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Abstract—The acute toxicity of copper to the Australian freshwater shrimp, Paratya australiensis, 
was shown to decrease in solutions of increasing alkalinity brought about by the addition of 
NaHCOj. This effect could not be explained merely in terms of changes in copper speciation in the 
solutions. Estimates of the free copper(II) ion concentration of the LC50 values were made using 
both copper ion selective electrodes measurements and chemical equilibrium computer calculations. 
Whereas there were discrepancies between the estimates obtained using these two methods, both in
dicated an apparent increase in tolerance of P. australiensis to the free copper(II) ion in more al
kaline waters. An additional set of experiments, in which NaCl was added to test waters in place 
of NaHCOs, demonstrated that the increased tolerance of P. australiensis to copper in higher al
kalinity waters was caused by a combination of physiological effects associated with increased ionic 
strength of the test waters and, to a lesser extent, changes in metal speciation in test waters. Fur
ther study of the reason for the discrepancy between estimates of copper(II) concentrations derived 
from ion selective electrode measurements and computer calculations is required. 
Keywords —Copper toxicity Speciation Ionic strength Bicarbonate 
Paratya australiensis 

INTRODUCTION 
The experiments reported in this paper were 

conducted as part of a study on the relationship be
tween the physico-chemical forms of copper and 
its toxicity to the AustraHan freshwater shrimp, 
Paratya australiensis. The experimental program 
was designed to test the hypothesis that the free 
copper(II) ion (Cû "*") was the major copper spe
cies causing acute toxicity to P. australiensis. Acute 
toxicity tests were conducted using copper in Mel
bourne tap water (no added complexing Ugands), 
and in the presence of two well characterized or
ganic complexing ligands (nitrilotriacetic acid 
(NTA) and glycine) [1], a representative inorganic 
ligand (bicarbonate) and natural dissolved organic 
matter collected from three aquatic sites in Victo
ria, Australia [2], The results of the bicarbonate 
experiments are reported here. 

In the copper-NTA and copper-glycine exper
iments described by Daly et al. [1], the concen
trations of Cu^+, and CuOH+ and CuCOg were 
highly correlated and could not be separated to in-
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dicate which was/were the toxic species. For this 
reason, it was decided to conduct a pair of exper
iments with copper and NaHCOs to determine 
whether or not CuCOg contributes to the toxicity 
of copper to P. australiensis. Unfortunately, a sim
ilar group of experiments with the hydroxide ion 
could not be run without changing the pH of the 
test waters, making it difficult to distinguish be
tween physiological and metal speciation effects. 

Most studies on acute copper toxicity have in
dicated that C U C O 3 is nontoxic to aquatic organ
isms (e.g., [3-5]). On the other hand, Shaw and 
Brown [6] argued that copper carbonate and the 
free copper(II) ion were equally toxic to rainbow 
trout. However, it is difficuh to reconcile this in
terpretation with the results of their experiments, 
which demonstrate that copper toxicity was signif
icantly reduced in high alkaUnity test waters (in 
which there would have been considerable com-
plexation of copper by the carbonate ion). 

In the present study, P. australiensis was exposed 
to copper in the presence of two concentrations of 
NaHCOs. Preliminary experiments indicated that 
the change in ionic strength of the test waters 
caused by the addition of NaHCOj had a physio
logical effect on test organisms, which altered their 
sensitivity to copper. It was therefore necessary to 
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run a parallel copper plus NaCl experiment for 
each copper plus NaHCOj experiment conducted. 

MATERIALS AND METHODS 
General procedures 

The test procedure has been described by Daly 
et al. [1]. Briefly, each experiment was conducted 
as a 6-d continuous-flow test, in which test organ
isms were exposed to a range of copper concentra
tions at 15°C in continuously aerated solutions. 
Test concentrations were run in duplicate. If mor-
taUties in the control exceeded 10%, the test was 
rejected. At the end of each experiment, LC50 val
ues were calculated using a computer program for 
probit analysis by the maximum Hkelihood itera
tive method [7]. Results were expressed in terms 
of total copper concentrations and (where possi
ble) both measured and calculated copper (I I) ion 
concentrations. 

For the bicarbonate experiments, sufficient 
Nr.HC03 (Univar) was added to stock solutions to 
obtain test waters with alkalinities of approximately 
50 and 100 mg/L as CaCOg. The quantity of 
NaHC03 required was calculated using a method 
for total carbonate and pH control described by 
Roberts and Allen [8]. Initially some difficulties 
were encountered with the continuous-flow bicar
bonate experiments because of precipitation of 
malachite (Cu2(OH)2C03) in the stock solutions, 
which caused a reduction in the concentration of 
copper being delivered to the test tanks. The prob
lem was solved by bubbhng CO2 through the 
stock solutions to lower the pH and thereby stop 
precipitation. This did not have any significant ef
fect on the final pH of test solutions because of the 
small toxicant volume to diluent volume ratio. 

A pair of copper plus NaCl experiments was run 
subsequently, in which sufficient NaCl was added 

to stock solutions to obtain test waters with con
ductivities corresponding to those in the two alka
linity experiments. Mean values for physicochemical 
characteristics of all test waters are presented in 
Table 1. Corresponding values for Melbourne tap 
water [1] are included for comparison. 

An Orion copper selective electrode (ISE; 
Model No. 94-29A) was used to measure copper(II) 
ion activities in solutions containing a range of to
tal coppef concentrations at each of the two bicar
bonate and chloride concentrations used in the 
tests. From these results, the free copper(II) ion 
concentrations that would have been present in the 
test waters of each experiment were estimated. In 
addition, copper(II) ion concentrations were calcu
lated from measured total copper concentrations 
using the MINEQL chemical equilibrium computer 
program devised by Westall et al. [9]. 

RESULTS 
The 48-, 96- and 144-h LC50 values for P. aus

traliensis with copper in two NaHC03 concentra
tions and two NaCl concentrations are presented in 
Table 2. Results are expressed in terms of total 
copper concentrations and of calculated (MINEQL) 
and measured (ISE) copper(II) ion concentrations. 

In Figure 1 the 96-h LC50 values for P. aus
traliensis with copper in Melbourne tap water, two 
NaHCOs concentrations and two NaCl concentra
tions are shown in terms of total copper and cal
culated copper(II) ion concentrations. The 95% 
fiducial Hmits for each LC50 value are indicated 
by diagonal lines; the horizontal component of 
these Hnes represents the fiducial limits for the 
LC50 values on a total copper basis, whereas the 
vertical component represents the fiducial limits on 
a copper(II) ion basis. It is apparent from Figure 1 
that the presence of NaHC03 and NaCl in test so-

Table 1. Mean values for physicochemical characteristics of test waters in bicarbonate/chloride experiments 
Melbourne Indicator Units NaHCOj^ NaCl'' NaHCOj^ NaCl'* tap water 

Conductivity jiiS/cm 109.5 (3.9) 121.4 (5.2) 167.5 (7.7) 172.4(0.1) 59.7 
Hardness mg/L as CaCOs 11.9 (0.2) 13.5 (0.3) 12.7 (0.2) 13.2 (0.2) 17.0 
pH 6.9 (0.2) 6.7 (0.4) 6.9 (0.2) 6.5 (0.1) 7.0 
Alkalinity mg/L as CaCOj 46.5 (2.9) 3.8 (0.2) 95.4 (3.0) 6.5 (0.2) 9.1 
DOC mg C/L 3.4 (0.3) 3.1 (0.2) 3.1 (0.2) 2.8 (0.2) 2.4 

DOC, dissolved organic carbon concentration; values in parentheses are standard deviations (« = 14). Mean val
ues for Melbourne tap water are included for comparison [1]. 

^Nominal alkalinity of 50 mg/L as CaCOs. 
''NaCl solution with equivalent conductivity to ^. 
'^Nominal alkalinity of 100 mg/L as CaCOj. 
'^NaCl solution with equivalent conductivity to 
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Table 2. 96-h LC50 values for P. australiensis exposed to copper in the presence of NaHCOa or NaCl 
Cu(II) ion LC50 (^g Cu/L) 

Total Cu LC50 
(ng Cu/L) Calculated Measured 

Test Time 
(h) LC50 (95% FL) MINEQL (95% FL) ISE («,SD) 

1 48 248 (147, 2,340) 99 (58, 931) 128 (5, 13) 
2 161 (120, 566) 93 (69, 325) 135 (3, 10) 
3 294 (197, 1,190) 81 (54, 328) 154 (5, 19) 
4 183 (140, 477) 101 (80, 274) 169 (3, 12) 
1 96 120 ( 99, 173) 48 (39, 69) 52 (3, 3) 
2 99 ( 85, 125) 57 (49,' 72) 73 (3, 3) 
3 178 (137, 288) 49 (38, 79) 80 (5, 12) 
4 112 ( 98, 138) 61 (55, 79) 89 (3, 10) 
1 144 106 ( 90, 137) 42 (35, 55) 44 (5, 7) 
2 85 ( 72, 102) 49 (41, 59) 59 (3, 4) 
3 140 (113, 182) 40 (31, 52) 56 (3, 9) 
4 103 ( 90, 122) 57 (51, 70) 79 (3, 9) 
FL, fiducial limits; n, number of ISE measurements; SD, standard deviation of ISE measurements. 

Test 1: NaHCOj (alk. = 50 mg/L as CaCOj); Test 3: NaHCOj (alk. = 100 mg/L as CaCOj); 
Test 2: NaCl solution, conductivity same as 1; Test 4: NaCl solution, conductivity same as 3. 

(See Table 1 for other chemical characteristics of test waters.) 

lutions substantially reduced copper toxicity to 
P. australiensis. 

However, this effect cannot be explained merely 
in terms of changes in copper speciation. For ex
ample, in Melbourne tap water, the 96-h LC50 
value in terms of free copper(II) ion is approxi
mately 20 ng/L, whereas in the presence of around 
1 0 - ' M NaHC03 (alkalinity = 100 mg/L) or NaCl 
it is more than 45 fig/L. This suggests that the free 
copper(II) ion is actually less toxic to P. australien
sis in the presence of added sodium salts. 

DISCUSSION 
With the possible exception of results from the 

50 mg/L alkaUnity test waters, estimates of cop-
per(II) ion concentrations obtained using the 
MINEQL chemical equilibrium program were sub
stantially lower than their corresponding ISE-mea-
sured values (Table 2). One possible explanation 
for this result is that the copper ISE responds to 
species other than just the free copper(II) ion. In 
a study of copper speciation in certain Canadian 

Fig. 1. LC50 values for P. australiensis exposed to copper in the presence of NaHCOs and NaCl, in terms of total 
copper concentration and calculated copper(II) ion concentration: 96-h test. 
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natural waters, Barica [10] found that the response 
of a copper ISE deviated significantly from the the
oretical (Nernstian) response. He suggested that the 
electrode responded to singly charged copper com
plexes, such as CuOH^ or CuHCO^, in addition 
to the free copper(II) ion. Similarly, Wagemann 
[II] argued that under certain conditions copper 
ISEs respond to positively charged inorganic com
plexes of copper, and that this can lead to signifi
cant deviations from expected values. 

A basic assumption made in speciation mea
surements is that all of the species in the system are 
at thermodynamic equilibrium. Results of a recent 
study by Gulens et al. [12] suggest that this is not 
always so. They found that the speciation of mi-
cromolar solutions of copper was dominated by 
the formation of a copper-hydroxy colloid, which 
only slowly converted to thermodynamically more 
stable species. The presence of this solid phase con
trolled the concentration of free copper(II) ions in 
solution. This could obviously lead to an error in 
interpreting the results of ISE measurements where 
it is assumed that equilibrium has been attained. 

When copper ISEs are used in the presence of 
high chloride ion activities, changes in the response 
slope and apparent potential of the electrode, slow 
response and sensitivity to stirring have been ob
served [9,13,14]. However, it seems unhkely that 
the chloride ion concentrations in the present set of 
experiments would be sufficient to cause such 
interference. 

A comparison of the percentage of copper pres
ent as copper(II) ions in Melbourne tap water (de
termined by ISE) with that in tap water containing 
NaHCOj or NaCl supports the hypothesis that the 
ISE is responding to some factor other than just 
the activity of the free copper(II) ion. In Mel
bourne tap water, the free copper(II) was shown to 
constitute 50 to 60% of the total copper in the wa
ter [1]. As the alkaUnity of the test water is in
creased, one would expect that more copper would 
be complexed as carbonate species, resuking in a 
significant reduction of the percentage of copper 
present as free copper(II). This is indicated for the 
computer calculated values (Table 2). In the lower 
alkalinity test waters there is reasonable agreement 
between the calculated and ISE-measured free cop-
per(II) concentrations at the 96-h and 144-h LC50 
values. However, there is little reduction in the 
ISE-measured percentage of free copper(II) when 
the alkaUnity is increased to 100 mg/L as CaCOj. 
In the presence of NaCl there is, according to the 
ISE measurements, an increase in the percentage of 
copper present as copper(II) ions compared with 

that present in tap water, whereas one would ex
pect a sUght reduction. The ISE measurements are 
contrary to what would logically be expected from 
a basic understanding of the aqueous system. Be
cause of this, calculated rather than measured cop-
per(II) concentrations were used to interpret the 
toxicity test results. 

The data in Figure 1 demonstrate a substantial 
reduction in copper toxicity to P. australiensis 
when either NaCl or NaHCOs is added to the test 
water. Two Ukely reasons for this result are: (a) 
that changes in metal speciation of the test waters 
have altered the concentration of the toxic form(s) 
of copper; and (b) that the sensitivity of P. aus
traliensis to copper is reduced in waters of high 
ionic strength (at least up to conductivities of 170 
juS/cm). 

At the concentrations of NaCl used in these ex
periments, complexation of copper by chloride 
ions was negUgible, resuking in virtually no differ
ence in metal speciation between the Melbourne 
tap water and NaCl test waters. Therefore, speci
ation effects cannot be used to explain the differ
ences in copper toxicity observed between the NaCl 
and tap water experiments. 

A number of workers have observed a decrease 
in copper toxicity with increasing alkaUnity, and 
attributed this to the formation of nontoxic copper 
complexes, such as C U C O 3 and CuOH"*", with a 
corresponding reduction in the concentration of 
the toxic free copper(II) ion [3-5, 15]. If CuCOj 
were making a substantial contribution to copper 
toxicity in the present set of experiments, one 
would expect that the LC50 in terms of the free 
copper(II) ion would be significantly lower in the 
bicarbonate experiments than in the NaCl experi
ments. Whereas the copper(II) LC50's from the bi
carbonate experiments appear to be sUghtly lower 
(Table 2, Fig. 1), there is considerable overlap of 
the 95% fiducial Umks, and the differences could 
not be considered significant. Therefore, it appears 
that C U C O 3 does not contribute substantially to 
the acute toxicity of copper to P. australiensis. 

When the results of toxicity tests in waters con
taining added bicarbonate or chloride salts are 
compared with those in Melbourne tap water alone 
(Fig. 1), it is apparent that the copper(II) ion is sig
nificantly more toxic in the lower ionic strength tap 
water. This increased toxicity is evident as a lower 
LC50 value (in terms of both total copper and free 
copper(II) ion concentrations) in tap water com
pared with NaHC03/NaCl test waters. Possible 
reasons for the heightened sensitivity of P. aus
traliensis to copper(II) ions in waters of low ionic 
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Strength include: (a) changes in the rate of active 
uptake of ions associated with the low ionic con
centration of the water, which would increase the 
potential for movement of copper across the gill 
surface; (b) the effects of copper toxicity and ionic 
stress acting synergistically to decrease the shrimp's 
tolerance to heavy metal exposure. Lake et al. [16] 
found that cadmium was significantly less toxic to 
the freshwater amphipod Austrochiltonia australis 
in waters with high total ion concentrations. They 
attributed this result to a reduction in uptake of 
cadmium at higher conductivities, largely due to 
the presence of increased calcium and magnesium 
ion concentrations. However, the changes in tox
icity observed in the present study were associated 
with increased sodium, chloride and bicarbonate 
concentrations rather than calcium and magnesium. 

The reduction in an animal's tolerance to one 
environmental factor due to another has been re
ported frequently in the literature [e.g., 16-20]. 
Walker [17] showed that the tolerance of P. aus
traliensis to extremes of temperature was reduced 
significantly in waters of low ionic strength. Stud
ies on various Crustacea have demonstrated in
creased toxicity of metals in "ionically stressful" 
environments [20-22]. Whereas it is not suggested 
that the ionic strength of Melbourne tap water is 
sufficiently low to affect the survival of P. aus
traliensis on its own, it does seem likely that the 
sensitivity of the shrimp to copper exposure could 
have been heightened under the conditions of the 
tap water experiments. 
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