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Abstract-The influence of dissolved organic matter on the toxicity of copper to the Austrahan fresh
water shrimp, Paratya australiensis, was measured using water collected from three sites in Victo
ria, Austraha. A two-ligand model was used to describe copper complexation in these test waters. 
The binding characteristics of the ligands (i.e., total ligand concentrations and conditional stabil
ity constants) were determined using a method combining ion selective electrode and anodic strip
ping voltammetry. 

Ion selective electrode measurements and the two-ligand model were each used to estimate the 
concentration of copper(II) (the major toxic species) at the LC50 values. Both methods overesti
mated by a factor of approximately 1.5 to 3 the expected copper(II) concentration at the LC50 val
ues, based on earlier experiments in Melbourne tap water. The agreement seems remarkably good 
given the many assumptions used in making the comparison and the difficulties encountered with 
the use of ion selective electrodes in natural waters. 
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INTRODUCTION 
The experiments reported in this paper were 

conducted as part of a study on the relationship be
tween the physicochemical forms of copper and its 
toxicity to the Australian freshwater shrimp, 
Paratya australiensis. The experimental program 
was designed to test the hypothesis that the free 
copper(II) ion was the major copper species caus
ing acute toxicity to P. australiensis. Acute toxic
ity tests were conducted using copper in Melbourne 
tap water (no added complexing ligands), and in 
the presence of two well-characterized organic 
complexing ligands (nitrilotriacetic acid (NTA) and 
glycine) [1], a representative inorganic ligand (bi
carbonate) [2] and natural dissolved organic mat
ter. The results of the experiments using natural 
waters are reported here. 

Data from the tests conducted in well-character
ized waters (Melbourne tap water alone, or tap wa
ter with added NTA, glycine (Gly) or bicarbonate) 
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indicate that, of the copper species tested, the free 
copper(II) ion was most acutely toxic to Paratya 
australiensis [1,2]. However, at least one other spe
cies (CuGly" )̂ appeared to be mildly toxic also [1]. 
Experiments in the presence of bicarbonate dem
onstrated that the ionic strength of the test waters 
influenced copper toxicity to P. australiensis, with 
toxicity decreasing as ionic strength was increased 
[2]. 

In metal speciation studies there are obvious ad
vantages in using a well-defined medium contain
ing ligands that form known complexes with the 
metal. However, eventually it is necessary that the 
toxicity of metals in natural waters be studied, 
since these are the systems that we intend to 
protect. 

Most natural waters have an ability to complex 
metals (known as the complexing capacity), which, 
in many fresh waters, appears to be associated 
mainly with the presence of organic matter [3-7]. 
A number of workers have shown that metal tox
icity to organisms in natural waters is reduced by 
the complexing capacity of the waters [3,8-14], 

In the present study, three pairs of experiments 
were conducted in which P. australiensis was ex
posed to copper in the presence of natural dis
solved organic matter collected from three sites in 
Victoria, AustraUa. The results of the experiments 
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were interpreted in the light of complexing capac
ity measurements made on each of the test waters. 

MATERIALS AND METHODS 
General procedures 

The test procedure used has been described by 
Daly et al. [1]. Because of the difficulty of trans
porting large quantities of the natural waters from 
the field to the laboratory, flow-through experi
ments were not undertaken and instead each exper
iment was run as a 6-d semi-static test with half of 
the test volume changed daily. Solutions were con
tinuously aerated to ensure mixing and to maintain 
saturated dissolved oxygen condition. The natural 
waters were filtered through a Whatman GF/C 
glass fiber filter (approx. 1 ^m particle size reten
tion) to remove any coarse particulate matter prior 
to the experiments. 

The natural waters were collected from three 
sites in Victoria, Australia: 
1. the Inkpot in Western Victoria; 
2. a Forests Commission fire dam on the Errinun-

dra Plateau in East Gippsland; 
3. Redwater Creek in the Otway Ranges (Western 

Victoria). 

Further details of the sites are given by Daly [15]. 
In each experiment, a tap water control, a nat

ural water control and seven (Inkpot experiments) 
or eight (Errinundra and Redwater Creek experi
ments) copper concentrations were run in duplicate 
at I5°C. Laboratory tap water and distilled water 
were mixed with each natural water in appropriate 
quantities to result in test waters with dissolved or

ganic carbon concentrations of approximately 7 to 
8 mg/L and 12 to 13 mg/L, and similar pH, hard
ness, conductivity and alkalinity to the laboratory 
tap water used in other tests [I]. Dissolved organic 
carbon measurements were made on a Sybron 
Barnstead Photochem organic carbon analyzer. 
Standard methods [16] were used for determining 
the alkahnity, hardness, pH and conductivity of 
test waters. The chemical characteristics of the test 
waters for each experiment are shown in Table 1. 
Mean values for Melbourne tap water [1] are in
cluded for comparison. During the experiments 
with Inkpot and Redwater Creek waters, the pH of 
test waters was adjusted to around 7 with O.I M 
NaOH. 

An Orion copper ion selective electrode (ISE) 
(Model 94-29A) was used to measure copper(II) ion 
activities in solutions containing a range of total 
copper concentrations at each of the "natural wa
ter" concentrations used in the toxicity experiments. 
Complexometric method 

The complexing capacity of each of the test 
waters was determined by complexometric titration 
using the anodic stripping voltammetry (ASV) and 
ion selective electrode (ISE) methods described by 
Hart and Jones [17] and Jones [18], except that the 
pH of the samples was maintained at 7.0 rather 
than 6.0. The essence of the method is that a sam
ple is titrated with ionic copper and, at certain in
tervals, the uncomplexed copper is measured using 
either ASV or ISE. In the early stages of the titra
tion there is very little free copper(II) determined 
because most of the added metal is complexed. 
However, once the complexing capacity is ex
ceeded, the added metal remains uncomplexed and 

Table 1. Mean values for physicochemical characteristics of test waters in natural water experiments 
Redwater Errinundra Inkpot Melbourne 

Indicator Units 1:7^ 1:3 1:3 1:1 1:9 1:4 tap water 
Conductivity /[iS/cm 64.0 70.4 51.6 49.2 64.3 60.7 59.7 

(0.4) (0.8) (0.4) (0.8) (0.7) (0.5) 
Hardness mg/L as CaCOj 16.0 16.4 17.5 15.6 14.7 14.1 17.0 
pH (0.4) (0.6) (0.5) (0.3) (0.4) (0.3) pH 6.79 6.70 7.00 7.04 6.91 6.73 6.96 
Alkalinity (0.04) (0.02) (0.04) (0.06) (0.09) (0.04) Alkalinity mg/L as CaCOj 6.0 4.9 9.4 7.5 5.5 4.4 9.1 
DOC (0.3) (1.0) (0.7) (0.3) (0.2) (0.4) DOC mg C/L 8.3 12.6 7.4 13.8 8.0 13.0 2.4 

(0.6) (1.0) (0.3) (0.5) (0.4) (1.0) 
DOC, dissolved organic carbon concentration; values in parentheses are standard deviations (« = 18 for Redwater 
Creek and Errinundra; n = 16 for Inkpot). Mean values for Melbourne tap water are included for comparison [1]. 

^1:7 = 1 part natural water to 7 parts diluent. 



Copper toxicity to Paratya australiensis: III 1015 

the concentration of the free copper(II) rises 
sharply. 

If a two-ligand system is assumed, the ISE can 
be seen to give a measure of the complexing capac
ity of both ligands, because it responds only to the 
free copper(II) ion (Fig. 1). The ASV determines 
labile copper, which includes free copper (I I) ions, 
most inorganic complexes and weaker organic 
complexes. The ASV complexing capacity there
fore consists only of the stronger binding ligand, 
Z-i. By using the results of the ASV and ISE titra
tions in the MINEQL chemical equilibrium com
puter program [19], modified for a two-ligand 
system, it is possible to estimate the free copper(II) 
concentration present in each of the natural waters 
at the LC50 value. 

RESULTS 
Results of complexing capacity measurements 

made on each of the test waters are given in 
Table 2. These data were used, in conjunction with 
a modified version of the MINEQL program [19], 
to estimate the copper(II) concentrations present in 
test waters at the LC50 values. 

The 96-h LC50 values for P. australiensis ex
posed to copper in the six natural water experi
ments are presented in Table 3. Results are ex
pressed in terms of total copper concentration and 
the corresponding copper(II) ion concentration, 
based on both MINEQL calculations and direct 
ISE measurements. LC50 data from experiments 
conducted in Melbourne tap water [I] are included 
for comparison. 

The data in Table 3 indicate that the presence of 
natural organic matter significantly reduces the 
toxicity of copper to P. australiensis. For example, 
the 96-h LC50 values for P. australiensis exposed 
to copper in Melbourne tap water is 34 ng Cu/L, 
compared with values of 141 ng Cu/L in 1:7 Red-
water Creek water (1 part natural water to 7 parts 
diluent) and 317 jug Cu/L in 1:4 Inkpot water. 

Table 2. Complexing capacity of natural waters used 
in toxicity experiments assuming a two ligand system 

Test water ( M M ) log 
[L2] 

( M M ) log *K2 

Redwater Creek 
1:7^ 0.27 8.0 6.0 5.8 
1:3 0.54 8.0 12.1 5.7 

Errinundra 
1:3 0.12 7.6 3.2 5.7 
1:1 0.23 7.6 6.4 5.7 

Inkpot 
1:9 0.37 7.6 7.9 5.4 
1:4 0.74 7.6 15.8 5.4 

[L„] - concentration of ligand n; *K„ = conditional 
stability constant for the reaction C\x-\- L ^ - C\xL„. 

''1:7 = 1 part natural water to 7 parts diluent. 

However, when LC50 values are expressed as cop-
per(II) ion rather than total copper concentrations, 
the variabihty is substantially reduced. 

DISCUSSION 
In this series of experiments, the presence of 

natural dissolved organic matter in the test waters 
was shown to considerably reduce the toxicity of 
copper to P. australiensis, presumably through the 
formation of nontoxic copper organic complexes. 
Various other workers [3,8-14] have similarly dem
onstrated a reduction in metal toxicity to aquatic 
organisms in the presence of natural organic mat
ter. This suggests that natural organic matter in 
aquatic systems may provide substantial protection 
to aquatic organisms from the potentially harmful 
effects of heavy metals. 

On the basis of the hypothesis that the cop-
per(II) ion is the (major) toxic form of copper, one 
would expect that the 96-h LC50 values in terms of 
the copper(II) ion in the natural water experiments 
would approximate that derived from the Mel
bourne tap water experiments (Table 3). There is 

Fig. 1. Diagrammatic representation of the differences in copper complexing capacity measurements by anodic strip
ping voltammetry (ASV) and ion selective electrode (ISE). Cul, copper inorganic complexes; C U L 2 , ASV-labile 
copper-organic complexes; CuLi, copper-inorganic complexes not detected by either ISE or ASV. 
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Table 3. 96-h LC50 values for P. australiensis exposed to copper in the presence of natural organic matter 
Cu(II) ion LC50 (^g Cu/L) 

Total copper LC50 
(jug Cu/L) Calculated Measured 

Condition LC50 (95% FL) LC50 (95% FL) ISE («,SD) 

Redwater Creek 
141 (127, 157) 34 (29, 40) 21 (3,7) 

1:3 238 (214, 264) 34 (31, 39) 28 (3,6) 
Errinundra 

1:3 108 ( 96, 121) 38 (33, 44) 33 (4, 8) 
1:1 184 (172, 197) 46 (43 , 49) 54 (4, 9) 

Inkpot 
1:9 196 (174, 235) 56 (49, 68) 71 (3, 14) 
1:4 317 (275, 377) 54 (46, 65) 74 (3,9) 

Melbourne tap water'' 34 ( 2 8 , 41) 20 (17, 24)<̂  16 (3,2) 
FL, fiducial limits; n, number of ISE measurements; so, standard deviation of ISE measurements. 

= \t natural water to 7 parts diluent. 
^Ref. [1]. 
'^Calculated using MINEQL and log *K values estimated from the literature. 

good agreement between the mean of the ISE-
determined copper(II) ion concentrations at the 
96-h LC50 for the Redwater Creek experiments 
and the expected value of 16 to 20 /xg Cu^VL 
(based on ISE-measured and computer-calculated 
estimates; Table 3). The ISE measurements for 
both the Errinundra and Inkpot waters give esti
mates that are higher than the expected values. 
Note that there are a number of problems asso
ciated with the use of ion selective electrodes in 
natural waters. Poor reproducibility, unstable po
tentials and relatively long response times have 
been reported for a copper(II) ion selective elec
trode in the presence of humic and fulvic acids 
[20]. We found there was substantial variability in 
the copper(II) ion activity measured by ISE for a 
given total copper concentration and water type. 
For example, the mean estimated 96-h LC50 in 
terms of the copper(II) ion for P. australiensis in 
1:7 Redwater Creek water was 21 jug Cu^VL with 
a standard deviation of 7 /iig/L on the basis of 
three measurements (Table 3). Electrode response 
was also slow in the natural waters used for toxic
ity experiments. In Errinundra water, in particular, 
the electrode potential took several hours to stabi
lize sufficiently to take a reading. The slow re
sponse of the electrode may be indicative of 
interference from some component of the natural 
water or of slow complexation reactions taking 
place. 

In solutions free from interfering ions, the cop-
per(II) ion selective electrode is generally consid

ered to respond specifically to copper(II) ions. This 
has led to the widespread use of the ISE for mea
surement of copper(II) ion activities in a variety of 
aqueous systems. However, there are now some 
doubts about the specificity of the electrode re
sponse in natural waters [4,20,21]. For example, 
copper ion selective electrodes have been shown to 
respond to the presence of organic complexing 
agents [20,22]. In the series of experiments re
ported here, the ISE was calibrated in UV irradi
ated water, free from organic matter, before being 
used to measure copper(II) ion activities in the 
waters containing natural humic substances. This 
could have some effect on the accuracy of the ISE 
measurements if the electrode responded to organic 
material in the natural waters which was absent 
from the calibration water. An obvious focus for 
further studies would be the investigation of re
sponses of ion selective electrodes in a variety of 
natural waters under a range of conditions. Until 
then, note that there are some uncertainties in
volved in the use of ion selective electrodes in nat
ural waters. 

In addition to directly measuring the copper(II) 
ion activities in the natural waters used for our tox
icity experiments, we used a combination of the 
ASV- and ISE-measured complexing capacities to 
estimate the free copper(II) ion concentration pres
ent at the 96-h LC50. These complexing capacity 
determinations indicate the presence of (at least) 
two copper-binding ligands in each of the test 
waters, one (Lj) which is present at lower con-
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centrations, but binds copper relatively strongly 
(log) *K = 7.6-8.0), and the other ( L 2 ) , which is 
present at much higher concentrations, but forms 
weaker complexes with copper (log) *K= 5.4-5.7; 
Table 2). The estimates of [Cu^+] at the LC50 
value for the test water, obtained by using the com
plexing capacity data in MINEQL, are approxi
mately 1.5 to 3 times greater than the "expected" 
values of 20 / x g / L , based on results from the Mel
bourne tap water experiments (Table 3). Neverthe
less, the agreement is remarkably good, given the 
assumptions made in making this comparison. 

We have assumed that, with the exception of 
the presence of extra organic matter, the waters 
used in this group of experiments have the same 
physicochemical characteristics as Melbourne tap 
water. Although the test waters were made up to 
simulate Melbourne tap water in many respects 
(e.g., pH, conductivity and hardness; Table 1), 
there are undoubtedly some differences which 
could have affected the sensitivity of P. australien
sis to the free metal. In addition, the time allowed 
for the ISE and ASV determinations of copper(II) 
ion activity was assumed to be sufficient for equi
librium to be reached. If this were not the case, the 
amount of copper complexation taking place may 
have been underestimated. To determine whether 
or not this was so, the ISE was placed in a sample 
of 1:3 strength Errinundra water containing 130 
jLig/L added copper. The pH of the solution was 
adjusted to 7.0 (±0.1) using a Radiometer pH-stat, 
and EMF readings were taken at regular intervals 
over an 8-h period. The results indicate that 60% 
of the copper was complexed rapidly (within 20 
min), followed by a further 10% complexation 
over the next 7 to 8 h. The concentration of com
plexed copper was still increasing slowly when the 
experiment was terminated. Thus, it seems that the 
ISE and ASV methods used to determine free cop-
per(II) ion activities in solution would underesti
mate the amount of complexation taking place. It 
is also possible that there were additional ligands 
present which were not detected by the techniques 
used, and this would again lead to overestimation 
of the amount of free copper present. 

Preliminary calculations were run with MINEQL 
to see whether the inclusion of complexation of 
calcium and magnesium by the natural organic li
gands would significantly alter calculated cop-
per(II) ion concentrations. Stability constants of 
10^ and 10^ for CaLi and CaL2, respectively, and 
10^ and 10̂ -̂  for MgL, and MgL2, respectively, 
were used in the calculations. These values are 

probably shghtly higher than the "real" values, 
and, if anything, would overestimate the effect of 
calcium and magnesium complexation on cop-
per(II) ion concentrations. Nevertheless, calcula
tions for 1:7 Redwater Creek and 1:4 Errinundra 
waters showed that inclusion of complexation reac
tions between calcium and magnesium and the 
natural organic Ugands increased the calculated 
copper(II) ion concentrations by only 5%. This 
difference*was considered insignificant, and subse
quent calculations did not include these reactions. 

Finally, in our expectation that LC50 in terms 
of the free copper(II) should be approximately 20 
/xg/L, we have assumed that the complexes CuL, 
and CuLj are nontoxic to P. australiensis. If either 
or both of these complexes were toxic, the LC50 
expressed as copper(II) would decrease as the con
centration of organic matter, and consequently of 
copper-organic complexes, was increased. How
ever, the substantial protection from copper toxic
ity provided by the presence of the natural humic 
substances suggests that these copper-organic com
plexes have negligible toxicity to P. australiensis. 

Although recognizing that there are Umitations 
in the use of a simple two-ligand model to describe 
a largely uncharacterized natural system, we be
lieve that there is sufficient agreement between the 
free copper concentrations predicted by the model 
and those predicted from the toxicity experiments 
to warrant further use of the model to estimate 
copper speciation in natural waters. 
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