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1 HUMAN TOXICITY

Copper 1is an essential element for &1l organisms. In mammals it is a
constituent of a number of enzymes involved in various oxidative reactions,
and essential for the activity of other enzymes. Further it plays a role in
the hematopeietic process, bone development, carbohydrate metabolism,
pigment formation and possibly in preventing cardiovascular anomalies
(Osterberg, 1980; JECFA, 1982).

With exception of specific conditions, for example in the work enviromment,
the main route of exposure for humans to copper is via the intake of food
and beverages, including drinking water, For this reason this part of the
document is focused on oral exposure. Based on estimates on the daily
intake in the Netherlands (see basis document, chapter 4) and data on human
requirements, copper does not seem to be a problem to the general
population; for this reason data on human toxicity and related data are not
treated exhaustively.

Data on which there is consensus in the literature are derived mainly from
the next reviews: "Drinking Water Criteria Document for Copper - Final
Draft” (EPA, 1985a), "Copper", a monograph of the Joint FAO/WHO Expert
Committee on Food Additives (JECFA, 1982) and "A Conspectus of Research on
Copper Metabelism and Requirements of Man" (Mason, 1979).

Toxicity data can be found mainly in the first two publications; the other
publication is focused on the chemobiokinetics, metabolism and human
requirements.

In another document ("Summary Review of the Health Effects Associated with
copper”) the emphasis is on health (and ecological) effects of copper in
the atmosphere (EPA, 1987).

Unless stated otherwise all data in this chapter are expressed as the

amount of copper(-ion).

1.1 Chemobiokinetics and metabolism

1.1.1 Animals

After oral intake or administration the absorption of copper has been found
to depend on animal species, age, physiological status (e.g. copper body
burden, pregnancy), chemical form of copper and a variety of dietary



compounds (Mason, 1979; JECFA, 1982; Hansard, 1983). Relative high
absorption rates have been found in newborn, for example, as much as 100%
of an intragastric dose was absorbed in 7-10 days old rat pups. At weanling
and thereafter the rate of absorption is decreased to £ 10% iIn several
animal species (JECFA, 1982; CCRX, 1986). In feed copper is present in the
form of organic complexes, mainly with proteins and amino acids. In feeding
experiments with rats Kirchgefner and co-workers have shown that, within
certain limits, the absorption of copper out of complexes with amino acids
is more dependent on the specific amino acid than on the molecular size or
the stability of the complex formed. The rate of absorption is also
influenced by the molecular configuration, with a higher rate with L-amine
acids compared with D-amino acids (Kirchgefner, 1973). Some dietary factors
which have been found to reduce the copper absorption are trace metals
{especially molybdenum}, sulfur, complexing agents like  phytates
(constituents of cereals) and calcium carbonate, and ascorbic acid. It is
net possible to quantify the relative effect of all factors which are
involved.

In most mammals the absorption primarily occurs from the  upper
gastrointestinal tract.

Inhalation of copper oxide aerosols by rats resulted in copper oxide
particles in plasma and kidneys; quantitative data are not available (EPA,
1985a).

After dermal application of a saline solution of copper(Il)bis{glycinate),
about 3% of the applied copper had penetrated the skin of cats 24 hours
after the treatment {EPA, 1985a).

Once absorbed, copper is bound predominantly to albumin and to a lesser
extend to amino acids, in the portal blood; these copper complexes are
called "labile” or "direct reacting"™ copper. In these forms copper Iis
transported mainly to the liver - the key organ in the metabolism of this
element - from where the largest fraction jis excreted directly wvia the
bile. The remaining part is bound initially to a metallothionein(-like)
protein, followed by the formation of the cuproprotein ceruloplasmin and,
to a lesser extend, other cuproproteins. The very stable copper-
ceruloplasmin complex ("indirect reacting" copper; also known as the enzyme
ferroxidase I) can enter the blood and transport copper to other tissues.

Most other cuproproteins only have an enzymatic function, for example
cytochrome ¢ oxidase and superoxide dismutase. The non-enzyme cuproproteins
like metallothionein(s) probably contribute to the copper homeostatic

mechanism.



More detailed information concerning the cuproproteins has been given by
NRC (1977), Mason (1979) and Osterberg (1980).
The highest copper concentrations are found in 1liver, brain, heart and

kidneys.

The main excretion route for copper is via the bile to the feces; fecal
copper also includes unabsorbed copper and copper resulting from salivary,
gastric and duodenal secretion, and from replaced epithelial cells. Urinary
excretion 1Is very low, because only the amino acid fracticon of the plasma
is available for glomerular filtration and because of the efficient
reabsorption of a part of this fraction (Hansard, 1983; Aaseth and Norseth,
1986) . '

Minor excretion routes are milk, hair, nails and, Iin monkeys, menses.
Mammalian homeostatic mechanisms are effective in maintaining proper copper

balance despite a wide range of dietary intake.

1.1.2 Humans

Chemobiokinetics and metabolism in humans and other mammals are essentially
the same. Especially data which differ from animal data will be mentioned

here,

After oral administration copper is absorbted primarily in the stomach and
duodenum. The amount of copper absorbed can notably vary between
individuals. For example, a range of 15-97% was estimated in 7 persons who
has been fasting and received an oral dose of copper acetate; the mean
value being 60%. Other reported (mean) values range from 25% to 65%.
(JECFA, 1982; EPA, 1985a). '

The daily requirement of copper for humans is estimated to be 0.025-0.1
mg.kg ! bw, with the highest relative requirement in premature infants, and
young and adolescent children.

Balance-studies (in which the daily intake and loss are measured during a
certain period) indicate a daily requirement of about 1-5 mg (0.02-0.08
mg.kg ! bw) for adults. Based on the well comparable results of a number of
balance studies conducted between 1934 and 1954, a daily amount of 2-3 mg
(0.03-0.05 mg.kg ! bw) 1is widely accepted to be adequate, for example by
the JECFA. More recent balance studies indicate that a daily intake below 2
mg or even not much in excess of 1 mg (0.02 mg.kg ! bw) is sufficient to
equal the daily loss. Information provided by parenteral nutrition studies



also indicate a daily requirement of approximately 1 mg, assuming a 40% to
60% absorption of ingested copper (Mason, 1979).

Data on the inhalation of copper (compounds) - especially quantitative data
- are scarce. Based on industrial data, copper fumes, dusts and mists can
be absorbed, resulting in systemic effects (Stokinger, 1981; Davies and
Bennett, 1985; EPA, 1985a). According to Davies and Bennett (1985) the
retention of inhaled copper is 20%. ‘
Copper can penetrate both burned and intact human skin, even from bracelets
(EPA, 1985a).

Liver and brain together account for about one-third of the total copper
body content. Relative low levels are found in muscle tissue and bones, but
due to the great masses these tissues account for about 50% of total copper
in adults. In blood plasma, mest copper is found in ceruloplasmin, which
represents approximately 93% of total plasma copper. Whole blood and plasma
levels are fairly constant, due to homeostatic mechanisms.

Estimates of whole body contents in adults range between 50 and 150 mg.
According to Davies and Bennett (1985) this amount is more likely ranging
from 50 to 70 mg (no details or references are given by these authors to

back up this statement).

Fecal excretion is by far the most important route to eliminate copper.
Urinary excretion is only 1-3% of fecal excretion.

Sweat can contribute substantially to copper excretion under humid and hot
conditions. For example, in a study in which 3 men were exposed to an
environment of 38 °C and 50% humidity, about 45% of the dietary intake was
lost in the sweat during a 10 day observation period (Mason, 1979,

citation).

1.2 Animal toxicity

Data in this subchapter do mnot include those concerning livestock
(ruminants, pigs, poultry). For data on these animals, see chapter 3.
1.2.1 Short-term

Most eacute oral tests with inorganic copper compounds have been conducted

with rats, resulting in a range of LD50-values of 66 to 416 mg Cu.kg ! bw.



The lowest values (66 to 82 mg Cu.kg ! bw) were reported for cupric
chloride, cupric sulfate pentahydrate and cupric carbonate which all are
Cu(ll)-salts, but the highest value of 416 mg Cu.kg—1 bw has been reported
both for Cu4(Cl)2H606 (basic cupric chloride) and Cu20, a Cu(ll)- and a
Cu(l)-salt, respectively. Based on these and other values, for example
another acute oral LD50 of 244 mg Cu.kg ! bw for hydrated cupric sulfate,
the differences does not seem to correlate with speciation of inorgénic
compounds.

With cupric acetate LD50-values of 209 and 248 mg Cu.kg ! bw were found for
rats.

For mice and Guinea pigs oral LD50-values of 90 and 15 mg Cu.kg ! bw,
respectively, were found with cuprié chloride as test substance. For
rabbits and birds LD50-values of 91 and 465 mg Cu.kg ! bw, respectively,
were found with basic copper carbonate - CuC0O3Cu(OH)2 - as test substance
(JECFA, 1982; sax, 1984; RTECS, 1986).

In a study in which weanling rats were fed copper sulfate (530 and 1,600-mg
Cu.kg ! feed) or copper glucomate (1,600 mg Cu.kg ! feed) for 9 months, the
level of 1,600 mg.kg ® caused a variety of toxic effects on internal
organs, growth retardation and mortality. Copper gluconate was more toxic
than copper sulfate, consistent with a higher rate of accumulation. The
feed level of 530 mg.kg ! (~26-53 mg Cu.kg ! bw.day ') resulted in varying
degrees of testicular degeneration; other effects were not found (Harrison
et al., 1954; see also long-term). In another feeding study in which male
weanling rats were fed a diet containing 2,000 mg Cu.kg ! (as copper
sulfate; -~100-200 mg Cu.kg ! bw.day !) for 15 weeks, both accumulation in
liver and kidneys and gross and hiétological changes (e.g. necrosis) of
these organs were &t the maximum after 6 weeks, demonstrating the
development of a tolerance at prolonged exposure (Haywood, 1980).

Male rats (90 days old) receiving 25 mg Cu.kg ! bw.day ! (as hydrated
copper sulfate) by gavage for 3 weeks showed several effects, for example
decreased body weight gain, necrosis of liver and kidneys, and changes in
blood parameters.

In male Wistar rats (90-100 g) a dietary supplement of 50 mg Cu.kg ! feed
(as copper sulfate, corresponding with ~2.8-5.5 mg Cu.kg ! bw.day ') during
5 weeks did not affect feed intake, weight gain, relative liver weight and
activities of aspartate aminotransferase, alanine aminotransferase and
alkaline fosfatase (Miranda et al., 1981).

In rabbits a daily oral dose of 0.25 mg copper acetate (~44 mg Cu.kg ?

bw.day !) during 33 to 41 weeks resulted in hemochromatosis and liver



cirrhosis (Hall and Butt, 1928). In another feeding experiment with rabbits
2,200 mg Cu.kg ! as copper acetate in the diet (~66 mg Cu.kg ! bw.day !)
for up to 15 weeks, caused mortality in 16 out of the 21 exposed animals.
Almost all exposed rabbits showed one or a combination of the following
effects on the liver: pigmentation (especially hemofuscin accumulation),
cirrhesis and necrosis (Hall and Mackay, 1931).

In a one year study with male and female beagle dogs the highest dietary
level of 2,400 mg copper gluconate per kg feed (equivalent to 60 mg copper
gluconate.kg ! bw.day !, corresponding with about 8 mg Cu.kg * bw.day ?)
caused accumulation of copper in liver, kidneys and spleen, but no
compound-related deaths or gross or microscopic pathological lesions were
found (Shanaman, 1972; cited in JECFA; 1982; report not available).

1.2.2 Long-term

With exception of a specific carcinogenicity study with mice (see further
on) only one chronic toxicity study was available. In this study groups of
40 weanling Sprague-Dawley rats (males and females) were fed diets with
0.1%, 1% and 3% "potassium sodium copper chlorophyllin" (approximately 2.6-
5.3, 26-53 and 80-160 mg Cu.kg ! bw.day !) for two years. No effects on
mertality, growth, organ weights, and blood and urine parameters were
found, as 1little as gross or microscopic pathology of internal organs
(Harrison et al., 1954; see also short-term).

In rabbits, every second day orally dosed with a cupric sulfate solution
(~12 mg Cu.kg ! bw) during 16 months, cirrhosis-like hepatic damage was
found (Tachibana, 1952; cited in JECFA, 1982),

1.2.3 Mutagenicity

Both inorganic and organic copper compounds have been tested for genctoxic
and mutagenic effects in a wvariety of short-term assays, with diverse
results even with the same test substance (e.g. Hansen and Stern, 1984;
EPA, 1985a).

For example, 1in reverse mutation assays a negative respons was found with
copper sulfate using Salmonella typhimurium strains TA 98 and TA 100
{Moriya, 1983). Using Escherichia coli a positive respons was found, but
only at highly toxic concentrations (Demeric, 1951). In other, both in wivo

and in vitro tests, both positive and negative results with copper sulfate




have been found. In several reverse mutation tests with copper gluconate
and copper 8-quinolinolate, only the latter gave a weak positive reaction
in §. typhimurium strain TA 100 after metabolic activation (JECFA, 1982;
Moriya, 1983).

Based on the screened results the mutagenic potency of copper 1s equivocal.

1.2.4 Carcinogenicity

The reviewed data only revealed one specific carcinogenicity study in which
copper was given orally. Groups of 18 male and 18 female B6C3Fl and B6AKF1
mice (7 days old) were treated daily by gavage with 1,000 mg copper
hydroxyquinoline per kg bw, (~181 mg Cu.kg ! bw.day ') during the first 3
weeks of the study, followed by a dietary dose level of 2,800 mg.kg ! feed,
approximately 25-50 mg Cu.kg ® bw.day !. At termination after 1.5 years, no
statistically significant increases in the incidence of tumors were found.
After a single subcutaneous injection of 1,000 mg copper hydroxyquinoline
per kg bw using groups of 18 male and 18 female mice (28-days old) of the
same strains, a significantly (p < 0.001) increased incidence of reticulum
cell sarcomas (6/17 and 8/141 in treated, and in vehicle and untreated
animals, respectively) was found in male B6C3Fl mice after the same
exposure time; in the other groups of mice no 1Increased tumor incidences
were found (Bionetics Research Labs; cited in EPA, 1985a). ,
Based on these results, those of the earlier mentioned feeding studies and
those of other studies (cited in JECFA, 1982 and EPA, 1985a) in which
copper compounds were administered orally or by injection - in some
experiments together with known animal carcinogens - there is no reason to

consider copper to be carcinogenic to animals.

1,2.5 Teratogenicity and reproductive toxicity

In mature C57BL and DBA female mice, doses of 500 to 2,000 mg copper
sulfate (anhydrous ?) in the diet (~ 26 to 104 mg Cu.kg ! bw.day !) from 1
month prior to mating up to termination on day 19 of gestation did mnot
result 1in adverse effects. Only the highest doses (3,000 and 4,000 mg.kg !
feed, ~155 and 207 mgCu.kg ® bw.day !) led to increased fetal mortality,
decreased litter sizes and to skeletal malformations 1in 2-9% of the
foetuses, while ne malformations were found In the control and other

treatment groups (Lecyk, 1980).



In embryotoxicity and teratogenicity ("segment II-type") studies with oral’
administration of copper gluconate up to 30 mg.kg ! bw.day ! (4 mg
Cu.kg ! bw.day !), neither effects on implantation data (corpora lutea,
implantation sites, implantation 1loss) nor embryotoxic or teratogenic
effects were found in mice and rats. In male rats oral administration of 3
mg (0.42 mg Cu.kg ! bw.day !) during 60 days did not affect fertility
(JECFa, 1982).

In a reproduction study groups of female rats were given copper.sulfate in
the drinking water at levels of 0.1, 1 and 10 mg Cu.l !, corresponding with
0.0012-0.0015, 0.012-0.015 and 0.12-0.15 mg Cu.kg ! bw(.day ! ?),
respectively, from 5 months prior to mating up teo termination at day 21 of
gestation. All test concentrations resulted in an increased embryonic
mortality, decreased weight and length of the fetuses and a delayed
ossification. At the highest concentration hydrocephaly and enlargement of
the brain ventricles was found in 2/3% (contrels: 0/30) and 5/39
(controls: 1/30) of the exposed animals, respectively (Nadeenko et al.,
1980; in Russian). The lowest effective dose in this study is wvery 1low
compared with no-effect-levels found in the earlier mentioned oral
reproduction/teratogenicity studies. The lowest total dose (~180 x 0.0015 -
0.27 mg Cu.kg * bw) is similar to the lowest dose that resulted in
embryotoxic and teratogenic effects after a single 1i.v. injection in
pregnant hamsters (see below, Ferm and Hanlon, 1974). For these reasons the
study of Nadeenko et al. will be left out of consideration.

Copper has been found to be embryotoxic (reduced number of blastocysts) in
rats recieving a single i.p. injection of 7.5 mg CuSO4.kg * bw (3 mg
Cu.kg ! bw) on day 3 of gestation (JECFA, 1982).

In studies with golden hamsters a single i.p. injection of 2.7 mg copper
citrate per kg bw (1.1 mg Cu.kg ! bw) on day 8 of gestation resulted in
embryotoxic and teratogenic effects: increased embryoniec death, edematous
embryos, cardiovascular malformations, and tail and limb defects (DiCarlo
Jr, 1979, 1980). Copper citrate was found to be more toxic to hamsters than
copper sulfate after & single i.v. injection during day 8 of gestation,
resulting in higher rates of resorption and higher percentages of embryos
with malformations at similar copper doses. With copper citrate the lowest
dose of 0.25-1.50 mg Cu.kg ! bw already resulted in adverse effects. The
relative high copper concentrations in placenta and embryos {compared with
maternal blood and uterus) after injection of 84Cu(II) citrate showed that
the placenta is permeable to copper (Ferm and Hanldn, 1974),

In in vitro tests with preimplantation mouse embryos and developing chick

embryos copper compounds also have been found to be embryotoxic and/or



teratogenic. Metallic copper liberated from fine pieces of wire was also
found to be lethal to mouse preimplantation embryos.

(Metallic) copper from intrauterine devices (IUDs) has been found to
prevent implantation and blastocyst development in rats, hamsters and
rabbits (Tatum, 1973; Fern and Hanlon, 1974). When a copper ring-IUD was

inserted in these animals after the implantation process has been completed

and was left in utero throughout gestation and lactation, neither effects
on reproductive function and reproductive tissues of treated females were
found nor teratogenic and other effects in the F1 and F2 generation (Chang
and Tatum, 1973).

In a variety of animals (sheep, goat, rat, guinea pig, dog, chicken) copper
deficiency also has been found to result in a teratogenic respons (EPA,

1985a).

1.3 Human toxicity

Most information on the toxicity of copper is known from clinical cases
from patients who ingested copper accidentally (relatively low doses) or
intentionally (relatively high doses). Sources of accidental cases of
peisoning are mainly contaminated drinking water and (other) beverages,
especially acidic, carbonated drinks. In the cases of Iintentional poisoning
copper sulfate has been ingested most frequently.

Occupational exposure (see furthur on) is giving additional 1nformatioﬁ,

mainly on effects after inhalation of copper and copper compounds.

1.3.1 Short-term

The first signs and symptoms of an acute poisoning after ingestion of
copper (salts) are: a metallic taste, epigastric pain, headache, nausea,
dizziness, wvomiting and diarroea. These effects have been found already in
women at ingested copper quantities of 5.3 to 32 mg copper, after drinking
of different quantities of a whisky cocktail kept in a shaker for some time
(Wyllie, 1957). In men the consumption of a total amount of 2 7 mg copper
in tea caused symptoms of an acute poisoning (EPA, 1985a). 5o, the lowest
amount of copper that may result in an acute polsoning 1is about 0.1 mg
Cu.kg ! bw. In 1-4 year old children signs of an acute poisoning were found

after consuming an orange-flavored drink which was kept overnight in a
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brass pot. The drink contained 34 mg Cu.l !, so the total ingested dose of
the youngest children was likely less than 8.5 mg (NRC, 1977).

Copper sulfate has been used historically in medical practice as an emitic
in the treatment of intoxications, at a total oral dose of at least 25-75
mg Cu, but this use 1is now very restricted because of the risk on
gastrointestinal and/or other (systemic) effects (EPA, 1985a; Aaseth and
Norseth, 1986).

In severe cases of copper intoxications (after ingestion of up to about 100
g copper sulfate according to the patients) the following effects have been
found: wulcerations and hemorrhage in the gastrointestinal tract,
intravascular hemolysis, hypotension, and irreversible effects on liver and
kidneys, resulting in collapse, coma and ultimately in death (e.g. Chuttani
et al., 1965).

The fatal oral human dose of wvarious inorganic copper salts has been
estimated by the World Health Organization to be 200 mg.kg ! bw, with a
considerable variability in individual sensitivity (JECFA, 1982). According
to Gosselin (1976) the lethal dose of copper(Il) salts is 50-500 mg.kg ! bw
for adults. Data cited in EPA (1985a) are in the same range.

In one reported case, 2 oral doses of 10 cc of a 10%-solution of hydrated
cupric sulfate (total dose 2 g, 1.e. 40 mg cupric sulfate per kg bw)
administered to an adult female to treat an alcohol-diazepam intoxication
resulted in death (JECFA, 1982; EPA, 1985a).

Several <cases of acute copper poisoning during or after recurrent
hemodialysis have been reported, due to copper in parts of the equipment.
The effects resemble those of "metal fume fever" (see "occupational
exposure"). Hemolytic anemia has been reported at copper concentrations in
the dialysate of 22 to S0 pg Cu.l”! (EPA, 1985a).

Treatment of burned skin with a copper sulfate sclution (= 3%) or with
copper sulfate crystals can result in hemolysis and may be fatal (NRC,
1877; EPA, 1985a).

1.3.2 Long-term

Data on chronic toxicity in healthy humans due to iIingestion of excess
copper are very limited. However, "Wilson's disease", an inherited
autosomal recessive disorder of copper metabolism/homeostasis is considered
to represent a form of chronic copper toxicity (e.g. EPA, 1985a), although
there are indications that copper alone is not responsible for all
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histopathological changes seen in this disease (Uzman, 1957; Wolff, 1960).
Wilson's disease, also known as "hepatolenticular degeneration”, has a
general prevalence of 1 in 160,000 - 200,000 and is characterized by a
life-long low ceruloplasmin level, a decreased fecal excretion and
increased copper levels in liver, kidneys, brain and cornea. Symptoms of
the disease are liver damage (cirrhosis), a variety of renal and
neurclogical disordes, the formation of copper containing "Kayser-Fleischer
rings" around the cornea and occasionally cataracts as well as episodes of
hemolysis., Severe cases of the disease may result in anemia, jaundice and
death.

.
Two cases of poisoning iIn wvery young children (most probably) due to a
prolonged exposure to copper have been reported, one non-fatal and one
fatal case. 1In the first case, a 15-month old boy had to be treated after
an exposure for 3 months to food and beverages prepared with drinking water
containing copper up to 0.8 mg.1 !, a level not normally assumed to cause
adverse effects. This level might have been toxic in this case due to the
young age of the child, resulting in a relative greater rate of uptake. The
fatal case - a l4-month old boy - occurred after exposure jin utere and
post-partum due to copper levels up to 9.7 mg.1 ! in the drinking water.
Wilson's disease was indicated, but could not be established for certain,
Recurrent episodes of abdominal pain - almost daily in the 7-year old
daughter - and emesis occured in three of four persons of a family exposed
to copper levels above 2 mg.1 ! up to 7.8 mg.1 ! in the drinking water for
about 1.5 years (Spitalny et al., 1984).
The American Centers for Disease Control have reported 112 cases of
intoxications from drinking water with copper levels from 4 to 70 mg.1l !
in the years 1977-1982; data on exposure times are not given (EPA, 1985a)}.
Fragments of metalllc copper and copper alloys in the eye may result in
visible copper accumulation in the cornea (Kayser-Fleischer rings),
cataract and ultimately in 1loss of the eye (Rosen,1949; NRC, 1977).
Mallory (1925) has mentioned a prolonged inhalation and/or ingestion of
copper as one of the possible causes of human hemochromatosis (pigment
eirrhosis); this hypothesis 1s consistent with the results of animal
experiments, for example those with rabbits (Hall and Butt, 1928; Hall and
MacKay, 1931). In 10 of 16 earlier described cases of hemochromatosis
there was also a history of contact with copper or brass for many years
(Mills, 1924; cited in Hall and Butt, 1928).
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1.3.3 Other data

The mutagenic potency of copper is equivocal (see 1.2.3). With exception of
a cancer mortality correlation study in which a possitive correlation was
found between the dietary intake of copper (and other trace elements) and
mortality rates due to a number of common cancers {Schrauzer et al., 1977),
and data on occupational exposure (see further on}, no human data on the
carcinogenic potency of copper after ingestion were found. Also no data on
the teratogenic potency of ingested copper with regard to humans have been
found. Based on animal data humans are not likely at risk with regard to

carcinogenic and teratogenic effects due to the dietary intake of copper.

IUDs with a wrap of copper wire have a higher contraceptive efficiency than
plastic ones, due to the release of copper (Barkoff, 1976: NRC, 1977). In
women wearing a copper T-IUD for 6 to 10 months, the copper concentration
in the secretory endometrium was 2-times highef than in women without IUD;
this (together with changes in the concentration of other elements)
probably initiates the prevention of the implantation of the fertilized
ovum (Hernindez, 1975). It is not yet fully known if the relative small
amount of parenteral copper lost from a copper IUD (about 0.05-0.10 mg per
day) can lead to (systemic) effects, but on the basis of animal experiments
and human data there are no reasons to expect toxic effects in users and
teratogenic effects in cases of pregnancy (Tatum, 1973; Guillebaud, 1976;
NRC, 1977). Metallic copper has also been found to have spermicidal
properties which may contribute to the contraceptive properties of copper
IUDs (Tatum, 1973: Aaseth and Norseth, 1986).

Allergic reactions have been ascribed to copper, for example due to the use
of a copper IUD, ingestion of or skin contact with copper salts, and the
filling of a tooth with black copper cement. The frequency of copper
allergy is very low (Barkow, 1976; Aaseth and Norseth, 1986).

1.3.4 Qccupational exposure

After short-term exposure to copper fumes, mists or fine dusts, an
influenza-like syndrome ("metal fume fever" - also called ‘“"copper fume
fever™ or "bréss chill") can develop, but the number of reported cases is
low. This syndrome can include the following symptoms: irritation of the
upper respiratory tract and eyes, dryness of mouth and throat, chills,

fever, headache, aching muscles, and digestive disorders, such as diarroea.
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The symptoms disappear 24-48 hours after termination of the exposure.
Copper dusts and aerosols have an objectionable taste, which mostly 1limits
exposure. Metal fume fever has been reported in several occupational
activities, for example copper welding and polishing, and in workers
exposed to dusts or aerosols of one or more copper salts (Cohen, 1974; NRC,
1977; Stokinger, 1981; EPA, 1985a; Aaseth and Norseth, 1986). Gleason
(1968) reported mild symptoms of metal fume fever in workers exposed to
copper dust of "extreme fineness" due to the polishing of copper plates.
These symptoms already came through at a copper concentration of 0.1 - 0.3
mg.m *, which is well below the occupational standard for copper dust in
the Netherlands of 1 mg.m ® (see basis document, chapter 1). According to
Stokinger (1981) no effects occur at éopper fume concentrations up to 0.4
mg.m S.

Copper - metallic copper, copper salts - can cause (allergic) contact
dermatitis, but the number of known cases 1s very limited (NRC, 1977;
Stokinger, 1981).

In copper and brass (copper/zinc 2:1) workers a "slow copper poisoning" has
been reported, resulting in laryngitis, bronchitis, intestinal c¢oliec with
catarrh and diarroea, general emaciation and anemia (Chatterji and Ganguly,
1950; cited in Mason, 1979).

In 1969, Pimentel and Marques described for the first time an occupational
disease - "vineyard sprayer’'s lung" - which they attributed to the wuse of
"Bordeaux mixture", a 1-2.5% solution of basic copper sulfate neutralized
by lime. This mixture is used to control mildew on grapes, for example in
Portugal. Pimentel and Marques were able to induce similar lung lesions
(the presence of desquamation, intra-alveolar macrophages and inter-
alveolar septal histiocytic granulomas and the scars of these lesions) in
Guinea pigs exposed to the mixture by inhalation. These lesions could also
‘be reproduced In Guinea pigs exposed to copper oxychloride or organic
fungicides like maneb and zineb. The disease may remain in a subclinical
form for several decades or may reveal itself by symptoms as dyspnoea,
mucoid sputum, weakness, loss of apetite and weight, coughing, fever,
chills, and muscular and joint pains (Villar, 1974; Pimentel and Menezes,
1975).

The use of Bordeaux mixture is not allowed in the Netherlands, but that of
copper oxychloride (and of maneb and zineb) is permitted to protect crops.
Roentgenograms of 15 patients - all with a history of exposure to Bordeaux
mixture - in which the disease was diagnosed Thistologically and

histochemically, showed 1lung condensations, <varying from diffuse
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reticulonodular shadows to massive, tumor-like opacities. In all 5 patients
who died within the period of investigation, copper containing granulomas
were found in the 1lungs, in one case together with a bronchogenic
carcinoma. In all 15 patients copper containing hyaline scars were present
in the lungs (Villar, 1974). In three fatal cases of vineyard sprayer’s
lung described by Pimentel and Menezes (1975) lung roentgenograms showed
reticular and micronodular shadows; histologic examinations .of the lungs
showed histiocytic granulomatosis and fibrohyaline nodular scars, with
abundant inclusions of copper. In all 3 cases these lesions were found
together with a proliferation and swelling of Kupffer cells and with
hepatic granulomatosis, with histiocytic, sarcoid and transitional types of
gpranulomas. Effects on the liver were also found in 30 rural workers with
(in most cases) a fatal form of vineyard sprayer’s lung, ascribed to the
use of Bordeaux mixture for 3 to 45 years. The morphological changes were:
proliferation of Kupffer cells, with small granular copper inclusions (30
cases), the presence of histiocytic or sarcoid type copper containing
granulomas (7 cases), fibrosis (8 cases), ecirrhosis (3 cases), and the

presence of an angiosarcoma in 1 case (Pimentel and Menezes, 1977).

With exception of vineyard sprayer’'s disease no significant chronic effects
of copper have been reported due to occupational exposure. The increased
incidences of lung cancer among workers in copper refineries and copper-ore
mines have been ascribed to the co-exposure to arsenic compounds; no
etiological role of copper itself has been suggested (NRC, 1977; EPA,
1985a; Aaseth and Norseth, 1986).

In summary, despite the widespread use of copper, industrael-linked copper

intoxications appear to be of little concern with regard to health hazards.
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2 ECOTOXICITY

2.1 Aquatic organisms

From all heavy metals copper is probably the element which has been
investigated most extensively to clarify the impact on aquatic life. The
vast amount of data has resulted in many reviews of which the next ones
have been used as basis for this paper.

Data on freshwater organisms have been reviewed by Alabaster and Lloyd
{1980}, Skidmore and Firth (1983) and Harrison (1986); data on both
freshwater and marine organisms by Demayo et al. (1982), Mance et al.
(1984), Moore and Ramamoorthy (1984) and EPA (1985b). An extensive review
on the bioclogical importance of copper in the marine environment has been
written by Lewis and Cave (1982). Other sources have been screened for
additional information, especially the annual 1literature-reviews of the
(U.S.) Water Pollution Control Federation, from 1979 up to 1986.

At collecting primary literature a selection has been made with regard to
short-term data; emphasis has been layed on data on long-term toxicity.
According to data on bivalve molluscs reviewed by Verburgh (1987), there is
a small margin (about a factor of 10) between the water copper level which
is essential to prevent deficiency and that which results in toxic effects.
All data on copper levels in water and sediment are expressed as the amount

of copper(-ion).

2.1.1 Bioaccumulation / bioavailability

In a variety of organisms the bicaccumulation of copper has been studied,
for example for monitoring purposes or to study factors influencing the
bicavailability. The bioaccumulation can be influenced by a variety of both
abiotic and biotic factors, which have been reviewed by Lewis and Cave
(1982) and Luoma (1983). Up to now a basic understanding of the complex
relationships between all factors which influence this process is lacking
and data are inconsistent.

Many investigators have studied the effect of the chemical speciation (see
basisdocument, chapter 3) on the uptake, by using copper-complexing agents
like EDTA, NTA, humic and fulvic acid, and aminoe acids. From these studies
(conducted with organisms from several trophic levels: algae, macrophytes,
invertebrates, vertebrates) it appears that primarily "free" copper (-ion)
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is accumulated from solution, independent of the organism studied (e.g.
Zamuda and Sunda, 1982; Luoma, 1983; Nor, 1985; Zamuda et al., 1985; Blust
et al., 1986), The uptake of copper from solution by the water hyacinth
Eichornia crassipes could be prevented by relative high amounts of EDTA or
humic acid but not of amino acids or fulvie acid (Nor and Cheng, 1986). In
the presence of amino acids or fulvic acid the total amount of copper taken
up by the plant was exceeding the amount of free copper-ion 1in solution.
The difference between the stability constants of humic acid and fulvic
aclid appears to be too small to explain the difference in uptake of copper.
The same relative amount of humic acid (25 times the amount of copper on a
weight/weight basis) which was sufficient to prevent the accumulation of
copper by the water hyacinth did not influence the accumulation of copper
by the water flea Daphnia magna (Winner, 1984a). These data illustrate that
also ligand-bound copper can be accumulated, possibly after dissociation of
the complex before uptake, and that the degree of accumulation can differ
with species.

According to data on both inorganic and organic copper complexes, reviewed
by Verburgh (1987), the biocavailability of 1lipid-soluble complexes is
higher than that of water-soluble complexes.

In bioaccumulation studies in the laboratory, positive correlations have
been found between the total copper level of the exposure water and the
copper level in organisms, for example in coelenterata, molluscs and
arthropods (a crayfish and insect larvae) (Nehring, 1976; Stebbing and
Pomroy, 1976; Evans, 1980; Zarooglan and Johnson, 1983). However, in the
natural environment the situation is much more complicated as will be
demonstrated in the next examples. In & study in a freshwater system in the
Netherlands (rivers with lakes downstream), metals were analysed in the
"soluble" (< 0.45 pm filter) and "particulate” (> 0.45 um filter) fraction
of the water, in the sediment and the enclesed porewater, and in orgsnisms,
both filter-feeders (zooplankton, mussels) and deposit-feeders (insect
larvae, worm, mussel and fish}. In both abiotic and biotic components the
same gradient for copper and other metals was found, with decreasing levels
downstream, but, in general, no significant correlations were found between
copper levels in organisms and in the abiotic components collected from the
same site. If there was any correlation, it was more frequently with the
soluble fraction than with the particulate fraction of the water or with
the sediment; a relationship with the porewater was found never (Hueck-van
der Plas, 1984). In a study in the marine environment narrow size ranges of
two molluscs (one grazing and one carnivorous species) were collected fronm

a small environmental homogeneous site. In the first species the copper
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concentration ranged from 0.5 to 5.5 uM.g !; in the second species from 2.5

to 7.5 pwM.g !, illustrating the variability (Lobel, 1982).

Especially in more recent years much attention has been focused on the role
of sediments within the agquatic environment, because it is the greatest
potential source for metals like copper. Although copper is bound very
tightly to sediments, a part may be or become available for aquatic
organisms, in particular for organisms which are living and/or feeding at
the sediment. From biocaccumulation studies with bottom organisms (worms,
snails, mussels) in water-sediment systems it has become c¢lear that at
least the sediment-type (particle-size distribution) influences the uptake,
but that there are great differences between species (é.g. De Kock and
Marquenie, 1982; De Kock, 1985; Simmers, 1985)., Bryan and Hummerstone
(1971) found a tendency of increasing levels in the estuarine worm Nereis
diversicolor with increasing sediment levels, but & comparison of animai
and sediment data from specific sites did not show a straipghtforward
relationship. 1In two correlation studies with the lugworm Arenicolas marina
no significant correlation could be established although there was also a
trend of higher levels in the worm at higher sediment levels in one study
(Packer et al., 1980; Everaarts, 1986). According to Everaarts the
different results of both studies with A, marina may be due to different
sediment levels and particle-size distributions.

Data on the bioavailability of copper and other metals from sediments have
been reviewed by De Kock and Marquenie (1982). Their conclusion:
"Considering the dynamics and wvariability of natural systems, it is
doubtfull wether descriptive correlation studies based on field data of
pollutant concentrations in sediments and in tissues of properly chosen
organisms (deposit feeding invertebrates) will ever lead to meaningful
results”. This statement Is supported by the variable results of additional
data. Also in rooted aquatic and marsh plants the situation is
inconsistent, with both positive and no correlations between copper levels
in plants and sediments (e.g. Mudroch and Capobianco, 1979; Demayo et a&l.,
1982; Baars et al., 1986). In some, but not all, cases better correlations
have been found with a certain extractable fraction compared with total
copper (or other metals) in both plants and animals, with a specific
fraction of the sediment or when the major complexing components were taken
into account, indicating that not all the metal is available for uptake
(e.g. De Kock and Marquenie, 1982; Luoma, 1983; O'Donnel et al., 1985,
Tessier et al., 1985).
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In the common carp Cyprinus carpio exposed for 3 months to a lethal 1level,
both accumulation and mortality decreased in the presence of the complexans
EDTA, NTA, or DTPA (Muramoto, 1982). However, in one series of experiments
with the waterflea D. magna humic acid had no effect on the accumulaticn,
but decreased both acute and chronic toxiecity (Winner, 1984). 1In another
series of experiments with D, magna (Winner, 1985) most combinations of
increased hardness and humic acid concentration tend to decrease the
accumulation, so the meaning of the first results is not clear. Based on a
study with the marine worm Cirriformia spirabrancha in which the total

accumulated amount of copper did not increase further above a certain water

concentration while the median survival time was decreasing with increasing
water level, Milanovich et al. (1976) concluded that lethality is rather
related to the rate of wuptake than to the total accumulated amount.
According to Harrison (1986) there is often no correlation between copper
body burden and biological respons due to deposition in special depots;
regulation mechanisms have been found at several trophic levels, for
example in molluscs, crustaceans and fish. In the flowing aquatic weed
Lemna paucicostata the absorption of copper was not influenced within a
certain pH range, but growth was inhibited more strongly at higher pH (Rasu
et al., 1983).

Based on the data presented here and on other screened data it must be
concluded, that in many cases the copper level in organisms can not be
simply predicted from that in abiotic components of the environment (and
conversely) and, that the copper 1level in organisms can not be used to

predict the impact on aguatic life.

2.1.2 Bioconcentration and blomagnification

An overview of bloconcentration factors {BCF = concentration in organism
concentration in the water) has been published by Demayo et al., 1982;
Mance et al., 1984; EPA, 1985b and Harrison, 1986. These data together with
data from primary sources have been summarized in Table 2.1.

The reviewed data are difficult to compare because in many cases important
information about exposure time and exposure level ("background" or
"elevated") 1s lacking and in some cases it is not clear whether the data
are on a wet or a dry weight basis. In some cases the BCF-value has been

calculated from the net gain (C ); in other cases no

exposed Ceontrols
correction has been made for the level in controls. Because of the high

variability in BCF-values (also within related groups of organisms) and the
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lack of data on how most values have been established, only combined data
are given in Table 2.1, based on both field and laboratory studies. The
presented values are just indicative for the possible rate of accumulation.
Although the bioconcentration factor is based on the water level, it is the
result of all exposure routes, including focd. The dietary intake may be an

important factor, for example in filter-feeders like oysters and mussels.

Table 2.1. Bioconcentration factors (BCF)

Group fresh water seawater
Algae 400-21,000 75-27,000
Macrophytes 30-54,000 10,000-20,000
(Zoo)plankton 35,000 250-2,700
Annelids 23,000 200-2,550
Molluscs 1,700-23,000 10-28,000
Crustaceans 80- 6,000 7,000-10,000
Insects 200-14,000 -

Fish 1-450 150-700

BCF = concentration in organism : concentration in water,
- no data

There are no consistent data on the influence of the environmental
concentration on the bioconcentration factor. For example, in an

accumulation study with the mussel Mytilus edulis, Calabrese et al. (1984)

found an increase of the BCF with increasing seawater concentration
(ranging from 3 to 13 ug.l !) after 12 and 21 months; however, this was not
found after 18 months when the highest tissue levels were found. Young et
al. (1979) found a decrease of the BCF with increasing water copper
concentrations (0.5 to 10 pg.l_l) in shrimp (Pandalus danae) larvae after
an exposure of 7 weeks, but it is not clear wether this exposure time was
long enough to reach equilibrium.

The highest bioconcentration factor (28,000) in invertebrates at elevated
copper concentration in the water has been found in the eastern oyster
Crassostrea virginica after a continuous exposure for 4.5 months to 50
pg.1 !, resulting in a blulsh-green color, but little mortality (EPA,
1985b). The same "green sick" has been found for other bivalve molluscs
collected from the field (Lewis and Cave, 1982), These data illustrate the
high accumulation potency of these invertebrates. In the earlier mentioned
accumulation study with M, edulis exposed for 21 months in a continuous-
flow system to 3 (controels), 4, 8, or 13 pg.l !, the mussels accumulated
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more copper at the highest two concentrations, At the highest concentration
the body level was 3 to 13 times higher than that in the controls; the
highest accumulation was found after about 18 months. The BCF was depending
both on the copper concentration and the time of exposure; both the highest
and lowest wvalue were found at the background concentration. When exposed
to background copper levels together with an elevated silver concentration,
copper  accumulation significantly increased with increasing silver
concentrations, resulting in BCF-values of up to 59,000 (Calabrese et al.,
1984). In a 1l-yr field study in which M, edulis and seawater were
collected at monthly intervals at two locations no relationship could be
established between tissue copper levels and dissolved or particulate
copper concentrations in the water; however, there was a positive relation
of tissue copper 1levels with lead and zinc concentrations in the water,
indicating an interelemental effect (Popham and D'Auria, 1982).

For larval shrimp P, danae a bioconcentration factor of 80,000 and 7,000
was found after exposure to 0.5 and 10 ug.l !, respectively, with total
tissue levels of 70 and 40 mg.kg ! for exposed and unexposed animals,
respectively (Young et al., 1979). These and other data illustrate the fact
that the bioconcentration factor can not be used to predicted the actual
level in exposed organisms compared with unexposed ones, because
concentration also happens at very low environmental concentrations,.
Generally the lowest BCF-values have been reported in fish, both in fresh-

and seawater.

When the copper levels in organisms are compared with sediment levels, much
lower bioconcentration facters (BCF = concentration i1n the organism :
concentration in the sediment) are found, with the majority of the values
< 5. Both for benthos and other organisms the bioconcentration factor is
often < 1, so in these cases copper is accumulated but not concentrated. An
example of this was found for the worm N, diversicolor collected from
estuarine sides with low to very high copper-sediment levels, with BCF-
values ranging from 0.24 to 0.68 (Bryan and Hummerstone, 1971).

Little information is available on the possible biomagnification - the
accumulation in foodchains, resulting in higher tissue copper levels at
higher trophic levels - of copper. Schmidt (1958) reported high copper
levels 1in digestive organs of several groups of organisms (echinoderms,
molluscs, fish), indicating an important role of dietary intake in the
accumulation proces. Field data on a short food chain (zooplankton,

stickleback, trout) in freshwater showed a decreasing copper 1level in
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organisms at higher trophic 1level (Roch et al., 1985). Other field data
show that biomagnification may have occurred from moss to an isopod, but
not from snail to trout (Dallinger and Krautzky, 1985). Also in an
artificia)l food chain (algae -> daphnids -> fish) in the laboratory
starting with algae exposed to a mixture of heavy metals, no
biomagnification was found (Tarifeno-Silva, et =al., 1982). This is in
agreement with the low BCF-values reported in fish. '
Data on food chains in the marine environment also show (in general) no
biomagnification at higher trophic levels; the primary effect seems to be a
change in species composition at 1low trophic levels, resulting in an
alteration of food for higher levels (Lewis and Cave, 1982). .

2.1.3 Other kinetic data

In both plants and animals copper is a component of many enzymes (Demayo et
al., 1982; Lewis and Cave, 1982).

In molluses and artﬁropods copper is also used for the synthesis of the
respiratory blood pigment hemocyanin (e.g. Betzer and Yevich, 1975;
Schmidt, 1978; Albrecht et al., 1981; Lewis and Cave, 1982).

Copper is bound to proteins in invertebrates and wvertebrates and/or
glycopeptides in algae and invertebrates (Coppellotti et al., 1985; Roch et
al., 1985; Piccinni et al., 1985). An induction of copper-binding
metallothioneins and/or other (hepato)proteins has been reported after
exposure to copper, for example in mussels and fish (EPA, 1985b; Roch et
al,, 1985; Reish et al., 1986), In fish this results in concentrations in
the liver which are more than 10-500 times the concentrations in muscle
(Benoit, 1975; Dallinger and Kautzky 1985; Roch et al., 1985). Excess
copper 1s stored in specific structures (e.g. lysosomes or granules) and
may be excreted (in part), for example by fish (Lewis and Cave, 1982;
Harrison, 1986).

2.1.4 Toxicity

Many studies (with or without organic or inorganic complexing asgents) have
been conducted to clarify the species of copper which can be related with
toxicity. These studies used selective analysis-methods and/or  computer
models to specify the form(s) of copper in the water. In most studies

cupric ion (Cu2+) and/or "labile" copper (free cupric ion(s) and easily
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dissociable and exchangable organic and inorganic complexes) were found to
be related with toxicity, in algae (e.g. Steemann and Wium-Andersen, 1970;
Anderson and Morel, 1978; Jackson and Morgan, 1978; Sunda and Lewis, 1978,
Peterson et al., 1984), invertebrates (Andrew et al., 1977; Young et al.,
1979) and fish (e.g. Zitko et al., 1973; Pagenkopf et al., 1974; Shaw and
Brown, 1974; Howard and Sprague, 1978; Waiwood and Beamish, 1978;
Chakoumakos et al., 1979). O'Donnel et al. {1985) - who reviewed a number
of studies (with bacteria, algae, crustaceans and fish) in which the
concentration of the free copper ion has been related to the observed
toxicity - reported the toxicity values expressed as free ion to differ
maximally with a factor of 3. This is much lower than the range of toxicity
values when expressed as total or dissolved copper (see further on).
Regarding the soluble inorganic copper species, a statistical analysis of a
number of these data confirm the pgeneral picture that the hydroxides,
especially the ©positively and neutrally charged species, are more toxic
‘ than carbonates (Cowan, 1%86). Giesy et al. (1983) found the toxicity for
the daphnid Simocephales serrulatus more related to total copper than to
free copper, but based on the other data the toxlcity is more related with
soluble, in particular labile copper than with particulate or total copper.
In agreement with these data, both natural and artificial complexing agents
decrease the toxicity of copper, for example amino acids, humic substances,
sediment extracts, "yellow substance™, EDTA , TRIS, NTA, and Fe(OH)3. This
has been found for all kinds of organisms: bacteria (Milanovich et al.,
1975; Nusch, 1977), algae (Steemann Nielsen and Wium-Andersen, 1970; Sunda
and Lewis, 1978; Florence et al., 1983), molluscs (Stephenson and Taylor,
1975; Harrison, 1985), arthropeds (Lewils et al., 1972, 1973; Biesinger et
al., 1974), and fish (Sprague, 1968; Brown, 1974). The effect depends both
on (the stability of) the formed complex and the exposed species; for
example, for daphnids copper was much less toxic in the presence of TRIS
compared with amino acids, and the protective effect of one specific amino
acid was & times higher with guppies than with daphnids (Borgmann and
Ralph, 1983). The toxicity of copper to early-life stages of the oyster
Crassostrea pgigas was found to decrease in the presence of the chelators
oxalate, glycine, citrate and EDTA; the ability to reduce copper toxicity
showed an increasing trend with increasing stability constant of the formed
complex (Harrison, 1985).
Algae are capable of excreting complexing substances in response to copper
stress; this also can counteract the toxic action of copper, especially in
eutrophic waters (EPA, 1985b).
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Although it is clear that many complexing agents from both biotic and
abiotic origin have a protective effect, it is difficult to quantify this
effect in the natural environment, because in general wvery high (e.g.
equimolar or higher) quantities of the complexing agents are used in
experimental studies,
' Lipid-soluble 1ligands (test organisms: algae) and anionic detergents (test
organisms: fish) were found to increase the toxicity of copper (Florence et
al., 1983; Ahsanullah and Florence, 1984)).
Data on the joint action of copper with other heavy  metals are
inconsistent, sometimes even with the same combination of metals and the
same organism. For example, Khangarot et al. (1984) found an additive
effect of copper and zinc at low concentrations and a synergistic effect of
these two metals at higher concentrations in common carp Cyprinus ecarpio.
Based on the screened data a synergistic action of copper and other metals
appears more common than a simple additive (= no interaction) and/or an
antagonistic action. In chronic toxicity tests in reconstituted water with
daphnids (D, _pulex) the adverse effects of a copper concentration of 10
pg.1 ! were abolished by the presence of 5 ug.1l ! selenium, indicating that
in this case the toxicity of copper could be ascribed to deficiency of
another element (Winner, 1984b).
Most toxicity tests have been conducted with (hydrated) CuS04 or Cu{Cl)2,
which both are very soluble at the used concentrations. Although in some
tests different (acute) toxicity values have been found between these two
copper compounds and/or other anorganic copper compounds, these differences
are to small to be of any biological significance. For this reason the
different copper compounds will not be discussed separately. Organic copper
complexes have been excluded, because of the possible reduction of toxicity
due to strong complexation.
Unless stated otherwise, the following toxicity data in water are expressed
as total (acid soluble) copper, in ug Cu(II).1 !. However, some of the used
test waters have been filtered, without specification of the wused filter,
so the total copper concentration may have been underestimated. Copper

values in sediments (also "total") are expressed in mg Cu(II).kg-1

Freshwater organisms - short-term

Skidmore and Firth (1983) reported a range of more than 20,000 for acute
toxicity values for copper, based on 209 reviewed tests with all kinds of
organisms., Even within one species there may be a high wvariability: for
example, the 96-hr LC50-value for rainbow trout Salme gairdneri was
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reported to be 17-29 ug.1l" ! (alevins, smolts) and 890 gug.l ! (greater
fish), respectively (Chapman, 1978; Calamari and Marchetti, 1973). Both
were continuous-flow tests, with comparable test conditions. The difference
can be (partly) explained by differences in developmental stage and
hardness of the test water.

From all abiotic factors which have been found to influence the acute
toxicity of copper, the hardness of the water appears to be the most
consistent, although the ultimate effect is strongly species dependent. The
acute toxicity of copper is inversely related with the hardness of the
water; this statement is based especially on data on fish (e.g. Table 5.2,
bold data), but the same relationship has been found for other organisms,
for example plants, worms, crustaceans and insects {Brkovic’-Popovic’' and
Popovie’, 1977,; EPA, 1985b; Gauss et al., 1985). It is not possible to
quantify the effect of hardness on toxicity becausé of the high variability
between different organisms. In one series of tests with D, _pulex the 72-hr
LC50-value at a hardness of 230 mg.1 ! (as CaC03) was 2 times lower than

that at a hardness of 58 and 115 mg.1 !; in the presence of 0.75-1.5 mg
humic acid per litre test water no difference was found (Winner, 1985).

A selection of relatively low acute toxicity data for species of some
important groups of organisms is presented in Table 2.2, in soft (= 100 mg
€aC03.1"!) and hard (> 100 ng CaC03.1" 1) water, respectively. All presented
data are from tests which have been conducted in natural water without
treatments as UV-sterilization. In soft waters the 1lowest acute toxicity
values for most of the listed organisms do not or hardly differ. In hard
waters the variability is more pronounced.

Some lower toxicity wvalues have been reported from tests in treated or
reconstituted water, both resulting in a relatively low organic matter
content. For example, for D, magna a 48-hr EC50-value of 6.5 pg.l_‘ has
been‘reported in hard (H = 250) reconstituted water (Dave, 1984).

Freshwater organisms - long-term

A selection of the results of long-term toxicity tests - conducted in
waters of specified hardness - is listed in Table 2.3. With two exceptions
only tests in which a No-Observed-Effect-Concentration (NOEC) was
established, are listed in this table. For two organisms (C. carplo and
Noemacheilus barbatulus) only a No-Observed-Lethal-Concentration (NOLC) was
avagilable and listed in the table. If more than one NOEC-value (resulting
from different life-cycle or early-life-stage tests) for one species in
either soft or hard water was available, usually only one has been listed,
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but all available NOEC-values are used in one of the methods of
extrapolation (Kooyman, 1985) which has been used to establish a "safe"
copper level in water (see 4.4, risk evaluation).

From the results of long-term tests it can been seen that the influence of
the hardness of the test water is much less consistent compared with acute
tests. For young rainbow trout S, gairdneri EC25-values (25% reduction of
growth rate) were 13 to 34 times higher in hard (H « 360) than in soft (H =
30) water, at pH 6 and 7.5 - 8.0, respectively (Waiwood & Beamish, 1978).
In early-life-stage tests with three fish species and one 1life-cycle test
with one fish species the NOEC-values in soft and hard water were equal or
similar (within a factor of 2), see Table 2.3. The differences (if any) may
be ascribed in part to differences in other factors like the concentration
of organic matter which is lower in the softer waters due to a greater
dilution factor. This is in agreement with the results of a life-cycle test
conducted by Brungs et al (1976) who found a relatively high NOEC-value
(compared with the wvalues of 11 and 15 ,mg.l"1 in soft and hard water,
respectively - see Table 2.3) of 66 pg.l_1 for the fathead mninnow
Pimephales promelas in test water with high total organic carbon and
phosphate levels. In a 7-d life-cycle test with the daphnid Ceriodaphnia
dubia iIn wupstream river water with a background copper level of about 1
pg.1"1, an actual copper concentration of 32 ug.1l ! strongly reduced both
survival and reproduction. When these daphnids were exposed to the same
river water collected at sites below sewage treatment plants (resulting in
higher copper, total organic carbon and suspended solids levels) actual
levels of 67 and 97 pg.1 ! were not or only slightly toxic, also in
agreement with the data mentioned above (Carlson, et al., 1986).

Also for the daphnid D. _pulex no different toxicity values were found in
soft and hard water (Winner and Gauss, 1986). For D, magna the toxicity was
somewhat (2-3 times) lower at a hardness of 100 compared with a hardness of
both 50 and 200 (Chapman et al., cited in EPA, 1985b).

Most reported NOEC-values are in the range of 5 to 40 pg.1 !, both in soft
and hard water, with apparently no or little difference in sensitivity
between specific groups of érganisms. In life-cycle tests with four species
of daphnids (D._ magna, D. parvula, D, ambigua and D, pulex) in the same
test water an equal NOEC-value of 40 pug.1 ! was found for all species
(Winner and Farrell, 1976).

In reconstituted, hard (H = 250) water a very low 21-days LC50-value of 1.4
pg.1" ' was found for D, magna in a renewal test; the NOLC-value was about
0.4 pg.17 ' (nominal concentrations). At 0.4 ug.1 ! reproduction was

strongly reduced, but both at some lower and higher copper concentrations



26

no adverse effect on this parameter was found. On the basis of both
survival and reproduction the NOEC-value was 0.2 pg.1l ! according to the
author (Dave, 1984). The high toxicity of copper in this test may be
explained by the absence of natural complexing materials in the test water.
For this reason and because of the varying influence of increasing copper
concentrations on the parameters tested (especially on reproduction), the
significance of this test is considered to be doubtful and the result of
this test 1s not used in the evalution.

In tests conducted in filtered (50 pm), UV-sterilized lake water, D. wmagna
was found to be more sensitive to copper stress in population toxicity
experiments under flow-through conditions (intermittent-flow system) than
in semistatic 1life-table experimenté. The difference may be the result of
an additional stress because of food 1limitation in the  population
experiments or may be caused by changes in the speciation of copper due to
the high population densities (Van Leeuwen et al., in press). However, the
difference may also have been caused by the difference in test type
(semistatic versus flow-through).

In flow-through bioassays in charcoal filtered, soft (H = 17) test water,
which was from smelting snow, adult asiatic c¢lams (Corbiculaz manilensis)
showed high mortality within 10 days of exposure to 8%0 - 2,570 ug.l !, but
at exposure to 6,000 - 12,000 pg.l_’ no deaths occured until after 10 to 15
days; the clams responded to these very high exposure levels by closing the
valves of their shells tightly. Under these test conditions the 75-d L1C50
was below 11 gug.l !. In static tests, conducted in the same test water
which was sterilized by UV light, with different larval stages trochophore
larvae were most sensitive: all larvae died within 8 hours at exposure to 5
pg.16!, while control mortality was below 25%. The apparent copper
complexing capacity of the test water used in the experiments with adults
was only 3 pwg.1 1, and the Chelex-100 labile copper fraction ranged from
57% to B9% of total copper; the Chelex-100 fraction includes DPASV-labile
coppeYr, moderately labile ligands and possibly slowly exchangable 1ligands
bound in colloidal matter. In the larval assays the complexing capacity was
2 pg.17! and the DPASV labile copper fraction (Cu-ion and very 1labile
copper ligands) was 54% at 5 pg.l ! total copper (Harrison et al., 1984),
In waters of unspecified hardness exposure to 3 and 30 ug.1 * for 60 days
resulted in toxic effects in snails (Biomphalaria glabrata) and eels
(Anguilla anguilla), respectively (Rédsaether et al., 1977; Cardarelli,
1974, cited in Imlay and Winger, 1983).

In algae grow was delayed (Chlorellsa pyrenoidosa) or inhibited (Nitzschia
palesz) after addition of 1-5 pg.1 ! in a medium without citric acid and
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EDTA (Steemann Nielsen and Wium-Andersen, 1970). Much higher toxicity
values (100 to 10,000 ug.l !) have been reported for other algae, but data
on test water and exposure time are lacking (EPA, 1985b).

On macrophytes only two tests which have been conducted in natural water
were available., In one test the growth of Elodea puttallid was inhibited
for more than 50% at a concentration of 635 ug.l ! after exposure for 7-10
days in water of unspecified hardness (van der Werff, 1984). In the other
test a 7-d EC50-value of 600 pg.1 ! was found for Lemna minor (Bishop and
Perry, 1981). In artificial media the lowest toxicity wvalues for
macrophytes (10 - 100 ug.1 !) were found for duckweed, L. minor valdiviana
(Demayo et al., 1982; Hutchinson and Czyrska, 1975). The submerged, 'footed
Elodea canadensis was found to be less sensitive than the free-floating L.
minor in unspecified water (EC50-values of 3,100 and 130 pug.171,
respectively). This difference may be in part due to the presence of a
sediment layer in the case of E, canadensis (Brown and Rattigan, 1979).
According to Nor and Cheng (1986) macrophytes are more tolerant to copper

than many other aquatic populations, for example algae.
Freshwater-sediment systems

Sediments can accumulate great amounts of copper compared with the
overlaying water. So, sediments are a potential source of copper, not only
to organisms living in, and/or feeding at the sediment, but also to other
aquatic organisms. Copper can be released from the sediment either as
soluble or as sediment-bound (particulate) copper, for example by dredging
or by (bio)turbation. An example of the last mentioned phenomenon was
demonstrated by Malueg et al. (1983) in acute sediment toxicity tests in
which daphnids in the water were exposed to polluted sediments: co-exposure
with insect nymphs in the sediment could increase the mortality of daphnids
compared to exposure of daphnids alone.

Data on short-term sediment toxicity tests are 1listed in Table 2.4. A
comparison of the toxic copper levels in the water in the water-sediment
systems with those of tests without sediment shows, that copper 1is less
toxic 1In the presence of sediments. For example, Calrns et al. (1984) found
10-d LC50-values of 720 and 1,150 pug.1° ! (total copper) in sediment
toxicity tests with the crustaceans Hyalella azteca and Gammarus lacustris,
respectively, while these values were 59 and 31 ug.1l ! in comparable

toxicity tests without sediment (Nebeker et al., unpublished; cited in
Cairns et al., 1984). The last mentioned values are in good agreement with
the 10-d LC50-values expressed as dissolved copper: 40 and 60 pg.17!,
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respectively, indicating that mainly dissolved copper is responsible for
the toxic action and that sediment-bound copper is not or hardly toxic.
From the data presented in Table 2.4 it 1is clear that the copper
concentration in the sediment can not be used directly to predict the
concentration in the overlaying water. It is also clear that sediment and
water levels expressed as total copper are not very usefull to predict the
toxicity. The found differences can be ascribed to sediment parameters
(like organic carbon content, the presence of other metals or the particle-
size distribution) and other factors, for example {f the water-sediment
system 1is already in equilibrium or not. Data for D, magna and H, limbata
in the tests with polluted sediments containing 540 and 550 mg.kg ?
indicate that a high organic carbon content has a protective effect (Malueg
et al., 1984b). The available data are insufficient to establish or qualify
a relation between organic carbon content of the sediment and the ultimate
effect.

In these short-term sediment toxicity tests the lowest reported sediment
and water copper levels: 200 mg.kg ! and 26-28 pg.1” !, respectively, were
not lethal to D, magna. The lowest lethal levels in these tests were 480

mg.kg ! (D. magna and (0 ->) 50 ug.1l ! (D. magna and H, limbata).

In a long-term (7 months) laboratory test in which unpolluted sediments (32
mg.kg ! d.w., at start) with the native microcosm (periphyton, macroalgae,
zooplankton, macroinvertebrates and emerged insects) received a continuous
flow of copper enriched "outdoor" water (H = 200), an actual water level of
30 ug.1 ! (corresponding with a sediment level of 57 mg.kg ! caused changes
in the biological structure; the NOEC-value was 9 pug.l }, corresponding
with a sediment level of 37 mg.kg !. At this level primary production of
the whole system and growth of the macroalga Vaucheria terrestris were
significantly reduced after 7 months; the NOEC-value for these parameters
was & pg.1 !, corresponding with a sediment level of 34 mg.kg ! (Hedtke,
1984),

Table 2.5 summarizes some effects of copper in the natural aquatic
environment in which elevated copper levels In water and/or sediment were
found or induced. At water levels of 10 and 65 ug.1 ! a number of algal
species was affected, but total biomass was not affected or only initially
(McKnight, 1981; Leland and Carter, 1984). Other data indicate that water
levels of about 20 pg.l1 ! and upwards are affecting several groups of

organisms (algae, invertebrates, fish).
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Correlation studies show that in genmeral 1) the total number of organisms
{abundance), 2) the number of taxa (diversity) and 3) the biomass
{(productivity) of benthic macro-invertebrates are inversely related to
sediment copper levels, Increased copper levels also result in a shift to

a number of tolerant species, for example chironomids (insects).
Marine organisms - short-term

A selection of relatively low acute toxicity wvalues for marine organisms is
presented in Table 2.6. The bold data are from tests which have been
conducted in seawater without special treatment 1like sterilization or
addition of complexing agents. In most cases it Is not clear wether the
test water is of natural origin or artificial.

In natural, but membrane-filtered (0.45 um) seawater about 25% mortality
was found in a static test with the prefeeding stages (eggs -> nauplius II)
of the copepod Euchaeta japonica (crustaceans) after addition of 5.4
pg.1 !, resulting in a total concentration of 6.0 ug.1l ! (Lewis et al.,
1972).

The available data on the influence of the salinity on the (acute) toxicity
of copper indicate that for some organisms copper is somewhat less toxic at
higher salinity, especially at low copper concentrations, but the
differences are too small to be of any bioclogical sigﬁificance (McLeese,
1974; Jones et &8l., 1976; MacInnes and Calabrese, 1979; Mance et al.,
1984).

The toxicity of copper to the softshell clam Mya arenaria was found to be
strongly depending on temperature of the test water: the 7-d toxicity
values (LCO, LC50 and LCl00) were at least 30 and 60 times lower at 17 °C
and 22 9°C, respectively, compared with the values at 4 °C (Eisler, 1977).

Marine organisms - long-term

In Table 2.7 the available data on long-term tests with marine organisms,
resulting in a NOEC-value, are 1listed. For two organisms (Nereis
diversicolor and Busicon canaliculatum) only a NOLC-value was available.
Data on tests which have been conducted In treated water (e.g. UV-
sterilized, autoclaved, enriched with chelators) have been excluded because
of the possible effects on the toxicity compared with untreated water. For
example, UV-sterilization of natural water reduces the organic content and
thus may increase the toxicity of copper; enrichment with chelators can

have the opposite result.
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Only one life-cycle test has been reported, with the crustacean Mysidopsis
bahia, resulting in a NOEC-value of 38 ug.1l !. A number of other organisms
(ilnvertebrates from several phyla) were found to be more sensitive, with
NOEC-values of 2.5 - 5 gg.1 ! in partial-life-cycle tests. No data were
available on life-cycle tests or early-life-stage tests with fish. For &
fish species L(E)C50-valyes in the range of 150-610 pg.1”! are reported
after an exposure time of 2 to 4 weeks (Baker, 1969; Gardner and LaRoche,
1973; Engel et al., 1976, asbstract). For embryos of the Atlantic cod (Gadus
morhua) a 14-d LC50-value of 10 ug.1 ! was reported (Swedmark and Granmo,
1981; cited in EPA, 1985b).

In a field experiment with M. edulis on a mussel bed the 6-w ROLC was 21
(range 8-32) pg.l !, but about 6 months after termination of the experiment
all exposed animals had died (Table 2.8; De Wolf ef al,, 1972).

In a "controlled experimental ecosystem" (1,700 m3 water) with 5-m old
salmonids (Oncorhynchus keta) no observable effect on growth and mortality
was found after 6 weeks at 2.5 pg.l ! seawater, a level 10 times above

background; no other concentrations were used (Koeller and Parsons, 1977).
Seawvater-sediment systems

As 1In freshwater the toxicity of copper is less in the presence of sediment

{Neanthes arenaceodentata; Pesch and Morgan, 1978) or a sediment-extract
(Euchaeta japonica, Lewis et al., 1973) in the test water. In continuous-
flow tests with the worm N, arenaceodentata the LT50 (median survival time)
increased at least a factor of 4.5 in the presence of sediments, while only
up to 5% of the total amount of copper that entered the system was adsorbed
by the sediments (Pesch, 1979). So, not all .the copper is bound to
sediment, but a part of the copper in the water phase is not or less toxic
due to a protective effect of substances released from the sediment.

In Table 2.8 some data on the toxiclity of copper in seawater-sediment
systems are summarized. In laboratory experiments the burrowing activity of
the mollusc Protothaca staminea was reduced in an enriched sediment
containing 23 mg.kg ! after enrichment, but no reduction was found in the
presence of a polluted sediment with the same amount of copper (Phelps et
al,, 1983). In another test with this species there was no delay in
burrowing time on aged enriched sediment. In a long-term test 25% of the
exposed animals died on sediments with a copper level of 38 mg.kg ! after
enrichment ; the NOLC-value was 19 mg.kg ! (Phelps et al., 1985).
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Table 2.2, A selection of (low) acute toxicity values for freshwater
organisms in natural, untreated water

Soft water

Algae:
Phytoplankton

Molluscs:
Corbicula fluminea
Physa integra

Crustaceans:
Ceriodaphnia reticulata

Daphnia hyalina
Daphnia magna
Gammarus pseudolimnaeus

Simocephalus serrulatus

Insects:

Chironomus tentans-larvae

Fish:

Ptychocheilus oregonensis

Lepomis macrochirus
Pimephales promelas
Salmo clarki

Salmo gairdneri

Hongve et al.,.1980

Rodgers et al.,
1980

Arthur and Leonard,
1970

Mount and Norberg,
1984

Baudouin and
Scoppa, 1974
Biesinger and
Christensen, 1972
Arthur and
Leonard, 1970
Giesy et al., 1983

Nebeker et al.,
1984a

Andres and Garton,
1980

Pickering and
Henderson, 1966
Chakoumakos et
al., 1979

Howarth and
Sprague, 1978

---------------------------------------------------------------------------

Hard water

Molluscs:

Potamopyrgus jenkinsi

Viviparus bengalensis
Crustaceans:

Daphnia magna
Daphnia pulex

Fish:

Lepomis macrochirus
Pimephales promelas
Salmo clarki

Salmo gairdneri

Hard- Crite- Result_
ness rion pg Cu.l ?
10 EC502° 13
51-76 LC5098 40
"soft"” EC50°8 39
45 LC5048 17

66 LC504% 5
44-53 EC504%® 10
"soft"™ EC50°¢ 20
"soft" LC507%¢4 7-24
71 Lc50°¢€ 298
20-56 LC509¢ 18-23
201 1LC50%¢ 66

201 LCc50°% 22-25
15-341 1.050°¢ 16-74%
66-961 LCS5(0%6 44 -186%
30! LGC50°® 20-302

100! Lc50°¢ 31-862
250-380 LC50°98 54-79
160-210 LCS50%¢ 88
130-160 LCS072 86
130-160 1LC5072 54-86
360 LC50°° 10200

360 Lc50%9¢ 1140-1760
165-224 LC50°¢ 232-3762
365 1LC50°e 70-5162

Watton and Hawkes,
1984
Gupta et al., 1981

Winner and Farrell,
1976

Pickering and
Henderson, 1966
Chakounakos et
al., 1979
Howarth and
Sprague, 1978

..........................................................................

1) Test water partly deionized or mixed with deionized water to reduce

hardness

2) Dissolved (0.45 um filter) copper

Hardness: mg.1l !, as CaCO3
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Jeble 2.3 Long-term toxicity wvalues for freshwater organisms based on partial-life-c¢ycle {plc), life-cycle
(lc) and early-life-stage (ela) tests

Organism Cu~conec, Test Test water, Hard- Exp. Reference Result
analized type ness mg.1"1 CeCO3 time Criterien ug Cu.17t

SOFT WATER
Algae: Blaylock et al., 1985
Chlorella vulgaris A 5 wall, B = 85 4-d WOEC + B0
Selenastrum capricornutum A 5 well, B = 85 4-d WOEC + 100
Molluscs:
Campeloma decizum Arthur & Leonard, 1870

shell length 11-27 mm A CF -, H = 35-55 B-w WOEC 8 a
Physa integra Arthur & Leonard, 1870

shell length 4-7 mm A CF -, B = 35-55 G-w WOEC 8 o
Crustacesns:
Ceriodaphnia dubia Carlson et al., 1986

< 4 hours, P -> F A R river, H = 20-44 1-w lc BOEC 12 a
Daphnia magna - Blaylock et al., 1885

S 24 hours, P ~> F (brood 6) A R well, B = -] 2-w lc BOEC 10
Daphnia pulex Winner, 1885

24 hours A R art., H = 58 7-w lc WOEC -1
Gamnarus pseudolimmaeus Arthur & Leonard, 1870

P adults -> F1 adults A CF -, H = 35-55 15-w lc BOEC 5 a
Inzects:
Chironomus tentans Hebeker et al., 1584a

4th instar larvae -> adults A (F well, H= 3B 3w WOEC 34 a
Clistoronia megnifica Nebeker st s&l., 19B84b

5th instar lervae P ->F2 A CF well, BE = 26 8-m lc WOEC 8
Paratanytarsus parthenogeneticus Batakeyama & Yasunoc, 1881

2nd instar larvae, P -» Fl A ] art,, H= 25 3w lc WOEC 40 «a
Fiah:
Catostomus commersoni McKim et al., 1878

eyed oggs -> larv.-juv, A CF lake, B = 44-50 6-w els BOEC 13 a
Coregonus artedi Mckim et al., 1978

ayed eggs -> larv-juv. A CF lake, H = 44-50 9~w als BCEC 43 a
Cyprinus carpioe Muramoto, 1882

7-8 cm; 10-12 g - R tap, B = 11 3~m WL 50
Esox lucius McKim et al,, 1878

grean eggs -> larv.-juv, A CF lake, B = 44-50 B-w els EOEC 35 a
Ictalurus punctatus Seuter st sl., 1876

eggs -> fry A CF well, H= as g-w ala WOEC 12 «
Lepomis macrochirus Benoit, 1975

2 years, P ->» F1 A CF llake. H = 44-50 22-m lc T -
Lepomis macrochirus Bencit, 1875

newly hatched larvae A CF 11nke, H = 4&4-50 3-m els | 2l -
Micropterus dolomieui McKim ot al., 1878

eyed eggs -> larv.-juv, A CF lake, H = 44-50 S5-w als BOEC 37 a
Oncorhyngus tachawytscha Hazel & Meith, 1870

oyed eggs -> fry A CF river, H = (1] 1-o sls WOEC 21
Pimephales promelas Mount & Stephan, 1669

fry, 10-20-mm, P -> F1 A CF Zpond, Be 31  11-m lc oR- 11
Pimephales promelas Rorberg and Mount, 1885

newly hatched larvae, A R lake, B = 4B 1-w WCEC 10 &
Salmo geairdneri McKim ot al., 1878

syed eggs ->» larv,.-juv, A LF leke, H = &4-50 T-w ols EC 11 a
Salmo trutts McKim et al., 18578

green eggs -> larv.-juv, A CF lake, H = 44-50 18-w ols WOEC 22 o
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Salvelinus fontinalis McKim & Benoit, 1871

yearlings, P -» F1 A CF lake, B =~ 40-48 8-n le BOEC 17
Salvelinus fontinalis McKim et al., 1878

oyed egrs -> larv.-juv. A CF lake, B = 44-50 1l1-w els XIEC 22 a
Salvelinus fontinalis Sauter et al,, 1976

egps -> fry A CF well, H =~ 38 B-w els 3 a
Salvelinus namaycush McKim et al., 1878

oyed eggs -> larv.-juv. A CF lake, H = 44-50 13-w als WOEC 2 a
Stizostedion vitreum Sauter et al., 1876

eggs -> fry A CF wall, H= 35 &-w els BOEC 13
HARD WATER
Algae:
Fhytoplankton, natural population Horne & Goldoman, 1874

Anabaena, Aphanizomenon - ) lake, H = 115 10-d WOEC 5
Crustaceans:
Daphnia magna Winner & Farrell, 1876; Winner, '8l

< 24 hours, P -> F - R pond, B =~ 130-160 >4-m lc BOEC 40
Daphnia magna Van Lesuwen at al., in press

P->F A R lake, B = 225 3=w lc WOEC 13 a

P ->F A CF lake, B~ 225 2-w lc BCOEC 5 &
Daphnie pulex Ingersoll & Winner, 1882

S 24 hours, P -> F A R ert., B = 1086 10-w lc BOEC 5
Orconectes rusticus Bubschmann, 1867

newly hatched - CF tep, B =~ 100-125 b-w WOEC 15
Fish:
Ictalurus nebulosis Christensen ot al., 1872

2 yanrs A CF -, H = 180-215 1-m BOEC 27
Ictalurus punctatus Sauter st al., 1878

eggs -> fry A CF wall, H = 1B6 9-w els WOEC 13
Noemacheilus barbatulus bora- Solba’' and Cooper, 1876

8-12 em A CF hole, B = 232-2656 2-m mrC 120 o
Pimephalez promelas Mount, 1868

fry, 7 wesks F -> F1 A CF  ?pond, H = 182-216 11-m lc - 15 «
Salmo gairdneri Seim et al., 18984

smbryos, 6-¢d post-fart, A CF well, B = 120 11-w els BOEC 16 o
Salvelinus fontinalis Sauvter ot al., 1976

eggs -> fry A CF wall, B = 187 9-w els WOEC 5

........................................................................................... e rrEEmEm———————

1y yv-sterilized .

2) mixed with deionized water or tap watsr to reduce herdness
«) actual concentration

le) life-cycle test with 2 generations (P -> F)

els) early-life-cycle teast (embryo-larvsl test)

NOEC) no-cbssrved-sffect-concentration

NOLC) no-observed-lethal-concentration

-) no dats
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Table 2.4, Short-term sediment toxicity tests with £freshwater organisms
- laboratory experiments

..........................................................................

Organism / Exp. Criterion Sediment <--Result--> Water
Dosing type time mg Cu.kg ? pg Cu.l !

---------------------------------------------------------------------------

Crustaceans:

Daphnia magna <24-hr old Malueg et al., 1984a
Polluted sediments, covered with recirculating well water (H = 21-31)
Co-exposure with Hexagenia limbata nymphs in the sediment

3.1% org. C 2-dp LC(a0) 480 (dry) 0->130 ¢
2.3% org. C 2-df  NOLC 930 (dry) 0->350 a
3.1% org. C 2-dy LC(97) 480 (dry) 230->190 a
1.7% org. C (control sed.) 2-dy ROLC 200 (dry) 26-> 28 a
1.4% org. C 2-dy NOLC 140 (dry) 260->330 a

water concentrations: at t =0 -> 2 d

Daphpnia magna <24-hr old Malueg et al., 1984b
Polluted sediments, covered with recirculating well water (B = 21) ‘
Co-exposure with Hexagenia limbata nymphs in the sediment

1l.4% org. C 2-dy LC(100) 550 (dry) 0-> 50 a
14.2% org. C 2-dy NOLC 540 (dry) 0->100 a
Daphnia magna 4-7 day old Cairns et al., 1984
Enriched sediments, equilibrated with overlaying well water (H = 34-65) 8§
1.8% org. C; 11.8% clay 2-d LC50 937 (dry) ~100 o
3.0% org. C; 55.9% clay 2-d LC50 681 (dry) ~300 a
Hyalella azteca - juveniles and adults Cairns et al., 1984
Enriched sediment equilibrated with overlaying well water (H = 34-65) s
3.0% org. C; 55.9% clay 10-d LC50 1,078 (dry) 720 o
Gammarus lacustris - juveniles and adults Cairns et al., 1984
Enriched sediment equilibrated with overlaying well water (H = 34-65) S
3.0% org. C; 55.9% clay 10-d LC50 964 (dry) 1,150 o
Insects:

Bexagenia limbata-nymphs _ Malueg et al., 1984a

Polluted sediments, covered with recirculating well water (H = 21-31)

2.3% org. C 10-d NOLC 930 (dry) 0->350 a

1.8% org. C 10-4 NOLC 650 (dry) 0->500

Hexagenia limbata-nymphs Malueg et al., 1984b

Polluted sediments, covered with recirculating well water (H = 21)

14.2% org. C 10-4 NOLC 540 (dry) 0->100 o
1.4% org. C 10-d LC(100) 550 (dry) 0-> 50 a
2.2% org. C 10-d LC(40) 1,800 (dry) 0->1,200 e

Chironomus tentans-2nd and 3th instar larvae Cairns et al., 1984

Enriched sediments equilibrated with overlaying well water (H = 34-65) S

1.8% org. C; 11.8% clay 10-4 LC50 2,296 (dry) 250 «

3.0% org. C; 55.9% clay 10-d LC50 857 (dry) 430 o

---------------------------------------------------------------------------

Polluted sediments: contain copper (and other metals) due to long-term
pollution in the field ("native copper™)

Enriched sediments: contain copper due to addition in the laboratory

a: actual concentration
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start of test directly after preparing the test system
start of test 6 days after preparing the test system
renewal test

static test
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Table 7.5, Toxicity values in freshwater-sediment systems, field data

...........................................................................

"Ecosystem" Exp. Criterion  Sediment <--Result--> Water
time mg Cu.kg ? pg Cu.l !

...........................................................................

Plankten and_plants

Algae-natural population of benthic, epiphytic algae Leland & Carter, '84
Experiment in creek with enriched water (H = 57).
Total biomass 12-m NOEC 210 B,a
Reduced population density of 1, 4, and 16 taxa of the 22 most abundant
taxa at a level of 3, 5, and 10 xg.1 ! (B8), respectively.

Algae-natural population Steemann Nielsen &
Enriched water Wium-Andersen, '70y
Application of copper sulfate in a lake (background copper concentration
9 pug.l 1), resulting in a copper concentration of ............. .. 24-28

The application prevented a water bloom, but the development of green algae
was more or less normal.

Plankton-natural populations McKnight, 1981
Enriched water
One application of copper sulfate in a lake (alkalinity 5x10 ¢, background
copper concentration 6 ug.l !), resulting in an average total copper
concentration (from surface to 4 m depth) of ......... ... ... ... 65 «a
Phytoplankton: Initially inhibition of primary production and biomass; no
inhibition after 10 days; shift from dominant species Ceratium
hirupdinella to green algae.
Zooplankton: strongly reduced and some specles no longer observed; after 1
menth the strongly reduced rotifer Keratella sp. had increased to 3 times
pretreatment levels; Daphnia sp. not observed for half a year.

Plants-natural populations McIntosh, 1974
Enriched water

One application of copper sulfate in ponds (H = 110-170), at nominal copper
concentrations of 1,000 and 3,000 ug.1 1,

Algpae: I-m EC 1,000
Macrophytes: i-m EC 3,000
3-m NROEC 1,000

Recovery target species after 14 days to 3 months.

Invertebrate-populations

Invertebrates-natural population Winner et al.,
1975, 1980

Enriched stream (H - 185-328), copper concentration 9 pg.l ! upstream and
120 pg.1l ! (treatment site) -> 23 ug.l ! (recovery side).

2.5-yr EC 23 a
Negative correlation between both number of species and number of
individuals, and the copper concentration; reduction of insect densities at
all sites compared with the control site (-> NOEC.< 23 pug.1l !); reduction
to disappearance of other invertebrates at concentrations of 37-120 ug.1l ?!.

Macro-invertebrates-natural populations Kraft and Sypniewski
1981
Polluted sediments, mean level 589, range 243-1,229 (---) --- a

On the average, reduced number of taxa and organisms compared_ with
"control" sediments with an average level of 33 (range 6 to 54) mg.kg 1.
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Molluscs, mayflies and crustaceans were abundant in the control sediments
but were rare or absent in the polluted sediments, in which chironomids
(insects) were predominant.

Macro-invertebrates-natural populations Malueg et al., 1984z
Polluted sediments : range 140-930 (dry) - a
Reduced number of taxa, number of organisms and biomass of benthic
invertebrates compared with "control" sediments with sediment levels of 17-
37 mg.CU2+.kg '; different dominant species. '

Macro-invertebrates-natural populations Malueg et al., 1984b
Polluted sediments, range 16-2,700 (dry) .- o
In general, number of organisms, biomass and species diversity of benthic
invertebrates 1inverse related with sediment level; shift to other dominant
species, but data are not consistent.

Macro-invertebrates-natural populations Brown, 1977

Polluted sediments range 1,000-5,000 (---) 200-800 a
At hipher concentrations: insect larvae dominant, with low diversity. Both
diversity and numbers of other benthic invertebrates strongly reduced at
the most polluted sites.

Macro-invertebrates-natural population LaPoint et al., 1984
Polluted streams 10-100 «a
Both number of taxa and number of individuals of benthic invertebrates
negatively correlated with copper (and other metals) water levels, : .

ECOS ystems

Lake-ecosystem Hanson & Stefan, '84
Enriched lake water (H = 200-300) treated for 58 years with copper sulfate,
3-5 times every year, to prevent algal bloom.

range 120-5,600 (dry) 20-530 @
Short-term effects: mortality algae, 02-depletion, fish mortality.
Long-term effects: increasing tolerance some algal species resulting in a
shift from green to blue-green algae, shift from gamefish (e.g. walleye and
bass) to rough fish (e.g. carp, bullhead, sheepshead), strong reduction of
benthic macro-invertebrate fauna and of macrophytes.

River-ecosystem Carlson et al., '86

Polluted river water (H = 20-101) recieving sewage treatment plant water.
1-140 @

Diverse and healthy fish and periphyton populations at up to about 20

pg.1 1; stressed community at > 40 pug.1 2

a: actual concentration

f: dissolved (0.2 um filter) copper

¥: secundary literature source

Polluted; contains copper (and other metals) due to long-term pollution in

the field ("native copper") -

Enriched: contains copper due to addition of copper to the water
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Iable 2.6, A selection of {(low} acute toxicity values for marine organisms

...........................................................................

Organism Criterion Result_ = Reference
pg Cu.l !
Algpae:
Oscillatoria theibautii EC50876 20 Rueter et al., 1979
Scrippsiella faeroense EC50103 5 Mance et al., 1984}
Thalassiosira pseudonana EC5072 S Mance et al., 1984!
Anpelids:
Neanthes arenaceodentata LC5096 77 Pesch and Morgan, 1978
Nereis diversicolor LCc509¢€ > 200 Jones et al., 1976
Nereis diversicolor LC5098 100 Mance et al., 1984!
Phyllodoce maculata LC50%8 120 Mance et al., 1984!
Molluses:
Crassostrea gigas-eggs->larv. EC504% 12 Knezovich et al., 19812
Crassostrea gigas-embryos EC50148 5 Martin et al., 19817
Crassostrea virginica-embryos LCS5048® 103 Calabrese et al., 1973
Haliotus sp.-adults Lc5096 a0 Harrison, 1985?
Mytilus edulis-embryos EC504® 6 Martin et al., 198172
Mya arenaria LC50%¢ 39 Eisler 1977
Crustaceans:
Acartia tonsa-adults LC5072 9-78 Sosnowski et al., 1979
Acartia tonsa LCc500¢6 17-55 Sosnowski and Gentile,
1978
Homarus americanus-450 g Lc50%98 11-45 Meleese, 1974
Fish:
Clupea harengus pallasi-embr, LC509¢ 236 Rice & Harrison, 1978
LC5Q145 38
Menedia menedia-larvae LC50%¢8 136 Mance et al., 19841
Paralichtus dentatus-embr. L(E)C50 12-16 EPA, 1985b!

bold data: untreated seawater (no sterilization or addition of complexing
agents)

1. review; no data water characteristics

2; UV-sterilized sea water

: no time specified, but "acute"
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for marine organisms

Organism Cu-conc,
analjzed

Criterion

..................................................................... e e e e o

Coolentarata:
Ceampanularia flexuosa
Bydra littoralis
Eirene viridula

Armmelida
Nereis diversicolor

Molluscs:

Argopecten irradians-juveniles
Busicon canaliculatum
Crassostrea virginica-larvae
Mercenaris mercenaria-larvae
Mytilus edulis

Crustacesns:
Artemis salina-larvae

Mysidopsis bahia P -> F
Pandalus danae-larvas

[/}

CF

o om

ns

B-w

8-w

2-w

21-m

2-w

:

Result Reference
L Cu.1"3
10 ¢ Stebbing, 1876
2.5 Stebbing & Powmroy, 1978
10 Karbe, 1872
100 Bryan & Hummerstone,
1971
5 a Pesch ¢t al., 1978
100 Betzer & Yevich,1875
1o Calabrese ot ol., 1977
5 Calahrese ot al., 1577
3 a Calabrese et al., 1984
25 Saliba &
Ahsanulleh,1873
38 EPA, 1885b~
10 Young et al., 1878

a) actual concentration

é) dissolved (0.45 um filter) copper

~} secundary literature scurce

le) life-cycle test; no exposure time specified

TW) test water: s = seowater, origin unknown: as = artificial seawater; ns = natural seawater

ROEC) nmo-obsarved-effect-concentration
NOLC) no-observed-lethal-concentration

~)} no data
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Table 2.8. Seawater-sediment systems, field and laboratory data

"Ecosystem” Exp. Criterion Sediment <--Result--> Water _
time mg Cu.kg ! pg Cu.l !

Laboratory data

Molluscs: '
Protothaca staminea-length 15-35 mm Phelps et al., 1983
Enriched sediment (rinsed twice) with a flow of clean natural seawater CF
0.1% org. C; no clay and silt (coarse sand/gravel).

Red. burrowing activity 1.5-hr EC 23 (dry) --- o
Red. reburrowing activity 2-d EC 18 (dry) --- o
No difference In burrowing time on the unenriched sediment (12 mg. kg 1)
compared with another nmatural sediment with a background con. of 23 mg. kg !

Protothaca staminea-length 16-25 mm - Phelps et al., 1985
Enriched sediment (rinsed twice) submerged in flowing seawater CF
0.1% org. C; no clay and silt (coarse sand/gravel).
Red. (re)burrowing act. 2-d EC 15 (dry) --- a
2-d ROEC 10 (dry) --- a
No delay of burrowing time on aged (> 1 day) enriched sediments.
7-w LC(25) 38 (dry) --- a
7-w NOLC 19 (dry) --- a
Field data:
Amnelids:
Capitella capitata Oyenekan, 1983

Higher numbers and annual productlon at an estuarien site with actual
sediment copper levels ranging from 150 to 850 mg.kg ! compared with a site
with levels ranging from 135 to 400 mg.kg !, during a 20-month sampling
peried. Its &abundance was related to silt and hydrocarbon contents of the
sediments. Both sites were situated nearby refinery outfalls,

Nereis diversicolor Bryan & Hummerstone,
1971

These worms were found to be present in (polluted) estuarine sediments with

copper levels in the range of .............. 41-3,020 (dry) --- a

Molluscs:
Mytilus edulis-natural population De Wolf et al., 1972
Field experiment in open basins (flooded by the tides) built around parts
of a mussel bed. The seawater was enriched with copper during high tide.
Background concentration seawater: range 1-10 ug.l !; average 5 pg.l *.

6-w NOLC - 21 a
The seawater concentration of 21 (range 8-32) pg.l ! resulted in delayed
mortality.

Invertebrates:

Macro-invertebrates-natural populations Rygg, 1985

Polluted sediments range 20-500 (dry) --- o
Fauna diversity and sediment copper concentration_ strongly negative
correlated; a 50% reduction in diversity at 200 mg.kg !. Concentrations of

100-150 mg.kg 1! may already have an effect compared with background levels
of 20-30 mg.kg !. Carnivores (annelids) relatively more tolerant compared
with deposit feeders.

Benthic macro-fasuna-natural populations Oyenekan, 1983
Polluted sediments range 135-800 e a
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Significantly negative correlation between copper levels and species
diversity during the 20-month period of investigation nearby refinery
outfalls. Since copper levels correlated significantly with hydrocarbon
levels, the species diversity is probably also related to hydrocarbon.

a: actual concentration

CF: continuous flow test :

Polluted sediments: contain copper (and other metals) due to long-term
pollution in the field ("native copper")

Enriched sediments: contain copper due to addition in the laboratory
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2.2 Terrestrial organisms

Most data on the impact of copper on terrestrial organisms and ecosystems
are available in combination with data on other heavy metals,. which hinders
the retrieval of appropiate data. No reviews - which are focussed entirely
on this subject - on copper alone have been found. The less specific
reviews on copper published by NRC (1%377) and Demayo et al., (1982) only
contain some general, limited information on plants and invertebrates which
are living in or on the soil. Some useful reviews on more specific subjects
{e.g. so0il micro-organisms, soil processes, earthworms) will be mentioned
later on in this chapter. .

All data on copper levels in the so0il are expressed as the amount of copper

(-ion).

2.2.1 Biocaccumulation, bioconcentration and biomagnification

Most biocaccumulation studies with animals have been conducted with
lumbricid earthworms (especially Lumbricus sp. and Allolgbophora sp.). In
woodland and grassland these worms can form up to 80% of the total biomass
of the s0il fauna, are important for the cycling of nutrients and the
improvement of the soil structure, and are an Iimportant food source for
wildlife, especlally ©birds and small mammals (Ma, 1983b). In the
Netherlands Ma and co-workers of the Research Institute for Nature
Management have made an extensive study of the bioaccumulation in, and
effects of copper on earthworms; most of their data have been published by
Ma (1983a), together with a survey of other published data on earthworms.
In all studies by Ma and co-workers the earthworms were analysed with empty
gut to prevent bias by ingested soil.

In a field study in which A, caliginosa was collected from 6 different
agricultural soils containing heavy metals due to treatment with municipal
waste compost {3 different treatments per soil -> totally 18 plots), the
copper level in worms was positively correlated with the =soil
concentration; the regression slope was significantly smaller than unity,
which means a lower concentration factor (CF = concentration in worms :
concentration in soil) at higher soil concentration. This implicates that
CF-values from different sources cannot be simply compared. The
concentration in the worms was negatively correlated with the cation-

exchange-capacity (CEC, ranging from 5 to 29 meq/100 g) and, to a lesser
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extend, positively correlated with the soil copper ceoncentration. An
extension of the multiple regression analysis with the parameters organic
matter content (% OM, range 3-14%) and pH (range 4.7-7.1) did not improve
this regression model, but a 1linear regression analysis showed a
significant correlation between the CF and both CEC and % OM (Ma, 1982; Ma,
1983a). A multiple regression analysis of copper content of adult L.
rubel}us collected at different distances from a zinc-smelter as function
of soil parameters only showed a significant influence of soil copper
content; pH (3.5-6.1) and & OM (2.2-8.6%) did not influence the worm
content. In both earthworms species the copper level of adults and
subadults collected from the same spot were similar (Ma, 1983a; Ma et al.,
1983). '

In both studies and Iin a field experiment in which a sandy soil (5% OM) was
treated with different amounts of sewage sludge and adult L, rubellus were
analysed (Ma, 1983a) always the same bioaccumulation pattern was found: at
background soil copper concentrations the CF was mostly greater than unity
(up to about 15 at very low concentrations) and at increased soil
concentrations, the CF was smaller than unity. This means that copper is
accumulated, but not concentrated (enriched) in the worms when exposed to
increased soll copper levels.

In laboratory experiments with adult L. rubellus in a sandy loam soil and a
sandy soil, both treated with copper chloride, alsc the same accumulation
pattern was found: in both soils the CF was about unity in untreated soils
and decreased with increasing soil levels. An extension of the experiments
from 12 to 28 weeks did not further increase the copper level in the worms.
Accumulation was up to 3 times hipgher in the sandy soil compared with the
sandy loam soil; this can be explained by the differences in soil
parameters &nd possibly by the higher activity of the worms in the sandy
soil (Ma, 1982; Ma, 1983a).

These data on the . accumulation pattern of (lumbricid) earthworms are
confirmed by other, both field and laboratory, studies, in which also no
concentration of copper was found at elevated soil levels (e.g. Van Rhee,
1977; Hartenstein et al.,1980; Eijsackers, 1981; Carter, 1983; Vossen,
1983).

Earthworms (L. rubellus, A. caliginosa) collected £from unpolluted soils
contain background copper levels of about 15-40 mg.kg ! b.w. (dry weights).
In accumulation studies with lethal copper levels (2200 mg.kg ! soil) the
level 4in L,rubellus was never exceeding 100 mg.kg ® b.w. Based on the
results of these studies Ma predicted a maximum level of 70 mg.kg ! b.w. in

earthworms in polluted sandy soils and lower levels in other soils (Ma,
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1983a). This is in agreement with field data, for eiample with data of Van
Rhee (1977) who reported a level in earthworms (mostly L.rubellus and A.
caliginosa) of 63 mg.kg ! b.w. in soil containing a copper level of 110
mg.kg !. '

In a 28-d bioaccumulation study lumbricid worms collected £from unpolluted
sites were kept 1in 8 different soils with at least one heavj metal at an
elevated level, The copper concentration In the worms was positively
correlated with both total and DTPA-extractable copper in two species, only
related with total copper in one species, and only with DTPA-extractable
copper in two species (Stafford, 1986). Ash and Lee (1980) analysed 2
native species in 5 different soils; in 3 soils copper levels were highest
in L. terrestris and in 2 soils in A. chlorotica. These data illustrate the
complex relationship between the concentrations in earthworms and soil.

Data on the biocaccumulation of copper in other invertebrates at elevated
environmental concentrations are limited and much less detailed. A lot of
work on this subject has been done with isopods (crustaceans), mainly
woodlice, which are feeding on litter. In a field study in which woodlice

(Porcellio scaber), soil and litter from 89 sites, both polluted and

unpolluted with heavy metals, were analysed, a significant positive
correlation between whole bedy contents and both soil and litter levels has
been found. However, at individual sites no prediction of the body content
could be made on the basis of the soil or litter content, due to the high
variability of the concentration factor. For example, woodlice <collected
from 2 different spots contained the same copper level (1,000 mg.kg *)
while soil levels were 257 and 92 mg.kg !, and litter levels were 168 and
20 mg.kg !, respectively (Hopkin, 1986). In a field study in which another
woodlouse species (Oniscus asellus) was kept on litter from their
collection site the CF was 6-16 when kept on unpolluted litter (6 sites)
and 2.6-3.3 when kept on polluted litter (2 sites) (Hopkin and Martin,
1982). In a field study with other isopods (mainly Tracheopiscus rathke)
collected from 7 sites the concentration factor based on 1litter copper
levels was similar in all cases: 6-9, despite differences in litter levels
with a factor of 11. The CF based on soil levels ranged from 0.5 to 14,
while so0il levels maximally differed with a factor of 7. Both based on
litter and soil content the highest CF was found at the lowest substrate
content and vice wversa (Wieser et al., 1976). From these studies it is
clear that lsopods concentrate copper from soil and/or 1litter, with in
general a lower concentration factor at higher copper levels, but also that
there is & high variability due to other factors. The high coppper 1level
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often found in isopods (and other arthropods) is most probably related with
the presence of the respiratory pigment haemocyanin and the presence of
cuprosomes in the hepatopancreas; this organ contains about B5% of the

total body burden (Hughes et al., 1980; Carter, 1983).

Apart from the work of Wieser and co-workers with isopods there is little
informatien on food chain transport oflcopper in terrestrial ecosystems.

In an experiment in which centipedes (Lithobius varjegatus) were fed
hepatopancreas of woodlice collected from both unpolluted and polluted
sites, the centipedes relatively assimilated less copper from the feed in
the latter case; centipedes from the polluted site assimilated more copper
compared with those from unpolluted sites, especially when fed polluted
hepatopancreas, and were also less sensitive to copper poisoning (Hopkin
and Martin, 1984). In another feeding experiment in which spiders (Dysdera
crocata) were starved or fed on woodlice no significant differences in body
level were found, and no biomagnification occurred (Hopkin and Martin,
1985).

Analyses of animals from different trophic levels - collected in a metal-
polluted grassland - showed diet based concentration factors for copper of
0.1-2.9 for invertebrates (highest, intermediate and lowest values in
herbivores, carnivores and detritivores, respectively) and of 0.06-0.43 for
mice with different feeding habits, indicating a low food chain transfer
potential (Hunter and Johnson, 1982).

The CF for plants collected from metal-polluted grassland was 0.06-0.11 for
fine-leaved grasses and 0.15-0.20 for the composite ground vegetation
(Hunter and Johnson, 1982). According to data reviewed by Hughes et al.,
(1980) and by Hague and Subramanian (1982) there is a high wariability in
levels of heavy metals in plants; the availability depends both on soil
factors and on water fluxes within soil/plant systems. In some studies no
relation has been found between copper levels in plants and soil, but in
most studies plant levels increase with increasing soil 1levels. Many
investigators have noted a marked accumulation of metals in the roots of
plants, but transport to other parts may occur és has been noted for
copper, for example in Acer sp. and agricultural c¢rops like spinach and
radish.

More extensive information on accumulation, distribution, speciation (forms
and behaviour) and physiological functi?ns of copper 1in plants can be
found 1in the Proceedings of the Golden Jubilee International Symposium on
"Copper in Soils and Plants" (Loneragan et al., 1981).

For information on agricultural crops: see chapter 3.



-46-

2.2.2 Toxicity

Microbe-mediated soll processes

Extensive literature reviews on the effects of copper and other metals on
the microbial numbers and species diversity and, especially, microbe-
mediated processes have been published by Doelman and Haanstra (1983) and
Babich and Stotzky (1985). The first review also contains the results of
experiments conducted at the Research Institute for Nature Management in
the Netherlands.

The effects of copper and other metals have been investigated most
extensively in short-term tests (duration some days to about 2 months) with
experimentally polluted soils. Data on long-term effects are mostly derived
from field data, for example on the basis of correlations between microbial
activity and distance from & source of pollution (e.g. Freedman and
Hutchinson, 1980).

The reviewed data and additional data .from primary sources show a very high
variability, resulting from differences in so0il parameters, copper
speciation and/or experimental design, for example the use of fresh or

dried soil. This will be illustrated with a few examples.

Premi and Cornfield (1969) found no effect at 1,000 and a decreased net N-
mineralization at 10,000 mg Cu.kg ! d.w.(as CuS04) after aerobic
incubation of a sandy loam soil for 3 weeks, while incubation of the same
soil with CuC03 resulted in an increased N-mineralization at both 1,000 and
10,000 mg Cu.kg . The difference at the highest concentrations may have
been the result of the difference in soil pH. In another sandy loam soil
with practically the same characteristics and test conditions, 100-10,000
mg Cu.kg ! (as Cu0 or CuHPO4) resulted in an increased net N-
mineralization (nitrification); at 1,000 mg.kg ! the stimulation of
nitrification was at the maximum. No difference was found between the
effect of both test substances, while CuHPO4 is more soluble, resulting in
higher (2-3 times) EDTA-extractable copper levels (Quraishi and Cornfield,
1971). In =& siltrloém soil amended with sludge, alfalfa and (NH4)2504 an
aerobic incubation of 12 weeks ;esulted in an EC50-value (reduced
nitrification) between 100 and 200 mg Cu.kg ! d.w. with copper sulfate as
test substance. Less than 1% and about 50% of these amounts of copper could
be extracted from the soil after 2 weeks of incubation with 1 M KNO3 and 1
M HNO3, respectively, illustrating the binding capacity of the soil. The
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solubility in KNO3 (and in DTPA) further decreased with time (Chang and
Broadbent, 1982).

Doelman and Haanstra (1983) studied the effect of up to 8,000 mg Cu.kg !
d.w. (as copper chloride) on soil respiration, enzyme activities and
composition of microbial populations in 5 different representative soils in
the Netherlands. The effects were measured for 8 weeks, starting only a few
days and about 1-1.5 year after mixing of the soil with copper,
respectively, to measure both short- and long-term effects. In all soils
copper inhibited soil respiration after short-term exposure. After long-
term exposure the results were more variable: Levels of 150-400 mg.kg !
were inhibitory in two sandy soils, with more inhibitionfat higher levels.
In a sandy peat soil inhibition occured at = 1,000 mg.kg !. In a sandy loam
soil and a clay soil there was no inhibition, or even a slight stimulation,
0f the abiotic parameters of the soils, the clay-content (19% and 60% in
the clay soils; 2-9% in the other 3 soils) and/or the Fe-, Mg- and Mn-
content (much higher in the two clay soils compared with the other soils)
appeared to have the greatest influence on the effect of copper. The
organic matter content (13% in the sandy peat soil; 2-6% in the other
soils) seemed to have less influence; the same can be concluded for other
parameters {(pH, % CaC03, sand and silt content), which differed little or
seemed to be less correlated with the copper effect. The CEC was lowest in
the sandy soils, but highest in the sandy peat soil, so this parameter was
also not useful in this study to predict the effect of copper in zall soils.
Copper inhibited enzyme activities at different levels in different soils.
The extra-cellular enzymes fosfatase, urease and arylsulfatase were more
sensitive than the intra-cellular enzymes f-glucosidase and protease. In
the sandy soils the most sensitive enzyme was inhibited at a level of 150-
550 mg.kgﬁl. In the clay soils the lowest effective level was 730-1080
mg.kg !, and in the sandy peat soil 2310 mg.kg :. In contrast with soil
respiration the effect of copper on enzyme activities appeared to be most
correlated with the CEC.

Copper levels of 1,000 mg.kg ! showed no effects on the total number and
diversity of micro-organisms in the 5 soils, but lower levels decreased the
numbers of specific (groups of) micro-organisms able to perform a specific

proces, for example the nitrification of NH&4+,

Cn the basis of all data which were available it must be concluded that
elevated copper levels mostly have an inhibitory effect on microbe-mediated
soil processes (respiration, mineralization, ammonification,

nitrification, enzyme activities, litter decomposition). The data show a
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high wvariability which often cannot be explained on the basis of the most
common descriptors of the soils. However, in most cases the lowest
concentrations of metals causing measurable effects on soil processes were
found in sandy seoils and the highest in clay soils and in organic soils
(Doelman, 1985).

There is also an influence of elevated levels of copper and/or other metals
on number and diversity of soil micro-organisms (bacteria, including
actinomycetes, and fungi), but data are scarce compared with those on soil-
processes, Within the group of bacteria Gram-negatives are more resistent
than Gram-positives; the ecological consequences of the shift towards Gram-
negatives resulting from elevated metal levels are not known. Fungi are
more resistant than bacteria. In general the total number of micro-
organisms decreases at higher metal levels and there will be a2 shift from
prokaryotes (bacteria) to eukaryotes (fungi). This shift may lead to both a
qualitative and quantitative change in metabolic activity, since the
metabolic activities of eukaryotes are less diverse and their growth and
reproduction rates are lower. Ultimately this may result in a visible
accumulation of organic matter (Doelman, 1985).

The lowest added copper concentration (as copper sulfate) which has been
found to have an effect on soil micro-organisms and soil processes (reduced
bacterial growth and soil ATP content, shift in fungi genera;) is 11 mg
Cu.kg 1, after an exposure of 10 weeks (Zibilske and Wagner, 1982). In some
studies reviewed by Doelman (1985) inhibition of soil respiration, nitrogen
mineralization and nitrification did not occur below a copper level of 100
mg.kg !'; between 100 and 1,000 mg.kg ! the results were inconsistent and
above this level inhibition always occurred.

Invertebrates

Most toxicity studies have been conducted with earthworms. The available
results of laboratory tests are summarised in Table 2.9. If more sublethal
effects (cocoon production, growth, litter breakdown) have been studied in
one test, only the toxicity value of the most sensitive effect has been
listed,

Ma extensively studied the toxicity of copper to L. rubellus (Ma, 1982,
1983a, 1984).

In laboratory tests with exposure times of = 6 weeks all NOLC-values for
L.rubellus were similar, with lowest values of 131-165 mg.kg ! soil d.w.;
regarding this value, no difference was found between juveniles and adults

or between exposure times of 6 weeks and 7 months. Long-term sublethal
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parameters (cocoon production, growth) are affected at lower levels (35-60
mg.kg ! d.w.). Regarding the most sensitive sublethal parameters in
comparative tests 1n a loamy sand and a sandy loam, copper was more toxic
in the latter, despite a higher clay content; on the basis of accumulation
studies mentioned earlier the opposite was expected, This discrepancy may
be explained by the higher (1.7 times) organic matter content in the loamy
sand. Although the pH did not seem to influence the accumulation of copper,
adjustment of this parameter from 5 to 7 in the loamy sand eliminated the
adverse effect (Ma, 1984). A comparable result was found for Dendrobaena
rubjida (Gunnarsson and Rundgren, 1986).

In experiments with Qctolasium cyaneum in different soils the 4-d4 LC50-
value showed the highest correlation with the carbon content and a lower
correlation with both nitrogen and calcium levels; there was no correlation
with pH or C/N-ratioc (J8ggy and Streit, 1982).

In solutions of copper chloride the 4-d LC50-value for juvenile L. rubellus
was 0.3 g Cu.1_1; this value was about threshold.

From the data by Ma (1983a, 1984) copper chloride seems somewhat more toxic
than copper sulfate. However, in laboratory experiments in which the effect
of different copper salts (nitrate, chloride, sulfate, acetate, carbonate
and oxide) on Eisenia foetida was tested in two soils covered with either
enriched manure or enriched activated sludge for 8 weeks, the relative
toxicity of the different salts was not consistent. Only the insoluble
coppet oxlde was much less toxic than the other, all well soluble copper
salts (Hartensteln et al, 1981; Malecki et al., 1982).

The few laboratory tests with other earthworm species than L, rubellus do )
not indicate a higher sensitivity to copper for these species.

In field experiments by Ma (1983a) unspecified sandy soils were treated
with CuS, CuS04 or sewage sludge for 2 or 4 years, and worms were collected
3 or 4 years after the last treatment. All treatments resulted in a
reduction of the number of collected worms (mainly L., rubellus 1in the
copper treated soil and both L. rubellus and A, caliginosa in the sewage
sludge treated soil). The numbers .of L. rubellus decreased with 45-65% at
soil copper levels of 135-154 mg.kg ! d.w. and with 35% at 69 mg.kg ! d.w.
In the sewage sludge treated soil A, caliginoss was slightly more reduced
than L. rubellus at elevated copper levels (69-265 mg.kg ! d.w.). The much
more soluble CuS04 seemed to have a greater effect than CuS, but the number
of observations was too small for statistics (Ma, 1983a).

Other field data show that soil treatment with copper-fungicides or animal

slurry can lead to a lower density of earthworms (resulting in a lower rate
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of litter breakdown) and/or changes in the composition of earthworm
populations, due to differences in tolerance; these effects have been found
at soil copper levels in the range of about 50 - 150 mg.kg ! (Nielseﬁ,
1951; Van Rhee, 1977; Niklas and Kennel, 1978; Eijsackers, 198l). Veossen
{1983) found no effect on the total number of adult A, caliginosa in plots
(sandy loam, 17% clay, 8% OM, pH 8) treated with copper chloride after an
exposure of 3 months to nominal levels of 55 and 150 mg.kg ! d.w., but a
significant part of these adults had lost the ability to reproduce. Due to
other factors (e.g. the presence of other metals, species-specific
sensibility or a specific bioctope it is not always possible to establish a
relationship between the copper level in the soil and the number of wornms
in the field (Van Rhee, 1977; Marinissen, 1982; Bengtsson et al., 1983).
The data resulting from laboratory tests are in good agreement with those
from the field. The lowest long-term toxic levels are in the range from
35 to 50 mg.kg ! d.w.

Data on soil copper levels which are detrimental to other invertebrates are
lacking.

Freedman and Hutchinson (1980) found a trend of decreased numbers of
Collembola (springtails) and Acarina (mites) nearest to a nickel-copper
smelter but the data were not consistent. Insects appeared not to be
affected. Bengtsson et al. (1985) reported lower population densities of
Collembola species near a brass mill, at a soil copper level of 400
mg.kg !. In a study with several groups of invertebrates kept on conifer
litter enriched with copper, springtails and mites were less sensitive than

earthworms (Heungens, 1970).

Other organisms

Data on copper toxicity to other animals living in the terrestrial
environment are lacking.

Most data on plants deal with agricultural crops (see chapter 3). Soil
copper levels of about 6-30 mg.kg ® wet weight are essential for “normal®
plant growth and development. Toxic levels range from 25 to 50 mg.kg * for
the most sensitive plants, and from 150 to 400 mg.kgf‘ for most others
(NRC, 1977; Demayo et al., 1982). Some plants tolerate much higher copper
levels {Hughes et al., 1980). According to these autors dramatic
alterations in plant productivity and specles diversity of  natural

populations exposed to metals are rare.
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According to Lexmond et al. (1982) the toxicity of copper to plants depends
primarily on the copper-ion activity, which is reduced at higher pH and
higher organic matter content. Clay content and CEC are less important in

determining the copper toxicity.
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Toxicity values for earthworms {(laboratory tests)

Test subst,

Short-term (up to 2 weeks)

Eisenia foetida

Eisenia foetida

Eisenia foetida

Lumbricus terrestris

Octolasium cyaneum

Cu-sulfate
< l-w
Cu-oxychloride
2-w
Cu-nitrate
2-w
Cu-oxychloride
2-w
Cu-sulfate
4-4 )

...........................................................................

Dendrobaena rubida

adults

Eisenia foetida

Lumbricus
adults

Lumbricus
adults

Lumbricus

adults

Lumbricus
juveniles

Lumbricus
adults

rubellus

rubellus

rubellus

rubellus

rubellus

Cu-nitrate
4-m
pH 5.5 or 6.5:

pH 4.5:

Cu-sulfate
4-m

Cu-chloride
6-w

Cu-sulfate
6-w

All pH values:

PH 6 or 7:

pH 5:

Cu-chloride
6-w
3-m

Cu-chloride
3.-m

Cu-chloride ?
3-m

Soil Result Ref.
(mg Cu.kp !

Criterion soil d.w.)

LC100 (in sludge) =<2 ,500 1

(d.w.?)

LC5C (in soil) 536-637 2

LC50 (in soil) 217 3

LC50 (in seil) 58-69 4

LC50 (in different soils) 180-2,600 5

Sandy soil, mixed with cow dung; 7

8-12% OM, pH = 4.5, 5.5 or 6.5

EC(100) 500

(no cocoon production)

NO(AYEC B8 100

EC(90) 100

(red. cocoon production)

Activated sludge 1

NOEC (E not specified) 1,500

Sandy loam-17% clay, 3.4% OM, 8.9

pH 7

NOLC 136 a

RO(A)EC S (cocoon prod.) 30 o

Loamy sand-2% clay, 5.7% OM, pH 5

ROLC 131 a

NOEC (cocoon production) 54 a

Loamy sand-2% clay, 5.7% OM, 9

pH 5 (native), 6 or 7 (adjusted)

NOLC 278 o

NOEC (coc. prod., growth) 278 a

ROEC (growth) 148 o

Sandy loam-17% clay, 8% OM, pH 7 10

LC(50), NOLC 1,000, 150 &
LC(50), NOLC < 1,000, 150 a
Sandy loam-17% clay, 8% OM, pH 8 6
ROLC 60 a
EC 60 a

(sexual devel. & growth inh.)

Sandy loam-no data soll parameters 8
NOLC 165 a
EC(70) 35 a

{(red. cocoon production)
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Lumbricus rubellus Cu-chloride Sandy loam-no data scil parameters 8
juveniles 7-m NOLC 145 a
EC(50) , 145 o
{growth inhibition)
Octolasium cyaneum Cu-sulfate "Brown", 5.4% OM, pH 4.2-4.8 5
1-m NOLC 100 a
Peat, 72% OM, pH 4.5
NOLC ' 1,200 a

a) Actual concentration

B) Higher cocoon production compared with unenriched (without copper added)
so0il

EC) Effective-concentration

NQEC) No-observed-effectOconcentration

NOLC) No-observed-lethal-concentration

References:

1) Hartenstein et al., 1980 6) Vossen, 1983

2) Haque and Ebing, 1983 7) Gunnarsson and Rundgren, 1986
3) Heimbach, 1985 8) Ma, 1983a

4) Neuhauser, 1985 9) Ma, 1984

5) J4ggy and Streit, 1982 10) Ma, 18982
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3 AGRICULTURAL CROPS AND LIVESTOCK

3.1 Agricultural crops

2.1.1 Requirements

In the Netherlands a minimum soil copper level of 4-5 mg HNO3-Cu.kg !
(d.w.) has been recommended for arable soils, to prevent adverse effects on
"normal” growth and development of crops due to deficiency. For grassland
this level is 5 mg.kg ! d.w., primarily based on the copper requirement of
livestock (Henkens, 1975; Van Luit, 1975; CCRX, 1986). HNO3-Cu is the
amount of copper extractable with 0.43 M HNO3, expressed as mg Cu.kg !
soil, on a dry weight basis. Lexmond et al. (1982) found HNO3-Cu to
represent in general 60-80% of total copper levels in soils (HNQ3-Cu = 0,6-
0,8 x total copper); in some soils lower values (33-55%) were found. Most
solls which were analysed, were sandy soils. After addition of soluble
copper salts 90-100% of total copper is extractable in this way. Copper not
extractable with diluted nitric acid {s considered to be not directly

available for plants,

3.1.2 Accumulation

On arable land most crops remove up to about 80 g Cu.ha !.yr ! from the
soil; 50 g Cu.ha !.yr ! is considered as the average. On grassland the net
amount of copper removed is only about 15 g.ha !.yr ! because most of the
copper taken up will return to the soil . via the manure (Henkens, 1975;
Lexmond et al.,, 1982; SCAN, 1984). No data on soil copper levels are given,
but these data are probably valid for unpolluted soils.

In pot experiments with food crops grown on four harbour sediments with
total copper levels of 103-233 mg.kg ! d.w., the following copper levels
(in mg.kg ! fresh weight) were found in edible parts of mature crops:
potato 2.2-4.9, carrot 1.0-1.1; radish 0.4-0.5 and lettuce ©.8-1.0; there
was no apparent relationship with the substrate copper level, In one
sediment the level in potatoes was exceeding the current residu limit of 3
mg.kg ! fresh weight, wvalid in law in the Netherlands; that in potatoes
grown on the other sediments was below this limit. The level In the other
vegetables was well below the residu limit of 20 mg.kg ! fresh weight for
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these crops (see also chapter 1 and 5, basis document). In the edible parts
of the crops pgrown on these polluted sediments 1,6-2.4 times more copper
was accumulated compared with the same crops grown on reference soils
containing 12-14 mg Cu.kg !. When the same crops were grown on a clay soil
{31 mg Cu.kg ! d.w.) or on different mixtures of this soil with up to 30%
dredged sediment, resulting in total copper levels of 45-74 mg.kg ! d.w.,
the crops accumulated more copper at higher substrate concentrations, but
the increase in the copper level was < 30%. In both pot experiments the
highest copper levels in food crops were found in leafy vegetables (Smilde
et al., 1982). In another pot experiment the copper level of lettuce,
radish and spring wheat grown on other contaminated sediments (112-269
mg.kg ! d.w., total copper) also stayed well below the current standard of
20 mg.kg ! (Van Driel et al., 1985).

Potatoes grown on 3 sandy soils and 3 clay solils (average background levels
22 and 32 mg Cu.kg ® d.w., respectively) which were treated for many years
with municipal waste compost (resulting in average levels of about 70 and
100 mg Cu.kg ! d.w. in sandy soils and clay soils, respectively),
accumulated significantly more copper than potatoes grown at background
levels, but the increase did not exceed 30%. Potatoes grown on all enriched
soils contained an average level of 1.3 mg Cu.kg ! fresh weight; potatoes
grown at background levels contained 1.0 to 1.1 mg Cu.kg ! fresh weight.
Potatoes grown on dewatered sewage sludges with 197 to 3,422 mg Cu.kg ?
d.w. contained 1.4 to 2.2 mg Cu.kg ! d.w.; there was no relationship
between sludge and potato levels. In these and other experiments using
soils mixed with liquid or dewatered sewage sludge, or contaminated fluvial
sediments containing up to 206 mg Cu.kg ! d.w., the level in potatoes grown
in 140 litre vessels always stayed well below the current standard of 3 mg
Cu.kg ! fresh weight. Based on the results of the experiments mentioned
before and data from the literature reviewed by De Haan and Lubbers potato
(tubers) copper levels of 1.3 and 2.5 mg Cu.kg ! fresh weight are
considered to be "normal” and "(too) high", respectively, by these authors.
The leaves of potatoes grown on the contaminated sediments contained sbout
20 mg Cu.kg ! d.w., a level 2 to 3 times above background (De Haan and
Lubbers, 1983).

In pot experiments grass grown on the harbour sediments mentioned before
contained 18-23 mg Cu.kg ® d.w., which is somewhat higher than the current
maximum level (15 mg.kg_l, on & 12% moisture basis) in complete feed for
sheep (see chapter 1, basis document). In other pot experiments the level
in grass grown on the mixtures of the clay so0il and the dredged sediment

(see above) remained in the first growing season below 15 mg.kg ! d.w. when
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the substrate level was not exceeding 50 mg.kg ! d.w. In the second growing
season the pgrass from the first cut grown on the soil contained 15 mg
Cu.kg ! d.w. and that grown on the mixtures contained up to 23 mg Cu.kg !
d.w.; the level in grass from the second cut was always below 15 mg Cu.kg !
d.w. (Smilde et al., 1982). In grass grown on other sediments (pot
experiment) contaminated with heavy metals (112-269 mg.kg_1 d.w. total
copper) copper levels were ranging from 11-20 mg.kg ! d.w.; the highest
level was always found in grass from the first cut. These copper levels
were hardly increased (10%-23%) compared to those 1in grass grown on
sediment with a copper level of 26 mg.kg ! in which levels ranged from 11
mg Cu.kg ! d.w. (grass from the 4th cut) to 17 mg Cu.kg ! (grass from the
1st cut (Van Driel et al,, 1985). In a field experiment the level in grass,
grown on a sandy soil with top layer copper levels of 60-208 mg.kg * d.w.
due to a 5-year treatment with sewage sludge, increased about 2 times (from
7 to 15 mg Cu.kg ! d.w.) compared with that in grass grown on the same soil
without treatment (soil copper level 5 mg.kg ! d.w.). Generally the grass
level was somewhat increasing with increasing N-gift, at fixed soil copper
levels., The level decreased with increasing age (Hemkes and Kemp, 1983). In
grass grown under high-tension cables of copper (soil HNO3-Cu levels 7 to
59 mg.kg ! d.w.) at 11 locations, copper levels did not exceed 15 mg.kg ?!
d.w. in most cases, neither in may nor in september. Only at one location
(soil HNO3-Cu level 28 mg.kg ! d.w.) the grass level was exceeding 20
mg.kg ! d.w. According to the authors there is mno relationship between
grass and scil copper levels when soil HNO3-Cu exceeds 5 mg.kghl. In this
case the grass copper level will probably be the result of both soil copper
accumulated by the grass and the deposition on the grass of airborne copper
(Hemkes and Hartmans, 1973).

Based on the results of these and other experiments (see CCRX, 1986) it
must be concluded that most crops accumulate more copper when grown on
substrates with elevated copper levels, but the results strongly depend on
plant species and substrate parameters. In many crops the maximum increase
is about two-fold,

Most copper is accumulated in the roots of crops (Smilde, 1976; Graham,
1981).

In a pot experiment using 3 clay soils (clay content 12%, 40% and 58%,
respectively; & OM 1.6-3.2) and 3 sandy soils (OM content 3.4%, 6.8% and
19.4%, respectively; & clay 4-5) oat was grown at supplemented copper
levels of 25 to 400 mg Cu.kg ! d.w., added as cupric acetate. For the green
crop a significantly (p < 0.05) negative relationship was found between the

transfer coefficients (c = ratio increase 1in concentration in crop /
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increase in concentration in soil) and soil CEC. In the sandy soils the
accumulation was increasing with lower OM content; In the clay soils the
highest accumulation was found in the soil with the highest clay content
(possibly due to the high background level of 58 mg Cu.kg ! d.w.), but the

differences between the 3 soils were small (De Haan et al., 1985).

3.1.3 Toxicity

In a pot experiment a yield reduction of at least 25% was found in
agricultural crops (maize, sugar " beet, spinach, common bean} grown on a -
sandy soil (OM 2.5%; pH-KCl 4.8) enriched with copper, resulting in a soil
HNO3-Cu level of 82 mg.kg !. At a level of 67 mg.kg ® only spinach
productivity was clearly reduced. It is not reported in which form copper
was added (Henkens, 1975). A number of data on agricultural crops including
grass reviewed by Henkens (1975) and Smilde (1976) indicéte toxic effects
at (HNO3-)Cu levels of about 2 80 mg.kg ! for most crops. According to
Henkens (1975) Leguminosae are adversely affected at HNO3-Cu levels of 20-
40 mg.kg '. In a 2-year field experiment with snapbeans (Phaseolus
vulgaris) grown on a loamy sand (0.7% OM; pH 6.7) treated with cupric
sulfate or cupric chloride in the first year before planting, a significant
yield reduction at the 1l0% level of probability was found (based on the
regression equation between yield and extractable soil copper) when soil
EDTA-Cu was about 20 mg.kg ! d.w. In the second year the yield reduction
was mnot lower compared with the first year, so the toxicity of copper was
not reduced over this period of time (Walsh et al., 1972). Analyses of
soils in the Netherlands resulted in the equation EDTA-Cu = 0.8 z HNO3-Cu
{(Henkens, 1975). Based on this equation the aforementioned threshold 1level
of 20 mg EDTA-Cu (from Walsh et al., 1972) is corresponding with a HNO3-Cu
level of about 25 mg.kg ! d.w. According to the relation between HNO3-Cu
and total copper found in sandy soils in the Netherlands by Lexmond et al.
(1982), this HNO3-Cu level of 25 mg.kg ! corresponds with a total copper
level of 30-40 mg.kg !.

In acidic sandy soils (pH 4-5) a 1 N ammoniumacetate-extractable Cu level
of 25 to 50 mg.kg ! may cause damage to the most sensitive crops. In clay
soils sensitive crops are affected at about 100 mg Cu.kg ! and upwards
(Smilde, 1976; citations),

In a pot experiment with food c¢rops (potato, carrot, radish, Ilettuce,
spring weat) and grass grown on reference soils (one leam and one clay

soil) and harbour sediments containing total copper levels of 12-14 and
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103-233 mg.kg ! d.w., respectively, no yield reduction was found at higher
copper levels. In another pot experiment in a clay soil (31 mg.kg 1) and
mixtures of this so0il with dredged sediment (resulting in total copper
levels of 45-74 mg.kg ') no adverse effect on yield of potatd, carrot,
lettuce, spring barley and grass was found; only the yield of radish and
endive was somewhat (13% and 17%, respectively) reduced atr'the highest
copper 1level (Smilde et al., 1982). In a series of pot experiments in
fluvial clay soils (reclaimed or dredged sediments) with comparable soil
texture (5-10% OM; 27-31% clay) the yield of food crops (lettuce, spring
wheat) and grass was not related to sediment total copper levels which were
26 and 112-269 mg.kg ! d.w. in the control sediment and the contaminated
sediments, respectively. The yield of radish was reduced in the four
contaminated sediments, but this may (in part) be the result of the
presence of elevated levels of other metals in these sediments, for example
cadmium which was present in concentrations of 0.6 and 5-41 mg.kg ! in
control and contaminated sediments, respectively (Van Driel et al., 1985).
In a pot experiment using 3 clay soils (1.6%-2.4%-3.2% OM, 12%-40%-58%
clay, CEC 15-21-33 meq.100 g ! d.w., respectively) and 3 sandy soils (3.4%-
6.8%-19.64% OM, 64%-5%-4% clay, CEC 9-19-47, respectively) there was no yield
reduction of oat with a copper supplement (as copper acetate) of 200 mg
Cu.kg ! d.w.; at the highest supplement of 400 mg Cu.kg ! d.w. grain and
straw yields were reduced except in the sandy soil with the highest OM
content. A significantly (p < 0.053) negative relationship was found between
maximum copper application rates without yield reduction and soil CEC. 1In
sandy soils the yield reduction at the highest copper concentration was
decreasing with increasing OM content, consistent with the accumulation
data. In the clay soil yield and accumulation were little dependent on clay
content (De Haan et al., 1985).

Several authors consider plant tissue levels between 14 and 25 mg.kg ! d.w.
to be the threshold concentration in agricultural ecrops; above this
threshold level crop yield will be reduced (Demayo et al., 1982),

Based on own research and some literature data Lexmond et al. (1982)
consider the HNO3-Cu/C-ratio, in dependance of the pH, a suitable parameter
to establish toxic levels in soils. A HNO3-Cu/C-ratio of 2-3 is considered
to be safe for all crops. In fluvial clay soils and sandy soils this ratio
corresponds with copper levels of 40-60 and 50-70 mg.kg !, respectively
(CCRX, 1986). For more details, see basis document, chapter 2.
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3.2, Livestock

3.2.1 Requirements and current maximum allowable feed copper levels

Mammals (cattle, sheep, pigs) require approximately 4 to 10 l:n.g'Cu.kg"1 feed
on a dry weight basis for &a "normal" health. The precise guantity is
depending both on animal and diet factors of which trace metal content and
type and quantity of proteins strongly can influence the copper status
(Hill, 1977b; Hansard, 1983; SCAN, 1984; Vreman, 1986).

In the Netherlands and other countries of the European Communities the
meximum allowable total copper concentration in complete feed for these
animals is ranging from 15 mg.kg ! for sheep to 50 mg.kg ! for calves, with
exception of feed for piglets which may contain up to 175 mg.kg ! (Schumer,
1986; see also basis document, chapter 1).

For poultry a requirement of 4 mg Cu.kg ! feed has been estimated by the
National Research Council of America (Jenkins et al., 1970). The maximum
allowable concentration for these animals is 35 mg.kg ! feed (Schumer,

1986; basis document, chapter 1).

3.2.2 Accumulation

In ruminants especially molybdenum and sulfur/sulfate reduce the
accumulation of copper; in pigs high molybdenum and sulfate levels don’t or
hardly influence the copper status when fed a diet containing up to 500 mg
Cu.kg ! feed (Kline et al., 1971; Hill, 1977a). In pigs zinc and 1iren
reduce the retention of supplementary copper in the liver (Suttle and
Mills, 1%66).

With the exception of suckling animals which can absorb 50% or more of the
copper intake when fed an (artificial}) milk diet, the absorption |is
generally below 10% (JECFA, 1982; CCRX, 1986). Cows held on river forelands
with soil levels ranging from 30 to 170 mg.kg ! did not show different meat
levels, but average grass levels only ranged from 13 to 18 mg.kg !. In all
animals most copper (up to 90%) is accumulated in the liver (CCRX, 1986).
In growing pigs a dietary copper level of 250 or 500 mg Cu.kg ! feed during
8 weeks did not result in a significantly higher meat (loin) copper level;
liver copper 1levels increased about 4-fold and 100-fold, respectively

(Kline et al., 1971).
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3.2.3 Toxicity

Toxicity data on livestock have been reviewed in several publications, for
example in Hill (1977a,b), JECFA (1982), SCAN (1984) and EPA (1985a). Most
data concern sheep and pigs.

Sheep are the most sensitive animals, at least on the basis of feed
content; copper levels as low as 20-27 mg Cu.kg ! feed (~0.8-1.1 mg Cu.kg !
bw.day ') may already lead to toxic effects, including mortality. In a
study in which lambs (127 days old) were fed diets with 0 or 15 mg added
Cu.kg ! feed (actual concentrations 14-16 and 29-33 mg Cu.kg !,
respectively) 2 of 4 exposed animals died when no addition of sulfate and
molybdenum was given; with addition of these .elements there was no
mortality after an exposure time of 88 days (Kline et al., 1971). Based on
data of "Animal Health Services"™ in the Netherlands a copper level in
concentrates of 15 mg.kg ! d.w. is considered to be safe for sheep; a
concentrate level of 2= 20 mg.kg ! d.w. may be hazardous to these animals
(Van Ulsen, 1972; Hartmans, 1975). According to Hill (1977b) maximum levels
of 8 to 20 mg.kg ! have been recommended in concentrate diets for growing
sheep. Also grass and soil levels of 15 mg.kg ! d.w. are considered to be
safe for sheep (Hemkes and Hartmans, 1973). According to data reviewed by
McDowell (1985) grazing sheep ingest approximately up to 200 g soil per
day, corresponding with 14% of the daily dry matter intake or 2% of the
daily intake on a fresh weight basis, in periods of scarcity of herbage.
So, if a feed level of 15 mg.kg ! is considered to be safe, a soil level
which is somewhat higher is not expected to cause adverse effects wvia the
intake of this so0il. Sheep of the Texel breed are especially sensitive,
consistent with more accumulation of copper in these animals compared with
other breeds (Hill, 1977b). Non-acute copper poisoning in sheep occurs in
two phases: at first a pre-hemolytic phase characterized by the
accumulation of copper in 1liver and other organs, but no significant
clinical signs, followed by a hemolytic erisis after about four or more
weeks. The hemolytic c¢risis is often fatal; if not the proces will be
repeated at continued exposure (JECFA, 1982).

According to an estimation of Hansard (1983) cattle can tolerate a feed
copper level of 70-100 mg.kg * (~1.1-1.5 and ~2.1-3.0 mg Cu.kg ! bw.day ?
in maintenance and fattening cattle, respectively) over an extended period.
According to Rosenberger (1970; cited in Smilde, 1976) chronic
intoxications may be expected at a feed copper level of 50-80 mg.kg !
(~0.8-1.2 and 1.5-2.4 mg Cu.kg * bw.day !. This statement 1is based on a

daily feed intake of 15 kg d.w. per animal. Calves can tolerate several
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hundred mg copper per kg diet, but when given milk substitutes 50 mg
Cu.l ! is already toxic, (Hill, 1977b).

For pigs feed levels of up to 270 mg Cu.kg ' (-11-13.5 mg Cu.kg ! bw.day 1)
have been reported to increase weight gain and to improve feed conversion.
A statistical analysis of data in 129 publications indicate an optimum
level of 224 mg Cu.kg ! feed (~9-11 mg Cu.kg ! bw.day !) (SCAN, 1984). The
effect of copper is strongly influenced by the diet. For example, a copper
supplement of 600 mg.kg * feed (as basic cupric carbonate, ~24-30 mg
Cu.kg ! bw.day !) caused severe toxic effects in 4 of 6 weanling female
pigs fed a maize-fish meal-diet, but was hardly toxic in a maize-soya bean-
diet or a maize-dried skim milk-diet, in a 7-w study. In the maize-fish
meal-diet a copper (as cupric sulfate) supplement of 425 mg.kg ! feed (~17-
21 mg Cu.kg ! bw.day-‘) for 11 weeks resulted in a significantly higher
growth rate, food consumption and food conversion efficiency and no signs
of toxicity when also a supplement of zinc and iren was given;, without
additional =zinc and iron a dietary copper (as cupric sulfate) level of 250
mg.kg ! (~10-12.5 mg Cu.kg ! bw.day !) resulted in jaundice in 3 of 6
exposed pigs, and to increased aspartate transaminase and copper levels in
serum; In the latter case no stimulation of growth compared with unexposed
pigs was found at termination (Suttle and Mills, 1966). A level of 250 mg
Cu.kg ! feed even has been reported to cause severe anemia in pigs, when
the animals were fed a semi-purified diet (Hill, 1977b). In feeding studies
with growing pigs (exposure time 54-8B days) meither an adverse effect on
growth nor effects on hemoglobin and hematocrit levels or on plasma and
loin copper levels were found at copper (as cupric sulfate) 1levels wup to
250 mg.kg ! feed (~10-12.5 mg Cu.kg * bw.day !); a feed copper level of 500
mg.kg ! reduced weight gain, also when supplementary molybdenum (up to 200
mg.kg ! feed) together with sulfate (1,000 mg.kg ! feed) was given (Kline
et al,, 1971), In general weight gain may be reduced but no adverse effects
are observed in pigs fed conventional diets containing up to 500 mg Cu.kg
71 (Kline et al., 1971; Hill, 1977a,b). ‘

In chickens copper supplements of wup to about 200 mg.kg ! feed usually
produce no adverse effects; the optimum level for growth promotion and feed
conversion 1is about 150 mg Cu.kg . Supplements of 250 mg Cu.kg ! can
promote or reduce welght gain, dependent on the diet wused. Feed copper
levels above 200-250 mg.kg ! mostly reduce feed intake and weight gain, and
can also lead to other adverse effects, for example to lesions of gizzard
lining (Jenkins et al., 1970; Fisher et al., 1973; Hill, 1977b; Jackson et
al., 1979). As in pigs copper 1s more toxic in a semi-purified diet
(depression of weight gain at addition of only 80 mg Cu.kg ! feed) compared
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with a conventional diet, probably due to differences in complexing agents
content.

Based on the administration of single doses of either one crystal of copper
sulfate or copper carbonate powder, pigeons seem somewhat less and ducks
somevhat more sensitive compared with chickens, but the differences which
have been found, are small (Pullar, 19%940).
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4 SUMMARY AND CONCLUSIONS

4.1 Human toxicity

Copper 1is an essential element for all organisms. In mammals it plays a
role in a number of physiological processes, for example oxidative
reactions, the hematopoietic process, bone development and carbohydrate
metabolism. The chapter on "human toxicity" is focussed on oral exposure,

because this is the main route of exposure for the general population.

4.1.1 Animals
Chemobiokinetics and metabolism

After oral intake the absorption of copper is depending on a variety of
both animal and dietary factors. In newborns the highest rate of absorption
(up to 100%) has been found. Once absorbed copper is predominantly bound to
albumin and transported mainly to the 1liver, the key organ in copper
metabolism, from where the largest fraction is excreted directly wvia the
bile into the feces. The remaining part is bound initially to a
metallothionein(-like) protein, followed by the formation of ceruloplasmin
(ferroxidase 1) and, to a lesser extent, of other cuproproteins. The very
stable ceruloplasmin can enter the blood and transport copper to other

tissues.
Toxicity

The lowest reported acute oral LD50-values are 15, 66-82, and 90 mg
Cu.kg ! bw for Guinea pigs, rats, and mice and rabbits, respectively.
These values are all from tests with inorganic Cu(II)-salts.

In rats a level of (about) 25 mg Cu.kg * bw resulted in toxic effects after
subacute or subchronic oral exposure to copper gluconate or copper sulfate.
In a feeding study (33-41 weeks) with rabbits an oral dose of about 44 mg
Cu.kg * bw.day ! (as copper acetate) resulted in hemochromatosis and liver
cirrhosis. No subchronic oral studies with lower doses were available with

regard to these animals.
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In a one year study with beagle dogs the highest dietary level of copper
gluconate (corresponding with about 8 mg Cu.kg ! bw.day !) did not cause
compound related deaths or pathological lesions. In rabbits, orally dosed
every second day with a cupric sulfate solution (~12 mg Cu.kg ! bw) during
16 months, hepatic damage (cirrhosis-like) was found.

In the only available chronic toxicity study (Sprague-Dawley fats, exposure
time 2 years) the highest dletary level of "potassium sodium copper
chlorophyllin® (corrésponding with 80-160 mg Cu.kg ! bw.day !) was without
effect, so this copper compound was less toxic than compounds tested in
short-term studies.

Copper compounds have been tested for genotoxic and mutagenic effects in a
variety of tests. Because of the diverse results - even with the same
copper compound - the mutagenic potency of copper Is equivocal,

Only one specific oral carcinogenicity study was available. In this study
with male and female mice copper hydroxyquineline did mnot result in
carcinogenic effects. Based on this and other (less specific) studies, in
which copper was administered orally or by injection, copper is not
considered to be carcinogenic to animals.

In oral embryotoxicity/teratogenicity studies with mice and rats the
highest dose of 4 mg Cu.kg ! bw.day ! (as copper gluconate) did not affect
implantation data and did not result in embryotoxic or teratogenic effects.
In a study in which mature female mice received copper sulfate in the diet
from 1 month prior to mating up to termination on day 19 of gestation,
skeletal malformations were only found at the two highest doses (about 155
and 207 mg Cu.kg ! bw.day !), which also led to increased fetal mortality
and decreased lictter sizes. In in vive tests with single i.p. or i.v.
injections during gestation, copper compounds have been found to be
embryotoxic to rats and to be teratogenic (resulting in skeletal and
cardiovascular malfermations) to hamsters at embryotoxic concentrations.
Also in in witro tests with preimplantation mouse embryos and developing
chick embryos copper compounds were found to be embryotoxic and/or
teratogenic. Copper from IUDs 1is able to prevent implantﬁtion and
blastocyst development in experimental mammals, but insertion of a copper-

IUD after the implantation process has no effects.
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4.1.2 Humans
Chemobiokinetics and metabolism

Chemobjokinetics and metabolism in humans are essentially the same as in
other mammals. Mean values of gastrointestinal absorption of copper are
reported in the range from 25% to 65%, but individual values show a greater
variability. Newborns and infants have a relative high rate of absorption.
Absorption can also occur after exposure to alrborn copper or after skin
contact with metallic copper or copper compounds. Also in humans fecal
excretion is usually by far the most important route to ‘eliminate copper,
but in a hot and humid environment sweat can contribute substantially to
copper excretion.

The daily requirement of copper for humans is estimated to be 0.025-0.1
mg.kg ! bw, dependent on age. For adults a daily amount of 2 to 3 mg
(0.03-0.05 mg.kg ! bw.day !) is widely accepted to be adequate, for example
by the Joint FAO/WHO Expert Committee on Food Additives (JECFA, 1982).
There are also data which indicate that approximately 1 mg (0.02 mg.kg !
bw.day ') is sufficient to meet the daily requirement for adults.

Estimates of whole body copper contents in adults range between 50 and 150

mg.
Toxicity

Cases of acute copper peisoning have already been reported at doses of
about 0.1 mg Cu.kg ! bw, after ingestion of copper containing drinks (a
cocktail, tea). The lethal oral dose for adults is 50-500 mg copper(Ii)salt
per kg bw. Data on effects of ingested copper in healthy persons after
long-term exposure are hardly available.

Human data on the carcinogenic or teratogenic potency of copper after
ingestion were not available but based on animal data humans are not likely
at risk with regard to these effects.

Allergic reactions have been ascribed to copper, for example due to the use
of a copper IUD and ingestion of, or skin contact with copper salts, but

the number of reported cases is very low,

In the work environment short-term exposure to copper fumes, mists, or
dusts occasionally results in the occurrence of an influenza-like syndrome
called "metal fume fever" or more specific "copper fume fever" or "brass

chill". Mild symptoms of this syndrome have already been reported at a
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copper dust concentration of 0.1 to 0.3 mg.m °, well below the occupational
standard for copper dust (1 mg.m 3) in the Netherlands. Despite its
widespread wuse in industry, copper intoxications appear to be of little
concern with regard to health hazards, even at long-term exposure.

An occupational disease called "vineyard sprayers lung" has been attributed
to the inhalation of "Bordeaux mixture", a solution of basic copper sulfate
neutralized by 1lime. In patients with this disease a variety of lung and
liver lesions has been found which may be 1lethal. The wuse of Bordeaux
mixture 1is not allowed in the Netherlands. However, similar lesions as
found in patients exposed to Bordeaux mixture have also been reproduced in
Guinea pigs exposed to copper oxychloride, the use of which is allowed in .

the Netherlands.

4.2 Ecotoxicity

4.2.1 Aquatic organisms
Accumulation

Copper is highly accumulated by a number of organisms of different trophic
levels: algae, macrophytes, annelids, molluscs, crustaceans and insects,
with bioconcentration factors (BCF = concentration in the organism
concentration in the water) in excess of 1,000. Based on BCF-values and the
persistence of copper, a high degree of accumulation is expected to occur
in the aquatie environment, at least in invertebrates. In fish the
bicaccumulation of copper is much lower.

Data on the accumulation of copper in foodchains are 1limited, but
biomagnification only appears to be of any significance at lower trophic
levels; in the case of fish no biomagnification has been reported.

Much effort has been made to correlate copper levels in organisms with
environmental water and/or sediment levels. In many cases no correlation
could be established, so the copper level in organisms cannot be simply
predicted from copper levels in abiotic components cof the environment, and
conversely. In general, the level in organisms appears to be more related
with the ‘"soluble™ (< 0.45 um filter) copper fraction of the water than
with the "particulate"” (> 0.45 um filter) copper fraction of the water or
with the total copper level of water and sediment. Based on a number of

studies "free" copper(-ion) primarily appears to be accumulated,
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independent on the organism. Up to now a basic understanding of the complex
relationships between all factors - both biotic and abiotic - which
influence the accumulation of copper 1is lacking. The total accumulated
amount of copper (body burden) 1is often not wuseful to predict the

biological respons.
Toxicity to freshwater organisms

For different kinds of organisms the toxicity of copper was found to be
related with "labile" copper (free cupric ion(s) and easily dissociable
and exchangeable copper complexes). The toxicity of copper is reduced in
the presence of a variety of both natural and artificial complexing agents.
The acute toxicity of copper is inversely related with the hardness. The
degree of the influence of the hardness 1is not similar for different
organisms, so no general quantification of the effect of this paramater can
be given.

For relatively sensitive organisms the acute L(E)C50-values in soft water
(hardness < 100 mg.1 !, as CaC03) are in the range from 5 to 50 ug Cu.l ?,
In hard water (hardness > 100 mgll_l, as CaC03) these values exceed 50 pg
Cu.l !,

NOEC-values from long-term tests are in the range from 10 to 100 ug Cu.l !
for most freshwater organisms tested; tests with some freshwater organisms
resulted in NOEC-values below 10 ug Cu.l !. These data are for both soft
and hard water. The most sensitive organisms are from different taxonomic
groups {(algae, molluscs, crustaceans, fish). The influence of the hardness
of the water on long-term toxicity is less consistent compared with that on
acute toxicity; the differences, if any, are not considered to be of
biological significance.

Based on the results of toxicity tests and the persistence of this element,
copper should be regarded as a "black-list substance" according to a
proposal in the Netherlands (BCW, 1985).

In acute sediment toxicity tests copper has been found to be less toxic to
aquatic organisms compared with tests without sediment. The results of
these tests Indicate that mainly dissolved copper is responsible for the
toxic action and that sediment-bound copper is much less toxic.

On the basis of the results of field studies with water-sediment systems a
concentration of about 10 to 20 wg Cu.l * is not expected to cause serious
damage to aquatic ecosystems at long-term exposure, although this 1level
will be too high for the most sensitive organisms, for example some algal

species,
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The available data on sediment toxicity are limited. Correlation studies
show that abundance, diversity and biomass of benthic macro-invertebrates
are inversely related to sediment copper levels, and that other species are

predominant at elevated copper levels compared with background levels.
Toxicity to marine organisms

For relatively sensitive marine organisms the acute L(E}C50-values are in
the range from 5 to 100 ug Cu.l ?, Most avallable long-term tests have
resulted in NOEC-values between 2.5 and 50 ug Cu.l !. The most sensitive
organisms are from different taxonomic pgroups (coelenterata, melluscs,
fish}. '

As in freshwater the toxicity of copper is reduced in the presence of
sediment or a sediment-extract. Data on sediment toxicity were hardly
available. In laboratory tests freshly enriched sediments containing 15 to
38 mg Cu.kg ! led to toxic effects.

From a field study it appears that sediment levels of 100 to 150 mg Cu.kg !

d.w. may reduce fauna diversity.

4.2.2 Terrestrial organisms
Accunulation

Most data on copper accumulation (and toxicity) concern earthworms. At
elevated copper levels these invertebrates have been found to accumulate
but not to concentrate copper, with concentration factors (CF =~
concentration in worms : concentration in soil) below wunity. Isopeds
{crustaceans) like woodlice have been found to concentrate copper from soil
and/or litter at elevated copper concentrations (CF-values up to 15 and 50
on the basis of so0il and litter, respectively). In general the CF-value
decreases with increasing soil (and litter) copper levels.

Although usually  higher tissue 1levels are found at higher soil
concentrations in both animals (invertebrates) and plants the relationships
are complex. The influence of other factors like soil parameters is poorly
understood.

The few available data indicate that copper has a low potential for
biomagnification in terrestrial ecosystems.
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Toxicity

High copper levels mostly have an inhibitory effect on microbe-mediated
soil processes (respiration, mineralization, ammonification, nitrification,
enzyme activities, litter decomposition) and affect both microbial numbers
and species diversity, but the results are highly variable and effective
concentrations are often very high compared with background levels. At soil
levels up to 100 mg Cu.kg ! no adverse effects are expected.

Most data on toxicity to earthworms concern Lumbricus rubellus. In
laboratory experiments with exposure times of at least 6 weeks NOLC-values
ranged from 130 to 165 mg Cu.kg ! soil (dry weight). Sublethal effects
(reduced cocoonproduction, reduced growth) were found at soil levels of 35
to 60 mg Cu.kg ! d.w.; the lowest reported soil 1level without adverse
effects on this earthworm species was 30 mg Cu.kg ! d.w. The few available
data on other earthworm species do mot indicate a significantly higher
sensitivity to copper compared with L, rubellus. The data from laboratory
studies are in good agreement with those from field studies In which
adverse effects on earthworms were reported at soil levels of 50 to 70 mg
Cu. kg 1.

Data on soil copper levels which are detrimental to other Iinvertebrates and
to vertebrates living in the terrestrial environment are lacking.

For plants toxic soil levels range from 25 to 50 mg Cu.kg ! for the most

sensitive species and from 150-400 mg Cu.kg ! for most other species.

4.3  Agricultural crops apd livestock

4.3.1 Agricultural crops
Requirements and accumulation

In the Netherlands a minimum soil level of 4-5 mg "HNO3-Cu.kg ! (d.w.) is
considered to be sufficient for "normal®” growth and development of crops.
On the average, an amount of 50 g copper per hectare is removed from the
soil every year via the accumulation in crops; an amount of 80 g per
hectare per year is considered as maximum (in nonpolluted soils).

In general crops grown on soils with elevated copper levels accumulate more

copper than crops on reference soils, but the level in the plants Iis
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dependent on species and on soil paramaters. Often no clear relationship
between the level in plants and soil is found.

In food crops grown on harbour dredge spoils or on a clay soil mixed with
dredge spoils (pot experiments) at total copper levels up to 270 mg.kg !
d.w., the level in edible parts of food crops was < 2.4 times the level in
crops grown on reference scoils with copper levels of about 15 mg.kg . With
one exception (potateces grown on one of the harbour dredge spoils) the
levels did not exceed the current residu limits (3 mg.kg ! for potatoces and
20 mg.kg ! for other vegetables, fresh weight) in the Netherlands.

In pot experiments the copper level in grass grown on sediments containing
100 to 270 mg Cu.kg_1 d.w. was (in a number of cases) exceeding the current
Dutch maximum level (15 mg Cu.kg !, on a 12% moisture basis) in complete
feed for sheep, the mammals which are most sensitive for copper, at least
on the basis of feed copper level. Om a soil mixed with dredge spoils
resulting in substrate copper levels of 45 to 74 mg.kg ! d.w. the grass
level was also exceeding this 15 mg.kg ! standard in a number of cases (pot
experiment). In a field experimemt the level in grass, grown on a sandy
soil with copper levels of 60 to 208 mg.kg ! d.w. due to treatment with
sewage sludge, increased about two-fold (from 7 to 15 mg Cu.kg ! d.w.)
compared with the reference soil containing 5 mg.kg !. At locations below
high-tension cables of copper (soil HNO3-Cu levels 7 to 59 mg.kg ! d.w.)
the level in grass was generally below 15 mg.kg ! d.w. In all these studies
the maximum level found in grass was about 25 mg Cu.kg ! d.w., well below
the current Dutch standards of 2 35 mg.kg ! (on a 12% moisture basis) for
complete feed for livestock other than sheep (see basis deocument, chapter
1.

Toxicity

In a pot experiment the yleld of agricultural crops (maize, butter-bean,
spinach, sugar beet) was reduced at a soil HNO3-Cu level of 82 mg.kg ! in a
sandy soil with 2,5% organic matter (OM); at a level of 67 mg.kg ! only the
yield of spinach was clearly reduced. Leguminosae are more sensitive, with
toxic soil HNO3-Cu levels of 25-40 mg.kg 1. The lowest toxic level of
approximately 20 mg EDTA-Cu.kg ! d.w. (corresponding with 25 mg HNO3-
Cu.kg ! or 30-40 mg.kg ! total copper) has been reported for snapbeans
grown on a loamy sand with 0.7% OM (field experiment).

Food crops and grass grown on harbour dredge spoils, fluvial clay soils or
a clay soil mixed with dredge spoil were not adversely affected at total
substrate copper levels up to 270 pmg.kg ! d.w. (pot experiments). The yield



-71-

of radish was reduced in four contaminated sediments containing = 112
mg.kg ! total copper, but it is questionable if copper was the causative

factor.

4.3.2 Livestock

Requirements and accumulation

Mammals (cattle, sheep, pigs) and poultry require a minihum copper level of
4 to 10 mg Cu.kg ! in feed on a dry weight basis, to prevent deficiency. In
mammals the absorption of copper is generally below 10% of the intake;
suckling animals absorb more copper. 7
The absorption 1is depending on dietary factors of which especially
molybdenum and sulfate are reducing the accumulation in ruminants. In pigs
the accumulation is more dependent on dietary zinc and iren.

Most accumulated copper is stored in the liver. Within certain limits the
copper level in plasma and meat is not increasing with increasing levels in
the diet, but that in liver increases to a very high degree. For example,
in growing pigs fed a diet containing 500 mg Cu.kg ! for 10 weeks the level
in meat hardly 1increased, while the copper level in the livers increased
about 100-fold.

Toxicity

0f mammals, ruminants are more sensitive to copper than nonruminants
{pigs). Sheep are most sensitive, at least on the basis of the copper level
in feed. In sheep a dietary level of about 20 mg Cu.kg ! (corresponding
with -0.8 mg Cu.kg ! bw.day !) and upwards may already lead to toxic
effects, including mortality due to a hemolytic crisis. The toxicity of
copper can be counteracted by high dietary molybdenum and sulfate levels,
consistent with a reduced accumulation of copper. A feed level of 15 mg
Cu.kg ! is considered as safe for this animal species.

Cattle can tolerate a feed level of 70 to 100 mg Cu.kg !, corresponding
with ~1.1-1.5 and ~2.1-3.0 mg Cu.kg ! bw.day ! in fattening and maintenance
cattle, respectively, over an extended period.

Based on a large number of studies, for growing pigs an optimum (with
regard to feed conversion and growth rate) copper level in the feed of 225
mg.kg ! (-9 mg Cu.kg ! bw.day !) has been established. The effect of copper
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is strongly dependent on the compesition of the diet. A feed level of 250
mg Cu.kg_1 may lead to severe anemia when given in one diet, while a feed
level of 500 to 600 mg Cu.kg ! only causes a slightly reduced weight gain
but no obvious toxic effects in other diets. Signs and symptoms of copper
toxicity are reduced or eliminated at high dietary zinec and iron levels. In
general weight gain may be reduced but no adverse effects are observed in
pigs fed conventional diets enriched with up to 500 mg Cu.kg !.

For chickens the optimum copper level in the feed is about 150 mg Cu.kg *.
Levels above 200 to 250 mg Cu.kg ! mostly reduce feed intake and weight
gain, and can also 1lead to other adverse effects. As in pigs, copper is
more toxic in a semi-purified diet (suppression of weight gain at addition
of only 80 mg Cu.kg ! feed) than in conventional diets.

4 .4 Risk evaluation

4.4.]1 Humans

Based on copper levels in food, drinks (including drinking water) and
environmental air, the contribution of the inhalation pathway to the body
content is neglectible, even when all copper inhaled will be absorbed. For
this reason only the ingestion pathway will be used in the risk evaluation
for the general population.

There are insufficient human data on copper toxicity to establish an
maximum acceptable daily intake, as little as a suitable c¢hronic animal
toxicity study resulting in a dose-without-effect (DWE). The only available
DVE: 8 mg Cu.kg ! bw.day ! is from a subchronic dietary study, a 1l-year
study with beagle dogs. Extrapolation of this value to an acceptable daily
intake for humans for & life-time exposure using a margin of safety of 100
(Gezondheidsraad, 1985) results in a value of 0.08 mg Cu.kg ! bw.day !;
this values is only slightly higher than the - on the basis of balance-
studies - estimated minimum requirement of 0.02-0.05 mg Cu.kg ! bw.day !
for adults.

Based on data on copper levels in food and drinking water (see basis
document, chapter 4) it is concluded that the total dietary dally intake of
copper for adults will not easily exceed 10 mg, corresponding with 0.17 mg
Cu.kg ! bw.day !. This "maximum" daily intake is about 50 times lower than
the DWE derived from the dietary study with beagle dogs. Taking into

account the life-time exposure to varying background levels of copper
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without known adverse effects, this margin of safety 1is considered
sufficient, so 0.17 mg Cu.kg ! bw.day ! is regarded as a safe level for a
life-time exposure.

A considerable part of the general population will have an average daily
intake below 0.17 mg Cu.kg ! bw.day !. The daily intake of these persons is
similar to the widely accepted requirement of 0.03 to 0.05.mg Cu.kg !
bw.day 1.

Exceeding the amount of 0.17 mg Cu.kg ! bw.day } occasionally, will not
lead to irreversible adverse effects due to the homeostatic mechanism. The
intake of a relatively high amount of copper due to a high copper level in
food and (especially) drinks may lead to acute gastrointestinal
disturbances when the intake takes place within a short time. However, in
most cases the intake of a large amount of copper will be prevented by the
adverse effect on palatability.

For comparison the point of view of the Joint FAO/WHO Expert Committee on
Food Additives follows below. In 1967 this committee has tentatively
proposed a maximum acceptable copper load of 0.5 mg.kg ! bw.day !, provided
that the dietary levels of those substituents such as molybdenum and zinc,
which are known to affect copper metabolism, are within normal levels
(JECFA, 1967). This value is about 10 times higher than the estimated daily
intake, but no further arguments for the choice of this value were given.
Based on human epidemiological and nutritional data (no further details
given) which indicate that a daily copper intake of 2 to 3 mg (0.03-0.05
mg.kg ! bw.day 1) is likely to be exceeded by significant sections of the
population with no apparent deleterious effects, the previous tentative
value of 0.5 mg.kg ? bw.day ! was reaffirmed as a provisional value for a
maximum tolerable intake from all sources (JECFA, 1974, 1982).

Because it is not clear on which data this value (0.5 mg.kg ! bw.day !) has

been based, the value of 0,17 mg Cu.kg * bw day ! (see above) Iis

recommended as a value for a maximum daily intake at a life-time exposure.

4.4.2 Aquatic organisms

At present there are no generally accepted methods for extrapolation of the
results of laboratory single-species toxicity studies to mnatural
ecosystems, Provisionally two different theoretical procedures will be used
to calculate "safe levels"” for the aquatic environment (Kooyman, 1985;

Slooff et al., 1986). In this way a lot of information can be gathered on
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the possible usefulness of these extrapolation methods, but the results of
these practices should only be considered to be indicative.

Both methods can use either acute toxicity values (LC50-values) and chronic
no-observed-effect-concentrations (NOEC-values). Because sufficient long-
term NOEC-values are avalilable, only these were used to calculate "safe
levels" for freshwater organisms (both in "soft"™ and "hard" water: hardness
< 100 and > 100 mg.1 !, as €aCO3, respectively) and for marine organisms.
In figure 4.1 all available NOEC-values are shown. Table 4.1 summarizes the
results of both methods of extrapolation.
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Table 4.1 "Safe" copper concentrations in the aquatic environment
according to the methods of extrapolation proposed by Kooyman
(1985) and Slooff et al. (1986)

freshwater freshwater ~ seawater
H < 100 H > 100

Slooff

Lowest NOEC__ 3 5 2.5 pg Cu.l !
> NOECec 10.8 16.7 9.3 pg Cu.l !
UF = 33.5 -<<8 0.3 0.5 0.3  ug Cu.l7!
Kooyman:

—a> 0.05-0.1% 0.007 0.001 pg Cu.17!

ss: "single species"; eco: "ecosystem"; UF: "uncertainty factor"

a: As "safe" chronic value 0.05 pg.1l ! has been calculated based on all
available NOEC-values, and 0.1 ug.l ! based on all NOEC-values minus those
on 2 species of algae which were much less sensitive compared with the
other organisms tested,

Freshwater

Data from "field" toxicity studies in the aguatic environment (both in soft
and hard waters) indicate that the NOECeco-values as calculated by the
method proposed by Slooff et al. (about 10 to 15 pg.l ') will have only
marginal effects on the freshwater ecosystem. Some sensitive species, for
example a number of algae species, will be adversely affected or even
completely disappear at these concentrations, but due to a shift to less
sensitive species the ecosystem as a whole appears not to be threatened
seriously.

So, the calculated NOECeco-values are in good agreement with data from
field studies.

The application of the uncertainty factor of 33.5 (which is common for this
method of extrapolation) on the caléulated NOECeco-values results in
caleculated "safe 1levels" of 0.3 and 0.5 pg.1 ! for soft and hard water,
respectively. These levels are similar to the lowest reported background
levels and lower than effective concentrations derived both from field and
laboratory toxicity studies. It is concluded that the application of the
uncertainty factor is not reasonable in the case of copper. The use of the
method of Kooyman results in even lower levels: 0.01 to 0.1 pg.17! and is
therefore not suitable to establish a realistic freshwater criterion for
copper.

The lowest NOECss-value: 3 pg.l-l. is considered to be safe, not only to

freshwater ecosystems as a whole, but also to sensitive single species.
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This wvalue ("total copper”) is based on a flow-through test in soft water
(H = 38). For this reason it is likely that most copper was present in
solution, so the value of 3 ug.l ! represents "soluble" copper. Many of the
other long-term test were also flow-through tests, with a continuous flow
of freshly prepared copper enriched water; in a number of these tests the
used water was reconstituted, or the used natural water was filtered and/or
mixed with tap or deionized water. It 1s assumed that also in these cases
most copper was present as soluble copper, According to data on surface
water in the Netherlands the soluble fraction of the copper is about one-
third of the total amount.

Based on these data and because of the fact that especially the soluble
copper fraction of the water appears to be related with toxicity, a maximum
value of 3 uwpg. 1! "soluble" copper - corresponding with about 10 ug 11

"total" copper is provisionally recommended for freshwater. This wvalue is

in agreement with data from field studies.
Because of the similarity between the NOECSS-values in soft and hard

waters, no different levels on the basis of hardness are recommended.
Seawater
Analogous to the reasoning used to establish a safe level for freshwater

and because of the similarity between the NOECSS-values in seawater and

freshwater, also for seawater a maximum level of 3 pg.l ! "soluble" copper

(10 ug.171! "total" copper) is provisionally recommended. This level cannot

be related to data from toxicity studies in the field because suitable data

are lacking.
Additional remarks fresh- and seawater

The interaction of copper with other heavy metals or other substances has
been left out of account because of the wvariable results in tests which
studied this interaction. Also, a possible adaptation of aquatic organisms
to elevated copper 1levels has been left out of account because suitable
data were not available.

On the basis of the screened data it is not possible to establish a minimum
water copper concentration which is sufficient to meet the requirements of
aquatic organisms, For bivalves a small margin (about a factor of 10)
between the level of copper which is essential and that which is toxic has
been reported. If this margin is similar for other aquatic organisms, than
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the lowest reported background copper concentrations may be to low for some
of these organisms.

The available data on sediment toxicity are limited. Most data are on
correlation studies which are not suitable to establish an acceptable
sediment copper level., The situation is also complicated by elevated levels

of other metals in polluted sediments in the "natural" environment.

4.4.3 Terrestrial organisms

Agricﬁltural crops require a minimum soil HNO3-Cu level' of approximately 5
mg.kg ! for normal growth and development, corresponding with a total
copper level of 6-10 mg.kg '. This copper level is probably also sufficient
to prevent copper deficlency in livestock.

No suitable methods of extrapolation, which can be used to establish a
maximum acceptable soll copper level, are available. The method proposed by
Kooyman (see 4.4.2, risk evaluation aquatic organisms) was considered to be
not suitable because of the highly variable results of the toxicity
studies.

For earthworms the lowest reported toxic soil level is 35 mg Cu.kg ! (total
copper) after 6 weeks exposure, in a sandy loam soil (no data soil
parameters). The lowest NOEC-value is 30 mg Cu.kg-‘. in a sandy loam soil
with 17% clay and 3.4% organic matter.

The most sensitive plants (see 3.1, agricultural crops) are adversely
affected at soil HNO3-Cu levels of 25-40 mg.kg !. For example, the yield of
snapbeans was reduced at a soil HNO3-Cu concentration of approximately 25
mg.kg ! - corresponding with a total copper level of 30-40 mg.kg ! - in a
loamy sand with 0.7% organic matter.

Adverse effects on microbe-mediated soil processes are not expected at soil
copper levels below 100 mg.kg !.

Data on other soil organisms are lacking.

Recently scme proposals have been made in the Netherlands to establish
criteria for environmental pollutants In soils in dependence of the soil
parameters "organic matter™ and "clay" (see also basis document, 5.4.3)

For copper this has tentatively resulted in the next equation which can be
used to establish an acceptable copper level ("reference-value", indicative

for a "good" soil quality) in different soils (VROM, 1987):

[Cu) = {15 + 0.6 x (% organic matter + % clay))
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Using this equation the tentative reference-value for a hypothetical
"standard-soil" (organic matter content 10%; clay content 24%) 1is 35 mg
Cu.kg 1.

Unfortunately the available data are much to 1limited to check the
usefulness of this proposal. Up to now the effects of different parameters,
which are commonly used to characterize soils (organic matter content, clay
content, cation-exchange-capacity, pH), on copper accumulation in and
toxicity to terrestrial organisms are poorly understood. There are no
consistent data which are wvalid for all organisms studied. However, the
toxicity of copper appears to be more dependent on the organic matter
content than on the clay content of the soil, which is not expressed in the

most recent proposal.

Based on all available data a minimum Jevel of 5 mg HNO3-Cu.kg ! soil is
recommended, in view of the requirements of organisms. For most scils this

level corresponds with about 10 mg total-Cu.kg ! (dry weight).

In view of the toxicity data a maximum level of 30 mg total-Cu.kg ! (dry

weight) 1is recommended for seoils with an organic matter content below 5%,
as well as for soils which are used as grassland for sheep and agricultural
soils which are used to grow grass or fodder plants for sheep.

At this copper level the accumulation of copper in crops will not involve a
risk to 1livestock (including sheep) and humans. With regard to the
ingestion of soil by grazing animals this copper level is also safe.

On the basis of data on experimental animals including livestock, there
will also be no risk to wildlife (mammals, birds) at this soil copper
level.

For other soils, with an organic matter content above 5% and/or a
relatively high pH, a higher level is acceptable (about 50 mg total-Cu.kg !
and upwards), but on the basis of the available data it is not possible to

establish precise copper levels in dependence of these parameters.



-79-

REFERENCES

Aaseth, J,  and Norseth, T. (1986) Copper. In. L. Friberg et al. (Eds),
Handbook of the Toxicology of Metals, 2nd Edition, Elsevier Science
Publishers B.V.. )
Ahsanullah, M. and Florence, T.,M. (1984) Toxicity of copper to the marine
amphipod Allorchestes compressa in the presence of water- and lipid-soluble
lipands. Mar. Biol. (W. Ger.) 84, 41-45, o
Alabaster, J.8,  and Lloyd, R, (1980) Copper. In: Water Quality Criteria for
Freshwater Fish, 189-220, Butterworths, London.
Anderson, D.M. and Morel, F.M. (1978) Copper sensitivity of Gonyaulax
tamarensis. Limnol. Oceanogr. 23, 283-295.
Andrew, R . W, et a) (1977) Effects of inorganic complexing on the toxicity
of copper to Daphnia magna. Water Res. 11, 309-315.
Andres, J. D, and Garton, R,R, (1980) Acute lethality of copper, cadmium,
and zinc to northern squafish. Trans. Am. Fish. Soc. 109, 235-238.
Arthur J W, and Leonard, E.D, (1970) Effects of copper on Gammarus
pseudolimnaeus, Physa integra, and Campeloma decisium in soft water. J.
Fish. Res. Bd. Can. 27, 1277-1283.
ash, C. J P, and Jee, D.L, (1980) Lead, cadmium, copper and iren in
earthworms from roadside sites. Environm. Pollut. (A) 22, 59-67.
Baars, A J, et al (1986) Environmental Pollution with Metals and Fluorine
in the Saeftinge Salt Marsh and 1its Effects on  Sheep. Centraal
Diergeneeskundig Instituut, rapportnr. 86026/3.
Babich, H, and Stelzky, G, (1985) Heavy metal toxicity to microbe-mediated
ecologic processes: -a review and potential application to regulatory
policies. Environmental research 36, 111-137.
Baker, J.T.P, (1969) Histological and electron microscopical observations
on copper poisoning in the winter flounder (Pseudopleuronectes americanus).
J. Fish. Res. Bd. Can. 26, 2785-2793,
Barkoff, J R. (1976) Urticaria secondary to a copper intrauterine device.
Int. J. Dermatol. 15, 594-595,
Baudoin, M. F. and Scoppa, P, (1874) Acute toxicity of wvarious metals to
freshwater zooplankton. Bull. Environm, Contam, Toxicel, 12, 745-751,
BCW (1985) Systeem van Criteria voor Aanwijzing van Stoffen uit de Zwarte
Lijst (Water). Werkgroep  Beoordelingscriteria  Waterverontreiniging,
Publikatiereeks Milieubeheer 85-17, Ministerie van  Volkshuisvesting,
Ruimtelijke Ordening en Milieubeheer, en Verkeer en Waterstaat, Den Haag.
Bengtsson, G, et a), (31983) Population density and tissue metal
concentration of lumbricids in forest soils near a brass mill. Environm.
Pollut (A) 3C, 87-108.
Bengtsson, G. et al, (1985) Influence of metals on reproduction, mortality
and population growth in Onychiurus armatus (Collembola). J. of Applied
Ecology 22, 967-978.
Benoit, D.A, (1975) Chronic effects of copper on survival, growth and
reproduction of the bluegill (Lepomis macrochirus). Trans. Am, Fish. Soc,
104, 353-358.
Betzer, 5.B, and Yevich, P,P, (1975) Copper toxicity in Busycon
canaliculatum L. Biol. Bull. 148, 16-25, )

esinge and Christensen, C.M. (1972) Effects of various metals on
survival, growth, reproduction and metabolism of Daphnia magna. J. Fish.
Res. Bd. Can. 29, 1691-1700.

1974) Chronic toxicity of NTA (nitrilotriacetate)

and metal-NTA complexes to Daphnia magna. J. Fish, Res. Bd. Can. 31, 4B6-
490,
Bishop, W.E. and Perrv, R. L, (1981) Development and evaluation of a flow-
through growth inhibition test with duckweed (Lemna minor). 1In: Branson,
D.R. and Dickson, K.L. (Eds) Aquatic Toxicology and Hazard Assessment,
Proceedings of the Fourth Annual Symposium on Aquatic Toxicology, 421-435.
ASTM STP 737, American Society for Testing and Materials, Philadelphia.




-80-

laylock, B.G. et 1985) Comparative toxicity of copper and acridine to

fish, Daphnia and algae. Environ. Toxicol. Chem. 4, 63-71.
Blust, R. et al. (1986} Effect of complexation by organic ligands on the
bioavailability of copper to the brine shrimp, Artemia sp. Aquat. Toxicoel.
8, 211-221.
ﬁQ;gmg_g*__iﬂgng_ﬂglph*_ﬂiﬂ4_112§§l Complexation and toxicity of copper and
the free metal biocassay technique. Water Res. 17, 1697-1703.

kovié-Popovié and Popovié¢ 97 Effects of heavy metals on
survival and respiration rate of tubificid worms: Part 1. Effects on
survival. Environm. Pollut. 13, 6€5-72.
Brown, B.E, (1977) Effects of mine drainage on the river Hayle, Cornwall:
factors affecting concentrations of copper, =zinc, and iron in water,
sediments and dominant invertebrates fauna. Hydrobiologia 52, 221-233,
Brown, B.T. and Rattigan, B.M. (1979) Toxicity of soluble copper and other
metal ions to Elodea canadensis. Environm. Pollut. 20, 303-314.
Brown, V.M, et al, (1874) Aspects of water quallty and the toxicity of
copper to rainbow trout. Water Res. 8, 797-803.
Brungs, W. A et gal, (1976) Acute and chronic toxicity of copper to the
fathead minnow in a surface water of variable quality. Water Res. 10, 37-
43, .
Bryan, G,W. and Hummerstone, I1.G. (1971) Adaptation of the polychaete
Nereis diversicolor to estuarine sediments containing high concentrations
of heavy metals, 1. General observations and adaptation to copper. J. Mar.
Biol. Ass. U.K. 51, B45-863.
Cairns, M. A, et al, (19B4) Toxicity of copper-spiked sediments to
freshwater invertebrates. Environ. Toxicol. Chem. 3, 435-445,

Calabrese, A, et al, (1973) The toxicity of heavy metals to embryos of the

american oyster Crassostrea virginica. Mar. Biel. 18, 162-166.

Calabrese., A_ et al. (1977) Survival and growth of bivalve larvae under
heavy-metal stress. Mar. Biol. 41, 179-184.

Calabrese. A, et al, (1984) Effects of long-term exposure to silver or
copper on growth, bicaccumulation and histopathology in the blue mussel
Mytilus edulis. Mar. Environ. Res. (G.B.) 11, 253-274.

Calamari. D, and Marchetti, R, (1973) The toxicity of mixtures of metals
and surfactants to rainbow trout (Salmo gairdneri rich.) Water Res. 2,
1453-1464,

Carlson., A.R, et al, (1386) Development and validation of site-specific

water quality criteria for copper. Environ. Toxicol. Chem. 5, 997-1012.
Carter, A, (1983) Cadmium, copper and zinec in soil animals and their food
in a red clover system. Can. J. Zool., 61, 2751-2757,

Chakoumakes, C. et a), (1979) Toxicity of copper to cutthroat trout (Salmo
¢larki) under different conditions of alkalinity, pH and hardness., Environ.
Sci., & Technol. 13, 213-219

CCRX (1986} Koper in Voeding en Milieu in Nederland (le en 2e concept).
Codrdinatie-Commissie wvoor de Metingen van Radioactiviteit en Xenobiotische
Stoffen.

Chan C.C and _Tatum J 973) Absence of teratogenicity of
intrauterine copper wire 1In rats, hamsters and rabbits. Contraception 7,
413-434.

Chang, F.H, &and Broadbent, F . E, (1982) Influence of trace metals on some
soil nitrogen transformations. J. Environm. Qual. 11, 1-4,

Chapman, G, (1978) Toxicities od cadmium, copper and zinc to four juvenile
stages of chinook salmon and steelhead. Trans. Am. Fish., Soc. 107, 841-847.
Christensen, G. M, et al 972) Changes in the blood of the brown bullhead
{Ictalurus nebulosus (Lesuer)) following short- and long-term exposure to
copper. Toxicol. Appl. Pharmacol. 23, 417-427.

Chuttani, H et a 1965) Acute copper sulfate poisoning. Am. J. Med.

39, 849-854.
Cohen, S.R, (1974) A review of the health hazards from copper exposure.

J. Occup. Med. 16, 621-624.



-81-

Cowan, C.E,__ et al, (1986) Methodology for determining the relationship
between toxicity and the aqueous speciation of a metal. In: T.M. Poston and
R. Purdy (Eds) Aquatic Toxicology and Environmental Fate: Ninth Volume,
ASTM STP 921, 463-478. American Society for Testing and Materials,
Philadelphia.

Dallinger, R. and Kautzky, H. (]1985) The passage of Cu, Zn, Cd, and Pb
along a short food chain into the fish Salmo gairdneri. 1In: T.B. Lekkas
(ed).

Dave, G, (1984) Effects of copper on growth, reproduction, survival and
haemoglobin in Daphnia magna. Comp. Biochem. Physiol. 7BC, 439-443.

Davies, D J . A. and Bennett, B.G. (1985} Exposure of man to environmental

copper - an exposure commitment assessment. Sci. Total Environ. 46, 215-227
Demavo, A, et a)l, (1982) Effect of copper on humans, 1laboratory and farm
animals, terrestrial plants, &and aquatic 1life. CRC Crit. Rev. Environ.
Control 12, 183-255. '
Demeric, M, et al., (1951) A survey of chemicals for mutagenic action on E.
coli. Am. Naturalist 85, 119-136. '
DiCarlo, F.J, Jr (1979} Copper induced heart malformations in hamsters.
Experientia 35, 827-828
DiCarlo, F.J., Jr (1980) Syndromes of cardiovascular malformations induced
by copper citrate in hamsters. Teratology 21, B89-101.
Doelman, P, (1985) Resistance of soil microbial communities to heavy
metals. Paper FEMS-Symposium "Microbial Soil Community" 4-8/8/1985,

oelman, P, and Haanstra, 1. (1983) De Invloed van Zware Metalen op de
Bodemmicroflora. Bodembescherming 20, Ministerie wvan Volkshuisvesting,
Ruimtelijke Ordening en Milieubeheer, Staatsuitgeverij, Den Haag.
Driel . W. van, et al. (1985) Comparison of the heavy-metal wuptake of
Cyperus esculentus and of agronomic plants grown on contaminated Dutch
sediments.

"Miscellaneous Paper D-83-1, prepared by Institute of Soil Fertilily,
Haren, The Netherlands, for the US Army Engineer Waterways Experiment
Station, Vicksburg, Mississippi.
Eisler, R. (1977) Acute toxicities of selected heavy metals to the
softshell clam, Mya arenaria. Bull. Environm. Contam. Toxicol. 17, 137-145.
Eijsackers, H, (1981) Effecten van koperhoudende varkensmest op regenwormen
en op de kwaliteit van grasland. Landbouwkundig Tijdschrift 93, 1-8.
Engel, D W, et al, (1976) Effects of copper on marine fish eggs and larvae.
Environ. Health Perspect. 17, 287-294,

EPA (1985a) Drinking Water Criteria Document for Copper (Final Draft).
U.S. Environmental Protection Agency, EPA 600/X-84/190-1, Cincinnati, OH.
EPA (1985b) Ambient Water Criteria for Copper - 1984, U.S. Environmental
Protection Agency, EPA 440/5-84/031, Washington D.C.

ERA (1987) Summary Review of the Health Effects Associated with Copper -
Health Issue Assessment. U.S. Environmental Protection Agency,

EpA 600/8-87/001, Cincinnati, OH 45268.

Evans, M., L. (1980) Copper accumulation in the crayfish (Orconectes
rusticus). Bull. Environm. Contam. Toxicol., 24, 916-920.

Everaarts, J.M. (19863 The wuptake and distribution of copper in the
lugworm, Arenicola marina (Annelida, Polychaeta). Netherlands J. of Sea
Research, 20, 253-267.

Ferm, V.H, and Hanlon, D.P. (1974) Toxicity of copper salts 1in hamster
embryonic development. Biol. Reprod. 11, 97-101.

Fisher, €, et al, {1973) The effect of copper sulphate on performance and
the structure of the glzzard in broilers. Br. Poult. Sci. l4, 55-68,

orence et al B3) Evaluation of some physico-chemical techniques
for the determination of the fraction of dissolved copper toxic to the
marine diatom Nitschia closterium. Analytica Chim. Acta 151, 281-295.
Freedman, B, and Hutchinson, T.C, (1980) Effects of smelter pollutants on
forest leaf litter decomposition near a nickel-copper smelter at Sudbury,
Ontario. Canadian J, of Botany, 58, 1722-1736.




-82-

Gardner, G.R, and lLaRoche, L.G, (1973) Copper induced lesions in estuarine
teleosts. J. Fish. Res. Bd. Can. 30, 363-368.

Gauss, J. D, et al, {(1985) Acute toxicity of copper to three life stages of
Chironomus tentans as affected by water hardness - alkalinity. Environm.
Pollut. A - Ecol. Biol. 37, 149-157. _

Gezondheidsraad (]1985) Advies inzake uitganspunten voor normstelling - de
inzichtelijke opbouw van advieswaarden voor niet-mutagene, niet-carcinogene
en niet-immunogene stoffen. 's-Gravenhage, The Netherlands.

Giesy, J.P, et al, (1983) Copper speciation in soft, acid, humic waters
effects on copper bioaccumulation by and toxicity ro Simocephales
serrulatus, Sci. Total Environm, 28, 23-36.

Gleason, R,P, (1968} Exposure to copper dust. Am, Ind. Hyg. Assoc. J. 29,
461-462.

Graham, R, D. (1981) Absorption of copper by plants roots. In: Loneragan et
al. (Eds), 1981, 141-163.

Guillebaud, J  (1976) IUD and congenital malformation. Br. Med. J. 1, 10l6.

Gunnarsson, T, and Rundgren, S 986) Nematode infestation and hatching
failure of lumbricid cocoons in acidified and polluted soils. Pedobiologia
28, 165-173.

Gupta, P.V. et al. (198]1) Studies on the acute toxicity of some heavy

metals to an Indian freshwater pond snail Viviparus bengalensis L.

Arch. Hydrobiol. 91, 259-264.

Haan, S, de, et al, (1985) Acceptable levels of heavy metals (Cd, Cr, Cu,
Ni, Pb, Zn) in soils, depending on their clay and humus content and cation-
exchange capacity. Rapport 9-85, Institute for Soil Fertility, Haren-Gr.,
The Netherlands.

Hague, A, and Subramanian, V. (1982) Copper, lead and zinc pollution of
so0il enviromment. CRC Crit. Rev. Environ. Contrel 12, 13-68,

Ball, E.M. and Butt, E.M, (1928) Experimental pigment cirrhosis due to

copper poisoning. Arch. Path. §, 1-25.

Hall, E.M. and MacKay, E M. (1931) Experimental hepatic pigmentation and
cirrhosis: 1I. Does copper poisoning produce pigmentation and cirrhosis of
the liver? Am. J. Path. 7, 327-342.

Hansard, S.L. (1983) Microminerals for Ruminant Animals. Nutrition
Abstracts and Reviews - Series B 53, 1-24.

Hanson, K. and Sterp, R. M, (1984) A survey of metal-induced mutagenicity in
vitro and in vive. J. of the American College of Toxicology 3, 381-430 :
Hanson, M.J, and Stefan, H.G, (1984) Side effects of 58 years of copper
sulfate treatment of the Fairmont lakes, Minnesota. Water. Resour., Bull,
{(Urb.) 20, 889-900.

agque, A. and Fbi W 83) Toxricity determination of pesticides to
earthworms in the soil substrate. PflKrankh. 80, 395-408.
Harrison, F.L, (1985) Effect of physicochemical form on copper availability

to aquatic organisms. In: R.D. Caldwell et al. (Eds) Aquatic Toxicology and
Hazard Assessment: Seventh Symposium, 469-484. ASTM STP 854, American
Soclety for Testing and Materials, Philadelphia.
Barrison, F. L. (1986) The impact of 1increased copper concentrations on
freshwater ecosystems. In: E. Hedgson (Ed) Reviews in Environmental
Toxicology 2, Elsevier, Amsterdam, :
Harrison, F.L, et al. (1984) The toxicity of copper to the adult and early
life stages of the freshwater clam, Corbicula manilensis.
Arch. Environ. Contam. Toxicol. 13, 85-92.

arrison, J. W.FE. et al. (1954) The safety and fate of potassium sodium
copper chlorophyllin and other copper compounds. J. Amer. Pharm. Asso. Sci.
Ed. 43, 722-737,

artenstein . et al 1980) Accumulation of heavy metals in the earthworm
Eisenia foetida. J. Environ. Qual. 9, 23-26.
Hartenstein, R. et al, (1981) Effects of heavy metal and other elemental
additives to activated sludge on growth of Eisenia foetida. J. Environ.
Qual. 10, 372-376.




-83-

Hartmans, J, (1975) The incidence of copper poisoning in sheep and the role
of concentrates as a causative factor. Report of an inquiry. (In Dutch).
Tijdschr. Diergeneeskd. 100, 379-382.

atakeyama, S, apd Yasuno, M, (1981) A method for assessing chronic effects
of toxic substances on the midge, Paratanytarsus parthenogeneticus -
effects of copper. Arch. Contam. Toxicol. 10, 705-713.
Baywood, S, (1980) The effect of excess dietary copper on the liver and
kidney of the male rat. J. Comp. Path. 90, 217-232.
Hazel, C,R. and Meith, S§.J. (1970) Bioassay of king salmon eggs and sac fry
in copper solutions. Calif, Fish, Game 36, 121-124.

edtke, S.F B4 Structure and function of copper-stressed aquatic
microcosms. Aquat. Toxicol. 5, 227-244,
Heimbach, F. (1985) Comparison of laboratory methods using Eisenia foetida

and Lumbricus terrestris, for the assessment of the hazard of chemicals to
earthworms. PflKrankh. 92, 186-193.
Hemkes, O.J, and Hartmans, J, (1973) Copper content in grass and soil under
copper high-tension lines (In Dutch). Tijdschr. Diergeneceskd. 98, 446-449.
Hemkes, O.J., and Kemp, A, (1983) Cadmium, lood en koper in grond en
weidegras na vijf jaar bemesting met rioolslib. Bedrijfsontwikkeling 14,
41-44. -
Benkens, Ch, H, (1975) Zuiveringsslib in de landbouw. Bedrijfsontwikkeling
6, 98-103,
Hernandez, 0. et al. (1975) Subecellular distribution of trace metals in the
normal and in the copper treated human secretory endometrium. Contraception
11, 451-664,

eungens, A, (1970) L'Enfluence de quelques pesticides sur la fauna du sol
dans la culture de 1'Azalee. Meded. Rijksfac. Landbouwwet. Gent 35, 717-
729.

Hill, R. (1977a.b) Copper toxicity, Part I and II. Brit. Vet. J. 133, 219-
224; 365-373.

Hongve, D. et al, (1980) Effects of heavy metals in combination with NTA,
humic acid, and suspended sediment on natural phytoplankton photosynthesis.
Bull. Environm. Contam. Toxicol. 25, 594-600,

Hopkin, S.P. 1986 The woodlouse Porcellio scaber as &8 "biological
indicator" of zinc, cadmium, lead and copper pollution. Environm. Pollut.
(B) 11, 271-290.
Hopkin, S.P, and Martin, M.H, (1982) The distribution of zinc, cadmium,
lead and copper within the woodlouse Oniscus asellus (Crustacea, Isopoda).
Oecologia (Berl) 54, 227-232,

Hopkin., S.P. and Martin, M. H, (1984) Assimilation of zinc, cadmium, lead
and copper by the c¢entripede Lithobius wvariegatus (Chilepeda). J. of
Applied Ecology 21, 535-546. :
Hopkin, S.P, and Martin, M.H, (1985) Assimilation of =zinc, 1lead, copper,
and iron by the spider Dysdera crocata, a predator of woodlice. Bull.
Environm. Contam. Toxicol. 34, 183-187.
Horpe., A.J, and CGoldman, C.R. (1974) Suppression of nitrogen fixation by
blue-green algae in a eutrophic lake with trace additions of copper.
Sclence 183, 409-411.
Howarth, R.,S. and Sprague, J.B. (1978) Copper lethality to rainbow trout in
waters of varlious hardness and pH. Water Res. 12, 455-462,
Hubschman, J.B. (1967) Effects of copper on the crayfish Orconectes
rusticus (Girard) I. Acute toxicity. Crustaceana 12, 33-42.

ueck-van de as, E.H, (1984) Zware Metalen in Aquatische systemen:
Geochemisch en Biologisch Onderzoek in Rijn en Maas en de Daardoor Gevoede
Bekkens. Studie en Informatiecentrum TNO voor Milieu-Onderzoek, Delft,.
Hughes, M. K. et al, (1980) Aerial heavy metal pollution and terrestrial
ecosystems, Adv., Ecol. Res. 11, 217-327.

unte and Johnson S 982) Food chain relationships of copper
and cadmium in contaminated grassland ecosystems., Oikos 38, 108-117.




.84-

Hutchinson, T.C. and Czyrska, H, (1975} Heavy metal toxicity and synergism
to floating aquatic weeds. Verh. Int. Verein. Limnol. 19, 2102-2111.

Imlay, M.J, and Winger, P .V, (1983} Toxicity of copper to gastropoda with
notes on the relation te the apple snail: a review. Malacol. Rev. 16, 11-
15.

Ingersoll, C.G. and Winner, R.W,_ (1987) Effect on Daphnia pulex {(De Geer)

of daily pulse exposures to copper or cadmium. Environ. Toxicel. Chem. },

321-327.

Jackson, G. A, and Morpan, J.J, (1978) Trace metal-chelator interactions and
phytoplankton growth in seawater media: theoretical anaslysis and comparison
with reported observations. Limnol. Oceanogr. 23, 268-282.

Jackson, N. et al  (1979) Effects of the protracted feeding of copper
sulphate-supplemented diets to laying, domestic fowl on egg production and
on specific tissues, with special reference to mineral content. Br. J.
Nutr. 42, 253-266. .
JHgpy, A, and Streit, B. (1982) Toxic effects of soluble copper on
Octolasium cyaneum Sav, (lumbricidae). Revue Suisse Zool. 89, 881-889,
JECFA (1967) Copper. In: Specifications for the Identity and Purity of Food
Additives and Their Toxicological Evaluations: Some Emulsifiers and
Stabilizers and Certain Other Substances, Tenth Report of the Joint FAQ/WHO
Expert Committee on Food Additives, p. 15.

Wld Hlth Org. techn. Rep. Ser. 373.

JECFA (1974) Cupric Sulfate, 1In: Toxicological Evaluation of Some Food
Additives Including Anticaking Agents, Antimicrobials, Antioxidants,
Emulsifiers and Thickening Agents, Seventeenth Report of the Joint FAO/WHO
Expert Committee on Food Additives. WHO Food Additives Series 5, 43-51,
(W1ld Hlth Org. techn. Rep. Ser. 539).

JECFA (1982) Copper. In: Toxicological Ewvaluation of Certain Foed
Additives, WHO Food Additives Series 17, 265-296 (Wld Hlth Org. techn. Rep.
Ser. 683).

Jenkins, N. K. (1970) The effect of diet and copper supplementation on
chick growth. Br. Poult. Sci. 11, 241-248.

Jones, ' L.H. et al, (19763 Some effects of salinity on the toxicity of
copper to the polychaete Nereis diversicolor. Estuarine and Coastal Mar.
Sci. 4, 107-111.

Karbe, L. (31972) Marine hydroids as test organisms for assessing the
toxicity of water pellutants. The effect of heavy metals on colonies of
Eirene viridula (In German). Mar. Biol. 12, 316-328

Khangarot B.S. et 1. 1984 Man &and bilosphere - Studies on Sikkim
Himalayas. Part 2: Acute toxicity of mixed copper-zinc solutions on common
carp, Cyprinus carpio (Linn.) Acta Hydrochim. Hydrobiol. 12, 131-135.
Rirchgefner, M. (1973) Ernshrungsphysiologische Spurenelementforschung.
Sonderdruck aus "Bayerisches Landwirtschaftliches Jahrbuch” 30. Jg,
Sonderheft 2, 79-93.

Kline, R.D. et al, (1971) Effects of copper, molybdenum and sulfate on
performance, hematology and copper stores of pigs and lambs. J. Anim. Seci.
33, 771-779.

Knezovich, J. P, et al, (1981) The influence of organic chelators on the
toxicity of copper to embryos of the pacific oyster, Crassostrea gigas.
Arch, Environm., Contam. Toxicol. 10, 241-249.

Kock, W, Chr, de (1985) Biologische monitoring wvan contaminanten in
sedimenten. In: V.W.J. van den Bergen et sl. (Ed), Onderwaterbodems, Rol en
Lot (Verslag Symposium mei 1985, Rotterdam), Koninklijke Nederlandse
Chemische Vereniging, Sectie Milieuchemie.

Kock, W, Chr, de and Maxrquenie, J .M. (1987} Bicavailability of Selected
Trace Metals and Chlorinated Hydrocarbons from Sediments - A Literature
Survey. TNO rapport nr. CL 82/97.

oeller, P. and Parsons 9 The growth of young salmonids

(Oncorhynchus keta): controlled ecosystem pollution experiment. Bull. Mar.
Sci. 27, 114-118.



-85-

Kooyman, S.A L. M. (1985) A safety factor for LC50-values allowing for
differences in sensitivity among species. TNO-Report P 85/042,

Kraft, K.J. and Sypniewski,K R H, (1981) Effect of sediment copper on the
distribution of benthic macroinvertebrates in the Keweenaw Waterway.

J. Great Lakes Res., 7, 258-263.

LaPoint, T.,W. et al,  (1984) Relationships among observed metal
concentrations, criteria, and benthic community structural responses in 15
streams. J. Water Pollut. Control Fed. 55, 1030-1038.

Lecyk, M (1980) Toxicity of cupric sulfate in mice embryonic development.
Zool. Pol., 2B, 101-105.

Leeuwen, C.J wvan et al, (in press) An intermittent-flow system for
population toxicity studies demonstrated with Daphnia and copper.

Bull. Environm. Contam. Toxicol.

Lekkas, T,B,, Ed (1985) Heavy Metals in the Environment, Part 1 and 2.
Proceedings of the Fifth International Conference on Heavy Metals in the
Environment, Athene, September 1985. CEP Consultants Ltd, Edinburgh.
Leland, H. V., and Carter, J,I, (1984) Effects of copper on species
composition of periphyton in a Sierra Nevada, California-stream. Freshwater
Biol. 14, 281-296.

Lewlis, A.G. et al. (1972) Some particulate and soluble agents affecting the
relationship between metal toxicity and organism survival in the calancoid
copepod Euchaeta japonica. Mar. Biol. 17, 215-221.

lewis, A. G, et al, (1973) Reduction of copper toxicity in a marine copepod
by sediment extract. Limnol. Oceanogr. 18, 324-327.

Lewis, A.G, and Cave, W.,R. (1982) The biological importance of copper in
coceans and estuaries. Oceanogr. Mar. Biol. A. Rev. 20, 471-695.

Lexmond, Th.M. et al, (1982) Fosfaat en Koper in de Bodem in Gebieden met
Intensieve Veehouderij. Bodembescherming 9, Ministerie van Volksgezondheid
en Milieuhygiene, Staatsuitgeverij, Den Haag.

lobel, P.B. et al., (1982) Metal accumulation in four molluscs. Mar., Pollut.
Bull. 13, 170-174.

Loneragan, J.F, et al  (1981) Proceedings of the Golden  Jubilee
International Symposium on "Copper in Soils and Plants™ held at Murdoch
University, Perth, Western Austalia on May 7-9, 198l1. Academic Press,
Sydney.

Iuic, B, wvan (1975) De kopertoestand van zeekleigronden.
Bedrijfsontwikkeling 6, 795-797.

Luoma, S.N, (1983) Bioavailability of trace metals to aquatic organisms - A
Review. Sci. Total environ. 28, 1-22.

Ma, W, (1982) The influence of soil properties and worm-related factors on
the concentration of heavy metals in earthworms. Pedobiologia 24, 109-119.
Ma, W, (1983a) Regenwormen als Bio-indicators van Bodemverontreiniging.
Bodembescherming 15, Ministerie van Volkshuisvesting, Ruimtelijke Ordening
en Milieubeheer, Staatsuitgeverij, Den Haag.

Ma, W, (1983b) Biomonitoring of soil pollution: ecotoxicelogical studies of
the effect of scil-borne heavy metals on lumbricid earthworms. In: Annual
Report 1982, 83-97. Research Institute for Nature Management, Arnhem, The
Netherlands.

Ma, W, (1984) Sublethal toxic effects of copper on growth, reproduction,
and litter breakdown activity in the earthworm ZLumbricus rubellus, with
observations on the influence of temperature and soil pH. Environ. Pollut.
{A) 33, 207-219.

Ma, W, et al, (1983) Uptake of cadmium, zinc, lead and copper by earthworms
near a zinc-smelting complex: influence of soil pH and organic matter.
Bull. Environm. Contam. Toxicol. 30, 424-427. _

MacInnes, J.R. and Calabrese, A. (1979) Combined effects of salinity,
temperature, and copper on embryos and early larvae of the American oyster,
Crassostrea virginica. Arch. Environm. Contam. Toxicel. 8, 553-562,

Malecki, M., R, et al, (1982) The effect of metals on the growth and
reproduction of Eisenia foetida. Pedobiologia 24, 129-137.




-86-

Mallery, F.B. (1925) The relation of chronic poisoning with copper to
hemochromatosis. Am. J. Path. 1, 117-133.
Malueg, K W. et al, (1983) Effect of Hexagenia on Daphnia response in
sediment toxicity tests. Environ. Toxicol. Chem, 2, 73-82,
Malueg, K. W, et al. (1984a) Laboratory sediment toxicity tests, sediment
chemistry and distribution of benthic macroinvertebrates in sediments from
the Keeweenaw waterway, Michigan. Environ. Toxicol. Chem. 3, 233-242.
Malueg, K. W. et al, (1984b) Toxicity of sediments from three metal-
contaminated areas. Environ. Toxicol. Chem. 3, 279-291.
Mance, G, et al, (1984) Proposed environmental quality standards for list
I1 substances in water: copper. Water Research Centre, Medmenham, Technical
Report No. 210, U.K.
Marinissen, J. (1982) Inventarisatie van de Invloed van Koperhoudende
Varkensdrijfmest op Regenwormen in Blijvend Grasland. Research Institute
for Nature Management, Arnhem, The Netherlands.

arti et al, (1981) Toxicities of ten metals to Crassostrea gigas and
Mytilus edulis embryos and Cancer magister larvae. Mar. Pollut. Bull. 12,
305-308.

Mason, K.E, (1979) A conspectus of research on copper metabolism and
requirements of man. J. Nutr, 109, 1979-2066.
McDowell, L. R, (1985) Forages and scil in meeting mineral requirements III
Soils as sources of minerals. In. L.R. MCDowell (Ed) Nutrition of Grazing
Ruminants in Warm Climates, 176-185. Academic Press, Inc., Harcourt Brace
Jovanovich, Publishers, Orlando.
McIntosh, A. (1974) Notes on the use of copper sulfate in ponds.
Bull. Environm. Contam, Toxicol., 12, 425-432.
McKim, J M et al, (1978) Metal toxicity to embryos and larvae of eight
species of freshwater fish - II. Copper. Bull. Environm. Contam. Toxicol.
19, 608-616.
McKim., J.M, and Benoit, D.A. (1971) Effects of long-term exposures to
copper on survival, growth, and reproduction of brook trout (Salvelinus
fontinalis). J. Fish. Res. Bd. Can. 28, 655-662.
McKnight, D.M. (1981) Chemical and biological processes controlling the
response of a freshwater ecosystem to copper stress: a field study of the
CuS04 treatment of Mill Pound Reservoir, Burlington, Massachusetts. Limnol.
Oceanogr, 26, 518-531.
Mcleese, D W, (1974) Toxicity of copper at two temperatures and three
salinities to the American lobster (Homarus amerjcanus), J. Fish. Res. Bd
Can. 31, 1949-1952,

Milanovich, F. P, et al, (1975) A detoxifying effect of yellow substance on
E. coli in media containing copper. Nature 253, 460-46].

Milanovich, F.P. et al.  (1976) Uptake of copper by the polychaete
Cirriformia spirabranchia in the presence of dissolved yellow organic
matter of natural origin. Estuarine Coastal Mar. Sci. 4, 585-588.

Miranda, C L. et al, (1981) Dietary copper enhances the hepatotoxicity of
Senecio jacobaea in rats. Toxicol. Appl. Pharmacol. 60, 418-423.

Moore, J.W. and Ramamoorthy, 8. (19B4) Heavy Metals in Natural Waters -
Applied Monitoring and Impact Assessment, 5: Copper, 77-99. Springer-
Verlag, New York,

Moriva, M, et al, (1983) Further mutagenicity studies on pesticides in
bacterial reversion assay systems. Mut. Res. 116, 185-216.

Mount, D.I., (1968) Chronic toxicity of copper to  fathead minnows
(Pimephales promelas Rafinesque). Water Res. 2, 215-223.

Mount, D.I, and Norberg, T.J. {(1984) A seven-day 1l1life-cycle cladoceran
toxicity test. Environ. Toxicol. Chem. 3, 425-434.

Mount, D.I, and Stephan, C,E, (1969) Chronic toxicity of copper to the
fathead minnow (Pimephales promelas) in soft water. J. Fish. Res. Bd. Can.

26, 2449-2457,




-B7-

Mudroch, A, and Capobianco, J. A, (1978) Effect of mine effluent on uptake
of Co, Ni, Cu, As, Zn, Cd, Cr, and Pb by aquatic macrophytes. Hydrobiclogia

b4, 223-231.
Muramoto, S, (1982) Effects of complexans (DTPA, EDTA,) on the toxicity of
low concentrations of copper to fish. J. Environ. Sci. Health, A 17, 313-
319.

adeenko, V.G, et a 980) On hygienic standards for copper in drinking
water (in Russian). Gigiena i. sanitariya 45, 8§-10.
Nasu, Y. et al, (1983) Comparative studies on the absorption of cadmium and
copper in Lemna paucicostata. Enviren. Pollut. (A) 32, 201-209.
Nebeker, AV, et al, (1984a) Relative sensitivity of Chironomus tentans
life stages to copper. Environ. Toxicol. Chem. 3, 151-158.
Nebeker, A.V. et al, (1984b) Effects of copper, nickel and zinc on the
life cycle of the caddisfly Clistoronia magnifica (Limnophilidae). Environ.
Toxicol. Chem. 3, 645-649,
Nehring, R.B. (1976) Aquatic insects as biclogical monitors of heavy metal
pollution. Bull. Environm. Contam. Toxicol. 15, 147-154.
Neuhauser, E.F, et al, (1985) Toxicity of metals to the earthworm Eisenia
foetida. Biol. Fert. Soils 1, 149-152.
Nielson, R.L. (1951) Effect of soil minerals on earthworms.
N.Z.J. Agric. 83, 433-435.
Niklas, J, and Kennel, W, (1978) Lumbricidenpopulationen in Obstanlagen der
Bundesrepublik Deutschland und ihre Beeinflussung durch Fungicide auf Basis
von  Kupferverbindungen und Benzimidazolderivaten. Z. Pflanzenkr.
Pflanzensch. 85, 705-713.
Nor, Y .M. (1985) Bioavailability of copper in presence of natural and
artificial ligands. In: T.B. Lekkas (1985).
Nor, Y.M. and Cheng, H.H.  (1986) Chemical speciation and bioavailability of
copper: uptake and accumulation by Eichornia. Environmental Toxicology
and Chemistry S, 941-947.
Norber T. and Mount I 85) A new fathead minnow (Pimephales
promelas) subchronic toxicity test. Environ., Toxicel. Chem. &, 711-718.
BRC (1977) Medical and Biclogical Effects of Environmental Peollutants:
Copper. National Research Council, National Academy of Sciences,
Washington, D.C.
Busch, E. A, (1977) Assessment of detrimental biclogical effects of organic
chelators and heavy metal complexes by means of bioassays using bacteria,
algae, protozoa, lower metazoa and fish. Z Wasser Abwasser Forsch 10, 49-

‘Donnel, J.R. et al 985) Biocavallability of trace metals in mnatural
waters. In: Aquatic Toxicology and Hazard Assessment: Seventh Symposium,
485-501. ASTM STP 854, R.D. Cardwell et al. (Eds), American Society for
Testing &nd Materials, Philadelphis.

Osterberg, R, (1980) Physiology and pharmaceclogy of copper. Pharmac. Ther.
9, 121-146,

Ovenekan, J. A, (1983) Production and population dynamics of Capitella
capitata, Arch. Hydrobiel. 98, 115-126.

Packer, D.M. et al, (1980) Cadmium, copper, lead, zinc and manganese in the

polychaete Arenicola marina from sediments arcund the coast of Wales.
Environm, Poll. (A) 22, 309-321.

Pagenkopf, G.K, et al, (1974) Effects of complexation on toxicity of copper
to fishes. J. Fish. Res. Bd. Can. 31, 462-465.

Pesch, C.E. (1972) Influence of three sediment types on copper toxicity to
the polychaete Neanthes arenaceodentata. Mar. Biol. 52, 237-245.

Pesch, C.E. and Morgan, D. (1978) Influence of sediment in copper toxicity
tests with the polychaete Neanthes arenaceodentata. Water Res. 12, 747-751.

Pesch, G.N, et al, (1979) Copper toxicity to the bay scallop (Argopecten
irradians). Bull. Environm. Contam. Toxicol. 23, 759-765.

Peterson, H.G. et al. (]1984) Metal toxicity to algae: a highly pH dependent
phenomenon. Can. J. Fish. Aquat. Sci. 4l, 974-979.




-88-

Phelps, H.L. et al, (31983) Clam burrowing behaviour: inhibition by copper-
enriched sediment. Mar. Pollut. Bull. (G.B.) 14, 452-455,

Phelps, ' H.L. et al, (1985) Clam burrowing behaviour and mortality related
to sediment copper. Mar, Pollut. Bull. (G.B.) 16, 309-313,
Pickering, O.H. and Henderson, C, (1966) The acute toxicity of some metals
to different species of warmwater fishes. Air and Water Pollution 10, 453-
463,
Pimentel, J.C, and Menezes, A.P. (1975) Liver granulomas containing copper
in vineyards sprayer's lung. A new etiology of hepatic granulomatosis.
Am. Rev. Respir. Dis. 111, 189-195.
Pimentel., J.C. and Menezes, A P, (1977) Liver disease in vineyard sprayers.
Gastroenterol. 72, 275-283,
Popham, J. and D'Auria, J M __ (1982) Effects of season and seawater
concentrations on trace metal concentrations in organs of Mytilus edulis.
Arch. Environm. Contam. Toxicol. 11, 273-282.

emi and Cornfield H 6 Effects of addition of copper,
manganese, zinc, and chromium compounds on ammonification and nitrification
during incubation of soil. Plant Soil 31, 345-352.
Pullar, E.M, (1240} The toxicity of various copper compounds and mixtures
for domesticated birds. Aust. Vet. J. 16, 147-162.
Quraishi. M.5.1, and Cornfield, A.H, (1971) Effects of addition of varying
levels of copper, as oxide or phosphate, on nitrogen mineralization and
nitrification during incubation of a slightly calcareous scil receiving
dried blood. Plant Soil 35, 51-55.
Reish, D.J. et al, (1976) The effect of heavy metals on laboratory
populations of two polychaetes with comparisons of the water quality
conditions and standards in southern California marine waters. Water Res.
10, 299-302.
Rhee, J A, van (1977) Effects of soil pollution on earthworms.
Pedobiolegia 17, 201-208.
Rice, D.W,. Jr, and Harrison, F,L, (1978) Copper sensitivity of pacific
herring, Clupea harengus pallasi, during its early 1life history, Fishery
Bulletin 76, 347-355.
Roch, M, __et al. (1985) The effects of heavy metal contamination on the
aquatic biota of Buttle lake and the Campbell river drainage (Canada).
Arch. Environm. Contam., Toxicol. 14, 347-362,
Rodgers, J. et al, (1980) Comparison of heavy metal interactions in acute
and artificial stream bicassay techniques for the Asiatic clam (Corbicula
fluminea). In: J.G. Eaton et al. (Eds) Aquatic Toxicology, 266-280. ASTM
STP 707. American Society for Testing and Materials, Philadelphia.
Ré¢dsaether, M.C, et gl. (1977) Copper as an initiating factor of.vibrosis
(Vibrio anguillarum) in eel (Anguilla anguilla). J. Fish. Biel. 10, 17-21.
Rosen, E, (1949) Copper within the eye. Amer. J. Ophthalmol. 32, 248-252.
RTECS (1986) Registry of Toxic Effects of Chemical Substances - On 1line.
Rueter, J.G. et al, (1979) The toxic effect of copper on Oscillatoria
(Trichondesmium) theibautii. Limnol. Oceanogr. 24, 558-562.
Rygp, B, (1985) Effect of sediment copper on benthic fauna.
Mar. Ecol. Prog. Ser. (W. Ger.) 25, 83-89.
Saliba, L.J, and Ahsanullah, M, (1973) Acclimation and tolerance of Artemia
salina and Ophryotrocha labronica to copper sulphate. Mar. Biol. 23, 297-
302.

Sauter, 8. et al, (1976) Effects of Exposure to Heavy Metals on Selected

Freshwater Fish - Toxicity of Copper, Cadmium, Chromium and Lead to Eggs
and Fry of Seven Fish species. EPA-600/3-76-105, U.S. Environmental
Protection Agency, Duluth, Minnesota.

Sax, N.1, (1984 Dangerous Properties of Industrial Materials (Sixth
Edition). Van Nostrand Reinhold Company, New York.

SCAN (1984) Report of the scientific committee for animal nutrition on the
use of copper compounds in feedingstuffs., In: Reports of the Scientific




-89-

Committee for Animal Nutrition, Fourth Series, 1984, 56-81. EUR 8769,
Directorate-General Agriculture European Committies.

Schmidt, R.L. (1978) Copper in the marine environment, Part II. CRC Crit.
Rev. Environm. Control 8, 247-291.

Schrauzey, G N, et al. (1977) Cancer mortality correlation studies - 1IV:
Assoclations with dietary intakes &and blood 1levels of certain trace
elements, notably Se-antagonists. Bioinorg. Chem. 7, 35-56.

Schumer, D.L., {1986) Regeling wverlaagde kopergehaltes in mestvarkens-
voeders en gemedicineerde diervoeders treedt 1 juli 1986 in werking.
Tijdschr. Diergeneeskd. 111, 648-649,

Seim, W X, et al. (1984) Growth and survival of developing steelhead trout
(Salmo pairdneri) continuously or intermittently exposed to copper.

Can. J. Fish. Aquat. Sci. 41, 433-438.

and Brown, V.M 974) The toxicity of some forms of copper to
rainbow trout. Water Res. 8, 377-382,
Simmers, J.W, et al. (3985 Prediction of the bioavailability of heavy

metals to animals colonizing on  intertidal wetland created with
contaminated dredged material. In: T.B. Lekkas (1985).

kidmore, J.F. and Firth 983) Acute sensitivity of selected
Australian  freshwater animals to copper and zinc. Australian Water
Resources Council, Technical Paper No. 81, Australian Government Publishing
Service, Canberra.

Slooff, W et al, (198B6) Margins of uncertainty in ecotoxicological hazard
evalution, Environ. Toxicol. Chem. 5, B41-852.
Smilde, K. W. (1976) Toxische Gehalten aan Zware Metalen (Zn, Cu, Cr, Ni,
Ph, en Cd) in Grond en Gewas. Een Literatuuroverzicht. Nota 25, Institute
for Scil Fertility, Haren-gr., The Netherlands,

Smilde, K. W, et a), (]1982) Constraints in cropping heavy-metal contaminated
fluvial sediments. Sci. Total Environm. 25, 225-244,

Solbé, J.F._ _and Cooper, V., A, (1976) Studies on the toxicity of copper
sulphate to stone loach (Noemacheilus barbatulus (L)). Water. Res. 10, 523-
527.

Sosnowski, S.1.., and Gentile, J. B, (1978) Toxicological comparison of
natural and cultured populations of Acartia tonsa to cadmium, copper, and
mercury. J. Fish. Res. Bd. Can. 35, 1366-1369,.

Sosnowski, S.1. et al. (1979) The effect of nutrition on the response of
field populations of the calanoid copepod Acartia tonsa to copper. Water
Res. 13, 449-452,

Spitalny, K.C, et al, (1984) Drinking-water-induced copper intoxication in
a Vermont family. Pediatrics 74, 1103-1106.

Sprague, J.B. (1968) Promising anti-pollutant:, chelating agent NTA protects
fish from copper and zinc. Nature 220, 1345-1346.

tafford 986 Earthworms  as indicators of heavy  metal
bicavailability 1in soils. Comparative metal uptake between earthworm
species. In: Environmental Contamination, 2nd Int. Conf. Amsterdam, 56-60.

Stebbing, A.R.D, (1976) The effect of low metal levels on a clonal hydroid.
J. Mar. Biol. Assoc. 56, 977-994.
Stebbing, AR D, and Pomroy, A.J, (1978 A sublethal technique for

assessing the effects of contaminants using Hydra 1littoralis. Water Res.
12, 631-635.

Steemann Njelsen, E. and Wium-Andersen, S, (1970) Copper lons as poison in
the sea and in freshwater. Mar. Biol. &, 93-97,
Stephenson, R.R, and Taylor, D, (1975) The influence of EDTA on the

mortality and burrowing activity of the clam (Venerupis decussata) exposed
to sublethal concentrations of copper. Bull. Environm. Contam. Toxicol. 14,
304-308,

Stokinger, H.E, (1981) Copper. In: Clayton, G.D. and Clayton, F.E. (Eds),
Patty's Industrial Hygiene and Toxicology, Volume 2A: Toxicolegy (3 RD
Revised Edition), John Wiley & Sons, New York.



-90-

Sunda, W.G, and lewis, J. A M., (1978) Effect of complexation by natural
organic ligands on the toxicity of copper to a wunicellular alga,
Monochrysis luttheri. Limnol. Oceanogr. 23, 870-876.

Suttle, N.F, and Mills, €. F, (1966) Studies of the toxicity of copper to
pigs. 2. Effects of protein source and other dietary compounds on the
response to high and moderate intakes of copper. Br. J. Nutr. 20, 149-161.
Iarifeno-Silva, E. et al, (1982) Aquacultural approaches to recycling of
dissclved nutrients in secundary treated domestic wastewaters - I1II. Uptake
of dissolved heavy metals by artificial foed chains. Water Res. 16, 59-65.
Tatum,, H.J, (1973) Metallic copper as an intrauterine contraceptive agent.
Amer. J. Obstet. Gyneceol. 117, 602-618.

Tessier, A, et al. (1985) Accumulation of trace metals in a freshwater
mussel: some physico-chemical and biological factors invelved. In: T.B.
Lekkas, Part 1 (1985).

Ulsen, F. W, van (1972) Schapen, varkens en koper.

Tijdschr. Diergeneeskd. 97, 735-738.

Uzman, L. L. (1957) The intrahepatic distribution of copper in relation to
the pathogenesis of hepatolenticular degeneration. A.M.A. Arch. Path. §4,
464-479,

Verburgh, J, (1987) De problematiek van kopertoxiciteit in het aquatisch
milieu gericht op bivalvia. N.V. Tot Keuring van Elektrotechnische
Materialen (KEMA), Arnhem, The Netherlands.

Villar, T,6., (1974) Vineyard sprayer's lung: clinical aspects. Am. Rev.
Respir. Dis. 110, 545-555. ‘
Vossen, F, (1983) Onderzoek mnaar Enige Sublethale Effekten wvan
Bodemverontreiniging door Koper en Lindaan op Regenwormen. Research
Institute for Nature Management, Arnhem, The Netherlands.

Vreman, K, (1986) Zware metalen Iin veevoeders en mest.

Boer en Tuinder 40 (nr. 19-91), 54-55.

VROM (]1987) Milieuplan Voortgangsrapportage 1988 - Referentiewaarden
Bodemkwaliteit (Concept)}. Ministerie wvan Volkshuisvesting, Ruimtelijke
Ordening en Milieubeheer, Leidschendam, The Netherlands.

VICB _ (1986) Advies Bodemkwaliteit. Voorlopige Technische Commissie
Bodembescherming, VICB A86/02-I and 02-11, Ministerie van Volkshuisvesting,
Ruimtelijke Ordening and Milieubeheer, Leidschendam, The Netherlands.
Waiwood, K.G. and Beamish, F W H.  (1978a) The effect of copper, hardness
and pH on the growth of rainbow trout, Salmo gairdneri. J. Fish. Biol. 13,
591-598.

Wajiwood G, and Beamish, F W.H, (1978b) Effects of copper, pH and
hardness on the critical swimming performance of rainbow trout (Salmo
gairdneri Richardson). Water Res. 12, 611-619.

Walsh, L.M, et al, (1972) Copper toxicity in snapbeans (Phaseolus vulgaris
L.). J. Environ. Quality 1, 197-200. '

Watton, A.J, end Hawkes, H A, (1984) The acute toxicity of ammonia and
copper to the gastropod Potamopyrgus jenkinsi (Smith). Environ. Pollut.
{(Ser. A) 36, 17-29.

Werff, M, van der (1984) The effect of natural complexing agents on heavy
metal toxicity in aquatic plants. In: C.J.M. Kramer and J.C. Duinker (Eds)
Complexation of Trace Metals in Natural Waters, 441-444. Martinus Nijhoff /
Dr. W. Junk Publishers, The Hague.

Wieser, W, et al 976) Isopods as indicators of the copper content of
soil and litter. Oecologla (Berl) 23, 107-114.

981) A comparison of bedy length, brood size and longevity
as indices of chronic copper and zinc stresses in Daphnia magna. Environ.
Pollut (Ser. A) 26, 33-37.

Wipner, R.W, (19843) The toxicity and bioaccumulation of cadmium and copper
as affected by humic acid. Aquat. Toxicol. 5, 267-274.

Winner, R W, (1984b) Selenium effects on antenual integrity and chronic
copper toxicity in Daphnia pulex (deGeer). Bull. Environ. Contam. Toxicol.
33, 605-611.




-91-

Winner, R.W, (1985) Bioaccumulation and toxicity of copper as affected by
interactions between humic acid and water hardness. Water. Res. 19, 449-
455,

Winper, R. W, and Farrell, M P (1976) Acute and chronic toxicity of copper
to four species of Daphnia. J, Fish. Res. Bd. Can. 33, 1685-1691.

Winner, R.W, and Gauss, J.D, (1986) Relationship between chronic toxicity
and bioaccumulation of copper, cadmium and zinc as affected by water
hardness and humic acid. Aquat. Toxicol. 8, 149-161. :

Winner, R.W._ et &8), (1975) Response of the macroinvertebrate fauna to a
copper gradient in a experimentally polluted streamn.

Verh. Int. Ver. Limnol. 19, 2121-2127.

Wipner, R.W, et al., (1980) Insect community structure as an index of heavy-
metal pollution in lotic ecosystems. Can. J. Fish. Aquat. Sci. 37, 647-655.
Wolf, P, de, et al, (1972) Field experiments on the influence of copper and
mercury in a natural mussel bed. TNO-Nieuws 27, 497-503.

Wolff, S M. (1960) Copper deposition in the rat. A.M.A, Arch. Path. §9,
217-223. :

Wyllie, J, (1937) Copper poisoning at a cocktail party. Am. J. Publ. Health

47, 617,

Young, J.8, et al, {1979) The relationship between the copper complexing
capacity of seawater and copper toxicity in shrimp zoeae. Mar. Environm.

Res. 2, 265-273.

amuda, €,D,_et al 985) The importance of dissolved organic compounds in
the accumulation of copper by the American oyster, Crassostrea virginica.
Mar. Environ. Res. 16, 1-12,

Zamuda, C. D, and Sunda, W.G. {1982) Bioavailability of dissolved copper to
the American oyster Crassostrea virginica. I. Importance of chemical
speciation. Mar. Biol. 66, 77-82,
Zaroogian, G.E. and Johmson, M, (1983} Copper accumulation in the bay
scallop, Argopecten irradians. Arch. Environ. Contam. Toxicol. 12, 127-133.
Z2ibilske, L.M. and Wagner, G.H. (1982) Bacterial growth and fungal genera
distribution iIn so0il amended with sewage sludge containing cadmium,
chromium, and copper. Soil Science 134, 364-370.

Zitko, P. et al, (1673) Prediction of incipient lethal levels of copper to
juvenile Atlantic salmon in the presence of humic acid by cupric elctrode.
Bull, Environm. Contam. Toxicol. 10, 265-271.




