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ABSTRACT
The toxic effect of copper on phytoplankton production is investigated in waters having
different complexing capacities. It is demonstrated that a water's complexing capacity does not
guarantee that an equivalent amount of copper could be tolerated without adversely affecting
algal production. Possible explanations for these findings are offered and discussed.
It is deduced that ionic copper probably is already toxic to planktonic algae at concentrations
of about 10-10 mole/l.

1. Introduction

Copper sulfate has been used since 1904 to control algal blooms [24]. The concentration recommended for this purpose varies from 20 to about 1,000 µg Cu/l [3, 9, 20,
21, 23, 25, 26, 29, 35]. Compared with the concentration of 1 to 2 µg Cu/1 found by
STEEMANN NIELSEN et al. [31] to be toxic to Chlorella pyrenoidosa and Nitzschia
palea, and the findings of CHAU et al. [SJ, that an addition of only S µg/l of copper to
Lake Ontario water depressed photosynthesis consistently as much as 50%, these concentrations seem to be rather high.
It has been well documented that the toxicity of copper can be counteracted partially or completely by the addition of strong organic chelators such as NTA [10, 11],
EDTA [2, 30, 31, 32], by extracellular polypeptides of Anabaena cylindrica [12], by a
protein digest [31], and by a zooplankton extract [2]. An addition of FeC13 which in
alkaline solution forms negatively charged colloids capable of adsorbing cations or
positively charged complexes, also has the same detoxifying effect [32].
From these observations, it was concluded that only the ionic copper species
[Cu(H 20) 6]2+ has toxic effects but not its organic chelated species. Such a conclusion
is perhaps too exclusive. However, it is reasonable to assume that the free copper ion
or its inorganic complexes are more toxic than the organic ones.
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It is assumed that most of the copper in natural waters exists in organic complexed forms and that with a sufficient content of organic ligands, some lake waters have
the ability to counteract the toxic effect of further additions of copper (12]. Apart
from the possible precipitation of added copper at the usually high pH conditions
in a eutrophic epilimnion, this interaction would then provide an explanation why,
for practical control purposes, much higher copper concentrations are needed in some
lake waters to diminish or suppress growth of algae than in purely inorganic culture
medium. This capability to counteract the toxicity of copper has been attributed to
the formation of complexes with natural organic ligands, although the mechanism is
not clearly understood [34].
In a recent report, CHAU et al. [7] have described a procedure for the quantitative determination of strong copper binding agents in lake waters. A study was therefore initiated with a two-fold purpose: a) to measure how much ionic copper could be masked by
filtered lake waters obtained from different locations, and by aged culture medium in
which Cklorella had been grown for several days; b) to relate this masking ability,
which might be due to mechanisms such as complexation, colloidal adsorption or even
precipitation, to a capacity to buffer further additions of copper without adversely
affecting phytoplankton production.

2. Methods
2.1 Measurement of the complexing capacity
The complexing capacity of a sample is defined as its ability to mask a certain
amount of added ionic copper. Since it is not possible at the moment to distinguish
between the different masking mechanisms mentioned above, it is assumed in the following discussion that complexation is the most important mechanism.
To measure the complexing capacity, a polarographic method (differential pulse
anodic stripping voltammetry), developed by CHAU et al. [7] was applied, which in
principle consists of the following procedure: To aliquots of filtered lake water or culture medium, varying amounts of Cu(N0 3) 2 were spiked. After at least a two-hour
equilibration period at 25 °C, the labile Cu concentration was estimated. Up to acertain level, regardless of the copper spiked, no labile copper could be detected. Above
this point the peak current increased linearly with the increasing copper spikes, as
shown in Figure 1. The intercept on the abscissa of a plot of peak current in !LA on the
y-axis versus the concentration of copper spiked on the x-axis represents the complexing capacity of the sample. It is computed from the equation of the least squares
regression line of yon x by putting y = O.
In this study duplicate measurements were made simultaneously on Princeton
Applied Research polarographs (models 170 and 174).
2.2 Biossay
The membrane filtered sample (0.45 µ)was subdivided into 300 ml aliquots which
were spiked with increasing amounts of Cu(N03h. The samples were equilibrated for
2 hours before inoculation of the test algae (Chlorella sp.) or natural phytoplankton
collected with a plankton net, mesh size 30 µ. This procedure reduced the risk of sudden exposure of the algae to ionic copper not equilibrated with the natural ligands.
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The inoculated samples were then subsequently exposed to light and kept for 24 hours
at the approximate temperature of the lake water at the time of collection. The samples were then transferred to 125 ml Pyrex bottles, inoculated with 14C labelled sodium
bicarbonate and exposed at the same temperature to 20 Klux in an incubator.
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Fig. 1. Diagrammatic representations of complexing capacity.

After a 4-hour exposure the samples were filtered at 180 mm of mercury through
membrane filters (Sartorius SM 11306, 0.45 µ.;diameter 47 mm). To remove adsorbed
inorganic 14C, the filters were exposed for 20 minutes to fuming HCL The 14C activity
of the filters was assayed using a liquid scintillation counter (Nuclear Chicago Unilux II) as described by LIND and CAMPBELL [19].

3. Results
Using the methods described above the following samples were investigated:
1. 10-day old culture of Chlorella with a cell concentration of 8.3.106 cells/ml. (Composition of the culture medium is listed in Table 1.)
2. 10-day old culture spiked with 1 µ.mole EDTA.
3. Water from Hamilton Harbour.
4. Water from the western basin of Lake Ontario.
Table 1. Composition of the nutrient medium.
Compound

Concentration
mg/l

Compound

Concentration
µ.g/l

NaN0 3
K 2HP04
MgC12
MgS04 ·7HzO
CaC12 ·2H2 0
NaHC0 3

25.5
1.0
5.7
14.7
4.4
150.0

H 3B0 3
MnC1 2
ZnCl 2
CoC12
NaMo04 ·2H20
Fe EDTA (1 :1 complex)

185.5
264.3
32.7
0.8
7.3
78.3
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5. Water from Niagara River, Ontario.
pH was maintained at approximately 7 by bubbling 3% C0 2 in air.
The complexing capacity of the samples (Table 2) was obtained from the average of
two simultaneous runs.
Table 2. Complexing capacity of the samples expressed as µmole Cu2+/1.
Complexing capacity

Sample

0.69
estimated
1.28
0.34
0.44

Chlorella culture
Chlorella culture
1 µmole/l EDTA
Water from Hamilton Harbour
Water from Lake Ontario
Water from Niagara River

+

0.66
0.67
1.18
0.52
0.43

Average

+ 1.0

0.67
1.67
1.23
0.43
0.44

The effect of various amounts of copper on photosynthesis is shown in Figure 2.
It is evident that none of the samples had the capacity to reduce any added ionic
copper to a concentration level which was no longer toxic. In every case, an increase
of total copper concentration of only 0.1 µ.molefl (6.3 µ.g/l) caused an inhibition of
photosynthesis. At the equivalence point where the amount of copper spike is equal
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Fig. 2. Suppression of relative algal photosynthesis as a function of the amount of copper spiked.
The arrow indicates the sample's complexing capacity.
e - e Chiarella culture medium+ 1 µmole EDTA/1
• - - • Chlorella culture medium
D-·-D Hamilton Harbour water
O· ·· ···o Lake Ontario water
.._ ······ .._ Niagara river water
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to the complexing capacity of the sample, photosynthesis was already suppressed
by 70 to 95%. Thus, a sample's complexing capacity does not guarantee that an
equivalent amount of copper could be tolerated by the system without harm.

Discussion
Copper can exist in fresh water in many soluble forms: As a free copper ion
[Cu(H 20) 6J2+, in many inorganic complexes such as [CuOH]+, [Cu 2 (0H) 2]2+, [CuHP0 4J
[CuC0 3J [Cu(C0 3) 2J2-, [CuS0 4J [SJ, in combination with organic complexing
agents known to exist in freshwaters such as amino acids, polycarboxylic acids,
polypeptides, etc. and adsorbed to inorganic or organic colloids.
In the ocean, total copper concentration varies from about 3 µg/1 in the open sea
[14J to about 10 to 90 µg/1 in coastal waters depending on location and season [l, 13].
The general concentration level of copper in most parts of Lake Ontario was in the
range of 1--4 µg/1. Higher concentrations [10-14 µg/lJ have been found in areas
population density and heavy industrialization [SJ. In the Sudbury area of Northern
Ontario, as high as 46 µgfl of total copper has been observed in some lakes because
of mining activity [6J. In two Swiss Lakes (Lake of Lucerne and Greifensee), a concentration of 10 µg/1 was estimated [4J. Much higher values were reported by RILEY [27J,
who found, in three lakes in Connecticut, values of total copper ranging from 9 to
383 µg/1. KIMBALL [lSJ recently estimated < 10 to 105 µg/1 of ionic copper in Knights
pond, Massachusetts.
It is generally assumed that most of the copper in natural waters exists in organic
complexed forms. However, there is no satisfactory method available at the moment
to estimate the percentage of ionic and soluble organic-bound copper in natural
waters. The spectrophotometric techniques previously employed [18,27J for the
determination of 'ionic' copper used a very powerful complexing agent (diethyldithiocarbamate) which, as demonstrated by KAMP-NIELSEN [17J, forms stronger complexes
than many naturally occuring ligands. Thus, the determination of the 'ionic' copper
concentration by this method might include part or possibly all of the originally
complexed copper, and the differentiation between ionic and organic-bound copper
is therefore not realistic.
The method presented by CHAU and LUM-SHUE-CHAN [6J for the determination
of labile and strongly bound metals in lake water, using differential pulse anodic
stripping voltammetry, with acetate to buffer the pH and to provide constant ionic
strength, cannot estimate the concentration of the true ionic species [Cu(H 20) 6J2 +
either. The labile metal as determined by this method includes the aquo-complex
and acetate exchangeable complexes. However, since these workers very seldom
found labile copper in natural waters (detection limit 0.5 µg/l), it can be concluded
that the results obtained by this method are closer to the truth than those obtained
by the diethyldithiocarbamate method.
In summary, it is possible to measure total copper at natural concentration
levels by different methods, but at the moment there is no method to measure
directly ionic copper at concentrations below 10-6 mole/I. Furthermore, the measurement of labile copper also has its limitations [7J. As long as the total copper concentration is smaller than the total ligand concentration, every result showing labile
0

0
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0

,
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copper concentrations higher than the detection limit (0.5 µg/l) is questionable on
account of the dissociation of strong complexes during the three-minute pre-electrolysis time. In addition, the presence of insidious trace organic matter might influence
the deposition as well as the stripping step, resulting in broadening shifting and
splitting of the copper (-acetate) peak [15].
In the present study, these reservations are not as relevant because in every
nutrient medium investigated, the original concentration of labile copper was below
the detection limit, and in addition to that, every medium had the ability to mask
further additions of ionic copper. Nevertheless, any addition of ionic copper inhibited
algal photosynthesis. When we accept as a working hypothesis the general but still
unproven assumption, that only the ionic, but not the complexed copper is toxic, and
that the masking of added copper was due to complexation, these observations
could be explained as follows :
a) the non labile Cu complexes formed are weak, which implies relatively high ionic
copper concentration in equilibrium with them;
b) the ligands present do not have a high specific affinity for copper ions only, which
implies cation competition for the ligands;
c) ionic copper is toxic at very low levels.
The observed complexation of copper in natural waters involves the competition
of an unknown mixture of ligands with different complexing properties. By comparing copper complexation in Lake Ontario water with known complexing agents
such as tartrate (log K ""5), citrate (log K ,....., 6), glycine (log K ""8), NTA (log
K ,....., 13), and EDTA (log K,....., 19), it was found that following the technique outlined above, only those copper complexing agents with a log stability constant
greater than ca. 13 could be measured. It was not possible to establish this cut off
point accurately since no suitable complexing agent could be found with a log K
between that for CuNTA and CuEDTA. With CuNTA as an approximate guide,
only those complexes with a log conditional constant greater than ca. 10 will be
measured (log conditional formation constant for Cu NTA in 0.04 M acetate medium,
pH 7, is ca. 9.2). It is obvious, then, that the present method underestimates a sample's
total complexing capacity.
Even if it is shown that there are ligands forming relatively strong complexes
with copper, this does not mean that they react specifically with copper ions only.
Ligands present in natural waters such as amino acids, polypeptides, humic acids,
etc., are known to have no large specific affinity for individual metal ions. This
unknown degree of competition makes it impossible to establish mathematically any
equilibrium model. From the point of view of competition, an increase of every
metal concentration would result in a higher concentration of free copper ion and
therefore increase the copper toxicity, but on the other hand, different metals might
react as antagonists or form colloids capable of adsorbing Cu 2+ ions and therefore
counteracting the copper toxicity. From this we see, that copper toxicity for a given
species depends on the total copper concentration [Cu]T, on the concentration and
nature of the different ligands, and also on the distribution and the biological effects
of the other metals. At the moment we are able to measure [Cu]T and a minimum
complexing capacity only, but the nature of the ligands involved and consequently
the degree of competition of other metals for these ligands are still unknown.
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In such complicated and unknown multiligand-multimetal systems that natural
waters are, it is therefore at the moment not only impossible to determine concentrations of ionic copper by means of chemical methods, but also to estimate them by
calculation. Thus, it is not possible to relate the inhibition of photosynthesis to an
exact absolute concentration of ionic copper. It can only be said for sure that in all
of our experiments, a concentration of only 0.5 µ.g/l (10- 8 mole/I} of labile copper was
already heavily toxic. Since 'labile copper' includes all the complexes with a log
conditional formation constant smaller than about 10, the concentration of ionic
copper must have been even much smaller (about 10-10 mole/I). MANAHAN and SMITH
[22] studied the copper requirement of Chlorella and Oocystis and found optimum
growth at 1-2X10-16 M of ionic copper. From this, we might conclude preliminarily,
that ionic copper becomes toxic to planktonic algae between 10-15 and 10-10 mole/I.
The relationship between complex equilibria and phytoplankton production has
been discussed by JOHNSTON [16], who concluded that the supply of chelating
substances was frequently the most crucial aspect of phytoplankton nutrition in
seawater. BARBER and RYTHER [2] found that upwelling water rich in nutrients and
trace metals showed a relatively low productivity, and that it was possible to increase
its production by adding a complexing agent like EDTA or an unspecified zooplankton
extract. STEEMAN NIELSEN et al. [31] suggested that the upwelling water did not
contain sufficient organic substances to chelate the heavy metals to remove their
toxicity. It can be inferred from the Irving-Williams series that the addition of a
chelator will most probably influence the concentration of ionic copper more than
that of other divalent transition metal ions. Therefore, the conclusion of STEEMANN
NIELSEN et al. [31], that the addition of the chelators removed copper toxicity is
reasonable. Figure 2 shows that it was not possible to establish any tolerance range
for copper, and also that an addition of 1 µ.mole EDTA/l nearly doubled the photosynthesis of the Chlorella culture. Therefore, also in our experiments, the possibility
cannot be excluded that phytoplankton production could have already been controlled by the initial copper concentration.
In addition, STEEMANN NIELSEN et al. [32, 33] found that Chlorella as well as
Nitzschia could counteract the toxicity of copper after some incubation time. They
attributed this to either complexation of the copper ions by excretion products or
adsorption of copper ions or their complexes to the cell walls. This suggests a possibility for every natural community to counteract the influence of heavy metal toxicity
either in a chemical or a physical way. However, their observations could also be
interpreted in the following manner. Even a monoculture does not consist of cells
which are exactly identical in their physiological behaviour. Rather, every population
is a combination of hypersensitive, 'normal', and hyposensitive individuals. As long
as the dose of the copper shock is low enough not to kill all cells or to inhibit cell
division completely, every population can recover after a lag phase induced by a
toxicant, as illustrated in Table 3, where it is assumed that 90% of the initial population is either growth inhibited or killed. A smaller copper dose would inhibit a
lower percentage of the initial population and consequently the lag phase would be
shorter.
What is valid for a monoculture will also hold for a natural phytoplankton
community composed of more sensitive as well as less sensitive species. It is concei-
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vable therefore, that seasonal changes of total copper concentration as reported by
RILEY [27] and KIMBALL [18], as well as possible changes in the complexing properties of the waters could influence the phytoplankton succession.
Table 3. Idealized growth of a culture with and without copper addition.
Day

Growth in the control
no copper added
Ind.fl

1
2
3
4
5
6
7
8
9
10

10,000
20,000
40,000
80,000
160,000
320,000
640,000
1,280,000
2,560,000
5,120,000

Growth after copper addition

% increase/
day

Ind.fl
growth inhibited
or dead cells

Ind.fl
cells not
influenced by [Cu]

Ind.fl
total
cells

% increase/
day

100
100
100
100
100
100
100
100
100

9,000
9,000
9,000
9,000
9,000
9,000
9,000
9,000
9,000
9,000

1,000
2,000
4,000
8,000
16,000
32,000
64,000
128,000
256,000
512,000

10,000
11,000
13,000
17,000
25,000
41,000
73,000
137,000
256,000
521,000

10
18
31
47
64
78
88
93
97

Summary and conclusions
1. Natural waters have the property to mask added Cu2+ ions. This capability
(the complexing capacity) is attributed to ligands forming copper complexes with
log conditional formation constants greater than or equal to 10. It is possible to
measure this complexing capacity with relatively high accuracy.
2. The complexing capacity of a water sample does not guarantee that the
equivalent amount of copper could be tolerated by the system without adversely
affecting phytoplankton production.
3. At the present time, it is not possible either to measure the concentration of
free copper ions in equilibrium with the ligands or to estimate it indirectly by calculation, since the nature of the ligands and therefore the formation constants with
other metals are not known.
4. If only ionic and not complexed copper is toxic, then it is most probable
that it inhibits photosynthesis of planktonic algae at concentrations of about· 10-10
mole/I.
5. It is suggested that seasonal variations of the natural copper concentration
in concert with the complexing property of the water might have an influence on
phytoplankton succession.
This study was carried out at the Canada Center for Inland Waters, Department of the
Environment. The senior author gratefully acknowledges a post-doctoral fellowship awarded to
him by the N. R. C. C. The authors wish to express their thanks to Professor Werner Stumm
and to Dr Mary E. Thompson for encouragement and their critical comments on the manuscript.
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ZUSAMMENFASSUNG
1. Membranfiltrierte Proben aus natfirlichen Gewassern haben die Fahigkeit, zugeffihrte Kupferionen <lurch Komplexierung oder kolloidale Adsorption zu maskieren. Es ist moglich, diese
Kapazitat («Komplexierungskapazitat») polarographisch zu bestimmen. Es werden mit derangewandten Methode jedoch nur Liganden erfasst, die Kupferkomplexe mit einer Komplexbildungskonstanten K1 :;;:- 1010 bilden.
2. Es wird gezeigt, dass Kupfer schon toxisch wirkt, lange bevor die so gemessene minimale
Komplexierungskapazitat der Probe voll ausgeschopft ist.
3. Bei Gesamtkupferkonzentrationen von weniger als l0-6 Mol/l kann im Moment die Konzentration der mit den unbekannten Liganden oder Kolloiden im Gleichgewicht stehenden freien
Kupferionen weder analytisch noch rechnerisch exakt bestimmt werden.
4. Sollte es aber zutreffen, dass nur freie Kupferionen [Cu(H20) 6 ]2+ die Photosynthese hemmen, so muss angenommen werden, dass Konzentrationen von weniger als etwa 10-10 Mol/l bereits
toxisch wirken.
5. Es ist denkbar, dass saisonale Veranderungen der Kupferkonzentration und der Komplexierungskapazitat die jahreszeitliche Sukzession des Phytoplanktons beeinflussen.
RESUME
Les eaux naturelles filtrees sur membrane sont capables de masquer Jes ions de cuivre par
!'adsorption colloi'.dale ou par formation de complexes. II est possible de determiner cette capacite
(«complexing capacity•) attribuee aux ligands formant des complexes de cuivre d'une constante
K 1 :;;:- 101° avec une methode polarographique.
On a demontre que le cuivre est toxique bien avant que cette capacite ne soit epuisee.
Pour !'instant il n'existe ni methode chimique ni mathemathique pour determiner la concentration precise du [Cu(H 20) 6]2+.
S'il s'averait que ce ne sont que Jes ions libres de cuivre [Cu(H20) 8] 2 + qui inhibent la photosynthese, i1 faudrait admettre que des concentrations de ;;; 10-10 Mol/l sont deja toxiques.
Il est bien possible que la variation saisonniere des concentrations du cuivre et de la capacite
des eaux de masquer des ion metalliques influence la succession du phytoplancton.
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