
herdness 5 mg/l as CaCOy for goldfish and channel catfish.

3,6 Uixtures of voisons

71} Although mixtures of copper and other heavy metals are approximetely additive im their acute lethal
oxicity at combined lethal levels (para. 38 to 42), Baton (1973) found that the specific sub-lethel
effects of copper on fathead minnow — reduced growth and inhibition of secondary sexnal characteristics -
were only slighily enhanced in the presence of sub-lethal levels of cadmium and zinc which produced

other specific sub-lethal effects.

oo~
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Summary

(72) ¥uch of the work summarized in this section is fragmentary, and only very general conclusions can
e mede. Several authors indicate that the sub-lethal effects measured in copper solutions are tran-
sitory and persist for a few days only, which could imply thal soms acclimation takes place. Except
for work on thé long-term effschs of copper solutions on the fathead mimnow {Mount, 1968) and bluegill
(Benoit, 1975) in hard waters, concemtrations below 0.1 of the threshold or 96~h LC50 appear to exert
no measurable effect.

4. FIELD OBSERVATIONS ON FISH

4.7 Toxicitv in natural waters and sewage effluents

(73) The majority of the laboratory experiments reported so far in this review have determined the
toxicity of soluble copper to fish in the absence of organic matter, But, as shown earlier (para. 24
to 29), the toxicity of copper can be reduced if it is precipitated or complexed with organic compounds,
voth of which can occur in field situations, so that values of total copper usually measured may or
may not be greater than the actual toxic amount present. Por example, Brungs et al, (1976) foumd

that for fathead minmow the 96-h ILB0 for total copper in e natural stream water containing sewage
effluent varied between 1.6 and 21.0 mg/i (vsing shatic tests), whersas the corresponding values for
"dissolved” copper {afier filitration to remove particles >0.45 ) were 0.60 and 0.98 mg/l. The water
hardness varied between 88 and 352 mg/l as CaCO, and the pH value between 7.5 and 8.5; considerable
precipitation eccurred at the higher hardness a%d pH values. Chronic tests showed that the maximmum
level of no observed effect was betwsen 0.07 and 0.13 of the 96=h ILL50 value for "dissolved" copper,

and these values wers higher than those given by Hount (1968) for this species, as were the 96-h LC50
values themselves (cf. para. 53).

(74) Laboratory tests on sewage effluents combaining trade waste residues (Lloyd and Jordan, 1964)
showed that when copper was present in relatively high concentratiors the observed toxicity was less

than that predicted from the poisons present. Further experiments with sewage effluents showed that

the toxicity of copper preseni was not reduced by a constant proportion but varied with the total amount
of copper present (R. Lloyd, pers. comm. J. These "sliding values™ were uged in the prediction of copper
in river waters cowbaining copper-besring sewags effluemts, but the neral velidity of such an approach
is doubtful, Zitko et al. (1973) showed that the presemce of 10 mg/1 humic ecid increased four-fold
the 96-~h IC50 of copper in soft water {14 mgfl as CaC0.) for Atlanmtic salmom parr; these authors as

well as Montgomery and Stiff (1971) recommend the use 3t specific ion electrode for the calculation

of copper toxicity. Stiff (19712) has added amino acids and polypeptides %o the iist of soluble organic
compounds capable of complexing copper. Similar complexzing effects of humic acid have alsc been
reported by Grande (1966)(para. 24 to 28).
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{78) wileom {1972) 1 that the 96-B 1050 for copper to Atlenmtic salmen
Bxploite River, Bewfounfland (totel b 8-10 sg/l es ea%) was 1 5 G0
30 pg/l ss predicted from laborstory experiments of Spragne Gemady {156 g. “he tmmie 20id conient
of this water was 4.5 %o 5.0 mg/l, and an addition of spent sulphite liguor (SS5L) imoressed the G6-h
I£50 still further, so that, in the presence of 450 mg/l SSL, there was oaly s 10 peroent mortality at
250 gg/l copper. Wilson (1972} comcludes that it is imposmaible do predict the toxicity of copper in
naturel waters; even with a spscific lom electrode there is soms inmterference with other ions at low

copper comcentrations. This difficuliy has been demomsirated by Zitko et al, {1973).

(76) Recently, Pagenkopf et al. (1974) have presented theoretical caleulations to support the conclusion
that, in the absence of orgenic matter, only iomic copper (Cu?’) is toxic %o fish, and that increasing
alkalinity reduces the proportion of copper ions present. However, in experimental studies Shaw and
Brown (1974) observed +that the concemtrations of both copper carbonate amd copper ioms were related o
the lethal toxicity of copper to raimbow frout. Calamari and Harchetti (f??é; kept rainbow trout in
cages in Lake a, Italy, in the presence of copper and found that the 48-<h 1050 derived from data
relating to 5-12°C, pE 5.5 %o 6.4 and hardness of 21-26 mg/l as CaCO, was 70 pg Cu/i (95 percent con-
fidence limits of 60-82 tg/1) which is in reasonsble asgreement with faboratory deta (para. 21 amd 22),

4.2 Comparison of field observatioms with laboratory data

(77) Because of the factors discussed above, it is unrealistic %o expect to find e close correlation
between field observations of the relation between toxicity or fisheries and total copper comcentration
xeept in very pure, soft water; free from orgamic compounds; the positiom is complicated further by
the fact that rivers and lakes which combain copper also frequently comtein szine, and sometimes other
metals such as cadmiwn, and it is very difficult {o separate thelr individuel contributions when present
in low concentrations.

(78) Grande (1966) Found that salmonids were presemt in some Norwegian lekes when the copper levels

may have been as high as 60 pg/l (total hardness 2-15 mg/l as CaC0,), even in the presence of conside-
rable concemirations of zinc; <this upper copper level is at the upper limit of the 21-d LC50 of 40 to
60 pg/l obtained by this suthor for a soft water (14 mg/l as GaC0,). In streams im North Wales con=
taining copper and zine and studied intensively for a year from st 1973 (Cremer and Werner, pers.
comm.), moderate populations of brown trout ( trutte) were present when the 50 and 95 percentile
values for the concentrations of copper were U.1] and 0.38 of the 48-h LC50 for raimbow trout (in the
presence of zinc at concentrabions equivelent to 0,16 and 0.28 for the corresponding percentiles); fish
were virtually absent where the corresponding percembiles for copper were 0,34 and 0,78 (in the presence
of zine equivalent 4o 0,01 and 0.02 for the corresponding percentiles). -

(79) Observations on the River Churmet, England, showed that brown trout, bullhead (Cottus gobio),
‘three-spined stickleback {Gasterogteus aculeatus) and minnow were present where the anmual 50 and 95
porcentile values for the concentration of copper wers 34 and 83 gg/l (equivalent to 0,12 and 0,30
regpectively of the predicted 48-h median lethal concentration 4o rainbow trout)e. The median and 95
percentile for the sum of all pollutants were 0.16 and 0.33 of the 1050, the difference being largely
attributable to zinec, The average concentration of organic carbon was 11.3 mg/l and a single sample
of soluble copper ot this site had the following perceniage composition: labile copper complexes 673
CuC0.,, 243 strong copper complexes 10; imert humic complexes 3; and free cupric ion 3 (J.F. de L.G Solbs,
pers: comm.)je. In the Hiver Ouse im Yorkshire, Fngland, which contains sewage end industrial wastes,
data supplied by the Yorkshire Ouse River Authority from 1966 to 1973 imdicated that minnow, stickle-
back, roach (Rutilus rutilus) end chub (Leuciscus cephalus) wers present where the 50 and 95 percentile
concentrations of copper wers 50 and 130 pg Cu/l respsciively, equivalent to 0,17 and 0,66 of the pre=
dicted 48~h 1050 to rainbow trout {I.C. Hart and J.S. Alzbaster, pers. COmM. ) o

(80) There exiats the possibility of matural fish populatioms beco acclimetized to copper es
suggeated by the obaspvetions of Paul (1952) im the Sacvementc River (pere. 35).

(81) Bumerous reports exist in the literature on the use of copper sulphate es an algioide in fish-
bearing waters; in general the soncentrations epplied ave higher then these which would be predloted
to kill or harm fish, Wt iz prectice the amounts actuslly remaining im solution as the toxic cupric
icn and copper carbonate would be 21l afber shaorption and complezstion by organic matter, and
precipitation (pare. 82 %o 84).

(82) 1t is clear shas comsiderebly wovs resesrch effort should b glven %o the analysis of copper ioms
in mstural waters & that e reslisziis estimate com be of their potential toxicity to fish. Umtil
this is achieved, sy guelity cbjssiives bazed on totzl copper oonosmtrations will mscessarily be
gove severe than sps warrented, All that can be stated at present ie thet there are mo kmown -
instances where the semlolty of ¢ = i 6 £1eld situation iz appd p-greater then that predicted
from labopabory deniss. ) ’ T s e
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5. SUMMARY OF DATA ON ALGAE AND INVERTEBRATES

5.1 Alges

(83) Toxic effects of copper on algae are usually thought %o be caused by ionic copper {Steemsn~Fielsen
and Wium--Andersen, 1970) although insoluble copper in comtact with algame in culture may also be toxic
(Fitzgerald and Faust, 1963). However, under field conditions more copper is required for the treat-
ment of blooms in hard water, where much precipitation of basic copper carbonate occurs, than in sof%
waters but no precise informetion is aveilable. Higher concentrations of copper are generally required
to kill algae in culture than to control their growth in reservoirs, possibly because in the latter

the ratio of copper to algal biomass is greater, the excess chelating capacity lowsr, and only an
algistatic effect is required.

(84) The effects of copper on algae have been reviewed by Whitton {1970a). The growth of most genera

is checked at 0.1 %0 O.4 mg Cu/l (e.g., Prescott, 1948; Maloney and Palmer, 19563 Whitton, 1970b) but
concentrations of 0.4 to 2.0 mg Cu/l are tolerated by some natural populations (Butcher, 1946; Whition,
1970a; Besch et al., 1972). Copper inhibits photosynthesis (Greemfield, 1942; Steemen-Hielsen et al.,
1969; Hassall, 1§§§$ and respiration (Hassall, 196§§§ef cultured algae, the extent of the response
appearing to increase with increase in the concentration of copper per wmnit of biomass (e.g., HeBrien
and Hassall, 1967) and with increase in light intemsity (Wielsen, 1969). Temperature is also impor—
tant, work by Windle-Taylor (1965) showing that algal growth im & reservoir was more effectively checked
at temperatures above 6.5 C than at those below it. Horne and Coldman {1974) also showed that with the
blue—green algae Aphanizomenon and Anabaena nitrogen fixation as well as photosynthesis was inhibited

in lake waters on the addition of small amoumts of copper(5 %o 10 pg/l); howsver, rates in the lake
waters without added copper but already containing either 2 to 3 ug Cu/l or 60 to TOug Cu/i were neither
inhibited by, nor related to, the indigenous concentration of copper, suggesting that these background
levels were largely chelated and that there was little excess chelating capacity available. Chelation
can arise from the presence of organmic as well as inorganic ligands,some of which might be produced by
algae. Por example, Anshaspa cylindrica produces polypeptide im culture able to bind about 0.3 mg
Cu/mg total peptide nitrogen (Fogz and Westlake, 1953); in the absence of polypsptide 0.5 mg Cu/l
reduced cell movement and 4 mg Cu/l was lethal whereas in its presence the corresponding concentrations
were 2,25 and 32 mg/l,

(85) In lakes treated for algal blooms comcentrations of copper im the water are not necessarily uni-
form and soon declime following treatment (Whitton, 19702) and im practice fish are seldom adversely
affected, However, in rivers, pollubed comtimuously by wastes containing copper, the fauna are more
severely affected than the fiora (Butcher, 1946). At a concenmiration of 50 uz Cu/l in Lake Orta, fish
and zooplankton were absent tut algal production on stones was high (D, Calamari, pers. comm.). Thus,
levels for the protection of figheries should not necessarily be based upon those that allow algae to
thrive,

5.2 Invertebrates

a) Acutely lethal values

(86) There is abundant information on the effect of copper on agquatic imvertebrates,much of which has
been discarded because details of the test conditions, particularly on the water quality, are not given.
Water hardness, for example, clearly has a marked effect on the toxicity of copper to invertebrates,

as well as to fish, as shown by Boch (1951) for the leach, Pisicola geomeira. For Dephunia magna the
48-h 1050 is 90 ugz Cu/l (#Bl¥cea and Gruiz, 1965) at 21°C in water having a hardness of 196 mg/l as
CaC0,, and 40 ug Cu/l, as interpolated from the results of Anderson (1944), for tests at 25 C in water
haviég a hardness of 90 mg/l as 0aC0,; these values are consigtent with those (50 %o 100 us Gu/l) found
by Ivekovi& (1932) to be acutely toxic to Daphnia pulex at 20°C in water having a hardness of 215 mg/1
as CaC0, and are between 0.17 and 0.25 respectively of the corresponding values for rainbow irout.

D. longispina appears to be more resistant than the other two species of Dapmnia {Weber, 1932;

Deschiens et al., 1964) while D. hyaline appears to be quite sensitive (Baudouin and Scoppa, 1974).

With CGammarus pseudolimnaeus 6 weeks exposure %o 280 g? Cu/l at a hardness of 44 mg/l as Call, was faial
and a reduction in survival was evident at 15 pg Cu/i (Arthur and Leonard, 1970). -

(87) Some other invertebrates are excepitionally sensitive 4o copper. The leech, Piscicols geomeira is
adversely affected by a conceniration of 6 pg Cu/i at a hardness of 300 mg/l ag Cal0, and is killed
within 24 h at 40 pg Cu/i  {Boch, 1951). The naid worm,Chestogaster diaphanus and tée planktonic crus-
tacean, Bythotrephes longimanus,are killed by a comcentration of 4 ug Cu/l, both in water having a
hardness of about 50 mg/l as CaC0,; for Flanaria gomocephala the threshold for acute toxicity in water
of the same hardness is 4=40 ug C%/i {Weber, 193523 deta on water quality furnished by R. GHchter, pers.
comm. ). For a mumber of orgenisms the lethal concentrations of copper are similar to those of rainbow
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trout. Thus, the survival of the snail 2 integra and Compeloms decisum,at i °¢ in water havi
a hardness of 45 m /i ag GaCO3 was f@dué%gégs;ing a é:week e%iosurs to 15 bz Gaj? agé was nil or ver?g
low at 28 pg Cu/i Arthur apd”Leonard, 1970); for the larvel maytl . Bphemersilsa subvaria,the 48-h
1050 was 0.32 mg Cu/i at 187C in weter having & hardness of 44 mg/i ag Cal0, (Wernichad Bell, 1969)
and for Heptapenis laterslis the 7=d 1050 was about 0.5 mg Cu/i at 10°C in water having & hardness of
109 mg/1 ag CaC0 (Tiepoli and Weber, 1958); the 60-d LC50 for the worm, Hals communis, was 0.06 mg
Cu/l at 20°C in Weter having a havdness of 320 ng/l as €aC0y, N, yariebilis and N. elingis being some-
whal more sensitive (Learner and Edwards, 1963).

(88) Other orgemisms for which there are relevant data appear to be more resistamt then trout, e.g.,
the 48-h 1050 for the stonefly, Acroneuris lycorias, was 8.3 mg Cu/l and the 14~d LOS0 of the larvae
of the ceddis, Hydrovsyche betieni, was 32 mg Cu/i at 18%¢ in water heving & hardnses of 44 mg/l as
CaCo (Warnich and Bell, 9395. However, the normal net-building of H, instabilis ceased after oxpo-
sure”to 1 mg Cu/l in water of 2 hardness of 351 mg/l as C=00, (Decamps, 1973). Tubificid worms are
less sensitive than the Faid worms, the 8-d4 LU50 being >8 mg Cu/i in water having a hardness of 50 mg/l
as CaCO3 (Weber, 1932).

(89) Some plamktonic crustacea, for example, Cyclops stremuus are particularly resistant. The decapod
crustacean QOrconectes rustiocus was killed in 13 days at a conceniration of 1 mg Cu/l at 20°C with a
hardness of 112 mg/l as CaC0, (Hubschman, 1967) and Astacus leptodectylus is probably somewhat more
gensitive to this concentra%%on (Chaisemarting 1973); = camracteristic delayed mortality of a week or
a month after exposure to copper could lead to an underesbimation of the sensitivity of this group.

b) Toxicity of orgamic compounds containing copper

(90) Kapkov (1972), using several molluscan species, investigated complexes of copper with pyridine, -
and 5~picoline, and 2,6 lutidine and found them %o be more toxic than copper ion alome.

¢) Chronically lethal apd sub-lethel values

(91) Levels lower than those that are acutely lethal have been shown to be dameging to some inverte-
brates: exposure of Gammarus pseudolimnaeus from one generation to another showed thai no young sur—
vived a concentration of & pg Cu/l (0.25 of the acuiely lethal value) although there were more young
produced at 2.8 kg Cu/l then in the conmtrols (Arthur end Lecnard, 1970); Biesinger and Christensen
(1972) found a 16 percent reduction in reproduction in Daﬁggia megns after a 3-week exposure to

22 pg Cu/l (approximately 0.5 of the 48=h IC50 estimat y exbtrapolation from the values given in
para. 85). Biesinger e% al. (unpublishedscited in National Academy of Sciehces,1973) indicated that the
"safe’ level for reproduction and growth was 6 ug Cu/l at a hardness of 45 mg/l as CaG0, which is
probably equivalent to about 0.7 of the 48-h 1CK0.

d) PField observations

(92) Few data are aveilable for situstions where copper is the main poison present. In Lake Orvsjﬁen,
Norway, in which the hardness was about 11 mg/i as CaCl, and the concemtrations of copper and zinc
were 0,13 and 0.4 mg/i regpectively, chironomid larvas gﬂd a few planmktonic crustaceans were present
vhile Gammarus lacustris, smeils, insect life and fish were absemt. In the River Skorovasselv, com-
taining 35 bg Cu/l and 150 pg Zn/1, brown trout and salmon (sbundant in tributaries), snails and most
ephemeroptera were abment tut stickleback and other faune and flora were present (M. Grands, pers.
comm.). In Streems in Forth Hales containing copper at between 50 and 99 percent of the total concen—
tration of copper + zinc, sach expressed as the fraciion of its respective 48-h LG50 to rainbow trout,
and in which the biomazss of brown trout was merkedly reduced and related o the concentrations of
copper + zinc, the imveriebrate biomass was mot affected (Cremer and Warner, pers. comms)s

e)  Summery

(93) Invertebrates vary widely in their resistance to copper, a few organisms being at least ten times
and Daphnia end Camwarus besing about five times as semsitive as painbow trout (para. 85, 86 and 90)
but the majority are either similar to or much more resistant them %rout (para. 86 amd 87). Thus,
while the presemce of copper would be expscited to produce chamges in the species compositiom thism
should not necessarily adversely affect the food supply of fish. Indeed, there is no evidence that
fisheries in weters containing copper are adversely affected because of a reduction in fish food orga~
nigme; on the combrary, reduction im trout biomass has been observed with increase in concentration
of ocpper even though inmvertebrate biomass is unchanged {para. 90).




- 13 -

EIFAC /127
6. SUMMARY AND CONCLUSIONS

(94) Copper is commonly present in polluted surface water often together with zine, cadmium and other
poisons, making it difficult to distinguish its contribution to any adverse effects found in fish
populations.

{95) Under aerobic agueous conditions the cupric form of copper that is present temds to form compounds
and complexes with carbonate and hydroxide iomsm, humic and amino acids (para. 2-5) and is algo readily

adsorbed on to particulate material (paras. T), very little being present as the free iom (Cu™) except

in very pure soft waters low im pH valus.

(96) Toxigity to fish seems to be attribuitable to the combined effect of the inorganic forms of copyer,
mainly Cu * and CuCo ; at least in hard borehole water in the pH range 6.5 to 7.5 (para. 6 and 20),
However, analytical %ethods do not emable Cu2¥ {o be measured dirsctly at very low concentrations and
therefore in this report, unless otherwise stated, concentrations are expressed as 'soluble' copper,
i.e.; that which passes through a millipore filter of average porosity 0.45 n.

{97) The mode of action of copper om fish is not clear but acutely lethal concenirations damage the
gill (para. 10), may affect cell processes (para. 4 and 11) and enzyme activity, cause liver and kid-
ney disorders (para. 55), effects which may also be associated with chronic toxicity and with elevated
levels of copper in the tissuves (para. 56—58)9

(98) Toxicity to aquatic organisms is modified by water quality and, in particular, the lethal toxicity
to fish (para, 21 and 22), invertebrates {para. 85) and algae {para. 82) is reduced by increase in
water hardness. The relationship is best described for raimbow trout at 1500, the T7-d LC50 at a total
hardness of 10, 50, 100 and 300 mg/l as CaC0, being 0.024; 0.11, 0.2 and 0.56 mg Cu/1 respectively.

(99) Increase in temperature may shorten the time of survival of fish at concentrations that are rapidly
lethal yet increase it at lower concentrations; however; the LC50 is decreased by reduction in tempe-
rature (para. 15 and 17), the value for rainbow trout at 6°¢ being 0.3 of that at 15 °C. There is

little information on the effect of pH but at a value of 5.6 the time of survival, though not the
threshold concentration, may be lower than at 7.5 {para. 20). Toxicity is increased by reduction in
dissolved oxygen (para. 18) and decreased by chelating agents such as EDTA and NTA (para. 25), humic
acids (para. 26) and amino acids {para. 27); thus organo-copper complexes appear +to have little,if any,
acute toxicity. Toxicity of total copper is reduced but that of the soluble copper is increased in

the presence of orgamic and inorgenic solids {para. 29).

100) The early larval stages of some Tish tend to be the most semsitive period in the life cycle
para. 31 to 34).

(191) While acclimation to copper has not been observed in the laboratory there is one report sugges—
ting that acclimatization might have occcurred in a polluted river (paraa 35).

(102) Data from short=term tests in hard water show that some fish species are more sensitive to copper
than salmonids. For example, the 96~h LC50 values for stone loach, rudd, common carp and perch are
0.8, 0.7, 0.7 and 0.3 respectively of the corresponding value for rainbow trout. Tench also appear

to0 be more sensitive than trout. For pike and eels the values are sbout six and eight times respec—
tively that of trout (para. 51). Tests lasting several weeks show that the LC50 values for stone loach
and goldfish are about 0.6 and 0.24 respectively of that of trout (para. 54). Ho reliable data for
comparing the sensitivity of trout and other species are available relating to soft water; fto the
voung stages, or to sub-lethal effecis.

(173) A significant (24 percent) mortality was found among rainbow trout kept for 17 weeks at 0.6 of
the 96-h 1050 (para. 52). Salmon fry were unwilling to feed at 0.4 of the 21-~d 1050 (para. 31) and
growth of rainbow trout was adversely affected over a period of 17 weeks at concentrations in excess
of 0.1 of %he 96~h LC50 (para. 66). These values are close o those adversely affecting the growth
of brook trout and the survival, growth and reproduction of some Horth American species (para. 63 to
65 and 67); no comparable data, however, are available for the growth and reproduction of Buropean
species.

(104) Data on behavioural changes induced by eXposurse o copper are fragmentary and difficult to relate
to field conditions. There is some evidence that depression of the response of chemo-receptors,
increase in cough frequency, respiration {para. 68) and activity, and reduction in feeding (para. 69)
observed at sub-lethal concentrations are only transitory. Laboratory studies have demomsirated
avoidance by Atlantic salmon of concenirations of copper in soft water of 0.05 of the 7-d LC50 but
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under field conditions adult migreting fish were Yurned back only by much higher concemtrations equi-
valent to 0,35 to 0,43 of the combined LC50 of copper and zinc (para. 70). & comcemtration of 0,01 mg
Cu/l in soft water (close to the 96-h IO50 to rainbow %rout) was avoided by goldfish under laboratory
conditions unless the temperature was slightly higher thanm the acclimstion temperature, when it was
attractive (para. 70). A

(105) Aquatic algee and invertebrates vary widely in their resistemce +o copper but under field con-
ditions are gemerally less severely affected than fish (para. 84 and 86), While the presence of copper
mey alter the inveriebrate spsciss composition this should mot mecessarily affect the food supply of
fish and there is no evidence that fisheries in waiter containing copper have bsenm adversely affected
because of a reduction in their food.

{106) Measurements of the foxicity of scwage effluents, except in soft water free from organic matter
and suspended solids, and natural waters show that acuts toxicity is less thazn that predicted from
laboratory tests in clean water, probably because of the presence of mom-toxic complexes and insoluble
precipitates (para. 24 to 29 amd 73 to 76). This may partly explain why natural fish populations have
been found where the measured concemtrations of copper approach the values found lethal in laboratcry
tests. FEven in the presence of other poisons moderate populations of brown trout have been found where
the anmual 50 and 95 percentile values were 0.17 and 0.38 of the 48-h L050 4o raimbow trout, and some
non—salmonid species have been reported where the corresponding wvalues were 0,17 and 0.46 respectively
(para. 77). These values would be somewhat higher expressed as fractions of the median threshold con-~
centration rather than as fractions of the 48-h 1C50.

(107) There is a clear need for the development of more refined analytical techniques to measure the
chemical states of soluble copper compounds at low concentrations in natural waters 4o emable better
comparisons to be made between lzboratory and field data.

7. TENTATIVE WATER QUALITY CRITERIA

(108) There are fairly extemsive data on the toxicity of copper to salmonid fish but in general toxi-
city under field conditions is less than that predicted from laboratory tests except in water low in
organic matter and suspended solids; there are no comparable data for non~-salmonid species. Further—
more, there are virtually no field observations that indicate unequivocally the concentrations of copper
that are not inimical to fish populations or fisheries. This is mainly because of deficiencies in the
analytical data on water quality, an absence of quantitative data on the size and structure of the fish
populations, and the fact that other poisons are frequenily present with copper. Again, the best infor—
mation relates to salmonid species, only meagre qualitative data on the presence of fish being avai-
lable for other species.

(109) Since the concentrations of copper in fresh water fluctuate both seasonally and within shorter
time intervals, and fish populations are likely to be adversely affected by particular levels at parti-
cular times of the year, some account should be taken of this in water quality criteria for fish.
However; in the absence of data on the precise effects of copper on fish populations the variations in
concentrations of copper are arbiirarily expressed (as in the Working Party's reports on dissclved
oxygen and zinc) as the anmial percentile distribution. I% is possible, however, that peak values
could be more demaging im the winter then in the summer if,as fbung in laboratory tests wigh rainbow
trout, copper is more toxic at low temperatures (the 6-d LC50 at 6 C wes 0.3 of that at 15°C for rain-
bow trout) and because the sensitive young stages of salmonid species are present at low temperatures.

(110) Field and laboratory data for which analyses are given only for concentrations of total copper
can be misleading because much of the copper may be present as insoluble particles or may be adsorbed
on to particulate organic or inorganic matter; amalyses of the various forms of copper would be the
most relevant, bui methods are not available for the very low concentrations importent in soft water.
The criteria are therefore expressed as "soluble®™ copps?, i.e., the portion that passes through a
millipore filter having an average porosity of 0.45 u, aithough it is recognized that this may also
lead to errors because it could include non-toxic cupro-organic complexes of low toxicity.

(111) Considering all the data available, it is proposed that ths criteria should be based upon an
anmial percentile distribtution of water quality expressed as the 50 and 95 percentile concentrations
of soluble copper, amnd it is suggested that these should be 0,05 and 0.2 of the threshold LG50 res-—
pectively. Such criteria must bake into account the herdness of the water. Table I shows the 50 and
95 percentiles for rainbow trout for different hardness values for which there are well-founded data,
and these criterisz mey be gemerally applicable %o other salmonid spacies.
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Table I Approximate maximum amnual 50 and 95 percentile concentrations of soluble copper for rainbow
trout. Adjustments cam be made for the presence of organic matter, low temperature, harmful
substances and other species (see para. 111)

Water hardness 50 percentile 95 percentile
(mg/1 as CaCOB) (sg Cu/l?
10 T.0% 5.0%
50 ‘ 6.0 22.0
100 10,0 40.0
300 28.0 112.0

* Higher values occurring naturally where fish are present
may indicate the predominance of soluble organo-copper complexes

(112) The presence of organic matiter might allow the values in Table I to be increased perhaps up to
3~fold. The values should be decreased to allow for low temperatures (para. 108) and for the pressnce

of other poisons, and also adjusted to allow forthe different semsitivity of various species of Fish

(para. 101),
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