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Abstract —The relationship between copper speciation and acute toxicity to the AustraHan fresh
water shrimp, Paratya australiensis was determined using a combination of copper ion selective elec
trode measurements, complexing resins and computer calculations to measure the speciation in test 
solutions. A number of problems were encountered with the use of the copper ion selective electrode 
in waters containing added complexing agents. 

In solutions containing nitrilotriacetic acid or glycine, uncomplexed copper(II) ions were found 
to be the most acutely toxic form of copper to the shrimp. However, at least one other species, the 
singly charged complex (Cu-Glycine)+, also appears to be mildly toxic. The results of this study 
demonstrate the importance of considering metal speciation when assessing the impact of heavy met
als on aquatic organisms. 
Keywords —Copper toxicity Speciation NTA Glycine Paratya australiensis 

INTRODUCTION 
It is now widely accepted that the toxicity, bio

availability, and transport of heavy metals in 
aquatic systems are dependent upon the physico-
chemical forms, or speciation, of the particular 
metal [1-3]. Ahhough there are some exceptions, 
the free ionic form of a metal is generally the most 
acutely toxic form. This has been demonstrated for 
copper with bacteria [4], algae [5-8], aquatic mac-
rophytes [9], invertebrates [10,11] and fish [12,13]; 
and also for zinc [6,14], cadmium [6,15,16] and 
lead [9,17]. 

Although there is a vast body of literature deal
ing with the effects of heavy metals on aquatic or
ganisms, few studies have been pubhshed on the 
toxicity of heavy metals to Australian freshwater 
organisms [18], and none have dealt specifically 
with the relationship between metal speciation and 
toxicity. 

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 AustraUan freshwater shrimp, P. 
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australiensis. The experimental program was de
signed to test the hypothesis that the free cupric ion 
was the major copper species causing acute toxic
ity to P. australiensis. Acute toxicity tests were con
ducted 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), a repre
sentative inorganic ligand (bicarbonate), and nat
ural dissolved organic matter collected from three 
aquatic sites in Victoria, Austraha. The results of 
the tap water, NTA and glycine (Gly) experiments 
are reported here. Aspects of the remainder of the 
study will be reported in subsequent papers [19, 
20]. 

Nitrilotriacetic acid was selected as one of the 
test ligands, because it forms a complex with cop
per, CuNTA", which has a stability constant sim
ilar to that of a number of copper complexes 
formed with naturally occurring compounds, and 
may therefore be considered thermodynamically 
representative of them [21]. 

The second test ligand, glycine (Gly-NHs C H 2 
COOH), is a simple amino acid which exhibits cop
per complexing behavior typical of many amino 
acids [22]. Unlike the negatively charged complex 
formed by copper and NTA, the main copper-gly-
cine complex formed under the conditions of 
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these experiments carries a single positive charge 
(CuGly"*^). In addition, an uncharged complex, 
(Cu(Gly)2), is formed which becomes dominant 
when glycine concentrations exceed 0.1 mM. 

MATERIALS AND METHODS 
General procedures 

Adult shrimp {P. australiensis) were collected 
from the field and acclimated to the laboratory wa
ter supply (filtered, aged Melbourne tap water) at 
15°C in continuous-flow aquaria for at least 10 d 
prior to tests. Mean values for diluent water chem
ical analyses are presented in Table 1. 

For each experiment, six to eight copper con
centrations plus a diluent control and a ligand con
trol (where appropriate) were run in duplicate 
under continuous-flow conditions. Copper stock 
solutions were made up using analytical grade 
cupric sulphate (CuS04-5H20), and where re
quired the appropriate concentration of either 
NTA or glycine. 

Stock solutions were mixed well with diluent 
water at 15°C prior to delivery to paired 4.5 liter 
glass test tanks; these were maintained at 15°C. 
The flow rate to each tank was 51 ml/min, giving 
a 9 5 % molecular replacement time [23] of approx
imately 5 h. 

At the beginning of each test, both test and 
mixing tanks were spiked with sufficient quantities 
of stock solutions to attain the required copper and 
Ugand concentrations. 

Twenty-four hours before commencement of a 
test, 10 healthy adult shrimp were randomly as
signed to each test tank. Gravid females were not 

used. During each experiment, white fluorescent 
lights, controlled by a time switch, provided a 
12:12 h d:l photoperiod. Test waters were contin
ually aerated using filtered air to ensure adequate 
mixing and saturated dissolved oxygen conditions. 

Mortality and number of moults were recorded 
at predetermined times for the first 48 h of each 
test and at least once a day thereafter. Dead ani
mals were removed as soon as they were observed. 
The criterion for death was taken to be lack of 
movement of the pleopods and antennae when the 
animal was gently prodded, as recommended by 
Mills et al. [24]. Any test where the mortality in the 
control exceeded 10% was rejected. 

Experiments with copper in diluent and copper 
plus NTA were run for 9 d. Following results anal
ysis of these experiments, which indicated that the 
asymptotic lethal level was reached within 6 to 7 d, 
the glycine experiments were run for 6 d only. As
ymptotic lethal levels were considered to have been 
attained 48 h after the last death in any of the test 
tanks [25]. 

Water samples for total copper analysis were 
collected from each tank on day 2 and day 5 of 
each experiment. If more than one copper concen
tration varied by greater than 10% either side of 
the mean during a test, the test was repeated. 
When only one test tank varied significantly in 
concentration, the result from that tank was not in
cluded in the analysis of the data. Temperature, 
conductivity, pH, alkalinity, hardness, dissolved 
oxygen and dissolved organic carbon levels were 
also monitored during each experiment, using 
Standard Methods [26]. 

Table 1. Chemical characterization of Melbourne tap water during the test period, 
with comparative values for Sydney tap water [18] 

Indicator Unit 
Melbourne Sydney 

Indicator Unit Mean («,SD) Range mean 
Hardness mg/L as CaCOj 17.0 (226, 4.3) 11.5-23.1 54 
Alkalinity mg/L as CaCOj 9.1 (192, 2.7) 2.6-12.2 27 
pH 6.96 (204, 0.28) 6.49-7.26 7.5 
Conductivity ^S/cm 59.7 (186, 10.8) 41.7-75.5 150 
Calcium mg/L 2.06 ( 6,0.02) 2.04-2.08 8.5 
Magnesium mg/L 0.93 ( 6,0.01) 0.91-0.93 4.9 
Residual CI2 mg CI2 / L <0.04 ( 20, — ) <0.04 <0.01 
DOC mg/L 2.4 (226, 0.7) 1.4-3.8 5-15« 
Total copper ^g/L 10 ( 82, 5) 4-20 12 
Total zinc 13 ( 10, 3) 8-19 <5 

n, number of measurements; SD, standard deviation. 
^J.F. Skidmore, personal communication. 
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Speciation scheme 
The total copper concentration in water samples 

taken from each test tank was measured by atomic 
absorption spectrophotometry. 

MINEQL, a computer program designed to cal
culate the equiUbrium distribution of species in 
aqueous systems [27], was used to calculate the 
concentrations of copper species present in each 
tank. 

In addition to the MINEQL program, a num
ber of analytical techniques, were used to try to 
distinguish the copper species chemically. These 
techniques included: (a) an Orion copper ion selec
tive electrode (ISE; model No. 94-29A) to measure 
the concentration (actually the activity) of free 
ionic copper; and (B) Chelex-100 and SM2 resins 
(Bio-Rad Laboratories) to determine the "ion 
exchangeable" and "Upid soluble" fractions, 
respectively. 

The Chelex resin is expected to retain the free 
ionic metal forms and that fraction of the metal 
complexes whose stabiUty constants are less than 
that for the metal with Chelex [1]. Bio Beads SM2 
resin has a strong affinity for molecules that have 
both hydrophilic and hydrophobic components [1]; 
it is used to measure the lipid soluble fraction of a 
metal. 
Ligand concentrations 

NTA experiments. In each experiment, P. aus
traliensis was exposed to a range of copper concen
trations in the presence of a fixed concentration of 
NTA. Four 9-d tests were conducted using NTA 
concentrations of 0.1, 0.25, 0.5 and 1 [M.. 

Glycine experiments. In each experiment, P. 
australiensis was exposed to a range of copper con
centrations in the presence of a fixed concentration 
of glycine. Five 6-d tests were conducted using gly
cine concentrations of 1, 3.2, 5.6, 10 and 20 /xM. 

On the basis of the results of these glycine ex
periments, an additional pair of experiment was 
run to test the hypothesis that CuGly+ contributed 
to the toxicity of copper to P. australiensis. An in
crease in glycine concentration resulted in an in
crease in the concentration of Cu(Gly)2 as well as 
CuGly"^, and it was necessary to demonstrate first 
that Cu(Gly)2 was nontoxic to P. australiensis. A 
96-h static test was run with 10 mM glycine plus 0, 
2, 6 and 12 fiM copper. At this concentration of 
glycine, it was estimated, using MINEQL, that 
99.4% of the copper present was in the form of 
Cu(Gly)2 and approximately 0.6% was present as 
CuGly+. 

In the second experiment, the glycine concen
tration was fixed at 0.5 mM, resulting in virtually 
all of the copper being present as CuGly-l- and 
Cu(Gly)2 (in a ratio of approximately 1 to 7). Eight 
duplicated test conditions were run in a 96-h static 
test: a tap water control, a 0.5-mM glycine control 
and 0.5 mM glycine plus 10, 15, 20, 30, 40 and 50 
fiM added copper. Duplicate tanks of 30 and 40 
|iM copper with 10 mM glycine were run simulta
neously. Mortality and moults were recorded at 
regular intervals throughout the tests. 
Statistics 

Initially, raw data were plotted on a graph of 
percentage mortality (on a probit scale) vs. total 
copper concentration (on a logarithmic scale). The 
line of best fit was calculated by Hnear regression 
analysis. Subsequently, LC50 values plus their 
95% fiducial limits at 12, 24, 32 and 48 h, and 24-h 
intervals thereafter were calculated using a com
puter program for probit analysis by the maximum 
likelihood iterative method [28]. 

The LC50 values were expressed in terms of 
free copper(II) concentration as well as in terms of 
the total copper concentration. The copper(II) con
centrations were obtained experimentally using a 
copper ion selective electrode and were also calcu
lated from the total concentrations using the 
MINEQL chemical equilibrium computer pro
gram. Within each series of experiments, probit 
lines (in terms of copper(II) concentrations) were 
compared by an indirect chi square test for the dis
crepancy between toxicity curves at the 5% signif
icance level [29]. When significance was obtained 
using the whole data set, subsets of the data were 
formed for a series of a posteriori tests of the ho
mogeneity of the set of probit hues [30]. This 
method enabled identification of groups of probit 
Hnes which could be considered homogeneous. In 
general, the analyses of the whole probit lines con
firmed the results of comparisons based on the 
LC50 values alone [31]. 

The data from the NTA and glycine experi
ments were also analyzed using a BMDP statistical 
package for an all possible subsets regression [32] 
to determine which chemical species were contrib
uting to toxicity. 

RESULTS 
Experiments with copper 
in Melbourne tap water 

The LC50 values for P. australiensis exposed 
to copper for 48, 96, 144 and 216 h at 15°C are 
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Table 2. LC50 values for P. australiensis exposed to copper in Melbourne tap water 
Copper(II) ion LC50 (/xg Cu/L) 

Total copper LC50 
(/ig Cu/L) Calculated Measured 

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

48 43 (38, 51) 26 (22, 31) 22 (3,2) 
96 34 (28, 41) 20 (17, 24) 16 (3,2) 

144 30 (26, 37) 18 (16, 22) 11 (3, 3) 
216 29 (25, 34) 17 <14, 20) 10 (3, 3) 
FL, fiducial limits; n, number of ISE measurements; SD, standard deviation of measurements. 

presented in Table 2. Results are expressed in terms 
of total copper concentrations and of measured 
(ISE) and calculated (MINEQL) copper(II) ion 
concentrations. 

Copper—NTA experiments 
The 48-, 96-, 144- and 216-h LC50 values for 

P. australiensis exposed to copper at four different 
NTA concentrations are presented in Table 3. Results 
are expressed in terms of total copper concentra
tions and calculated copper(II) ion concentrations. 

The 96-h LC50 values for P. australiensis with 
copper in Melbourne tap water and four different 

NTA concentrations are shown in terms of total 
copper and calculated copper(II) ion concentra
tions in Figure 1. The 95% fiducial limits for each 
LC50 are indicated by diagonal lines: the horizon
tal component of these lines represents the fiducial 
limits for the LC50 values on a total copper basis, 
whereas the vertical component represents the fi
ducial limits on a copper(II) ion basis. Although 
the LC50 values expressed as total copper concen
tration increase with increasing NTA concentra
tion, the LC50 values expressed as copper(II) ion 
concentration remain relatively constant over the 
range of NTA concentrations tested. 

For the sake of brevity, detailed results of the 

Table 3. LC50 values for P. australiensis exposed to copper 
in the presence of nitrilotriacetic acid (NTA) 

NTA 
concentration 
(/xM) 

Time 
(h) 

Total copper LC50 
(Mg Cu/L) 

Calculated copper(II) ion 
LC50 (Mg Cu/L) NTA 

concentration 
(/xM) 

Time 
(h) LC50 (95% FL) MINEQL (95% FL) 

0.10 48 52 (43, 69) 25 (20, 36) 
0.25 59 (53, 67) 25 (21, 29) 
0.50 95 (83, 158) 35 (28, 77) 
1.00 109 (98, 136) 25 (19, 41) 
0.10 96 44 (36, 54) 21 (16, 27) 
0.25 51 (44, 56) 20 (16, 23) 
0.50 76 (71, 82) 23 (19, 26) 
1.00 101 (92, 119) 21 (17, 31) 
0.10 144 37 (30, 44) 16 (12, 21) 
0.25 49 (42, 54) 19 (15, 22) 
0.50 74 (69, 80) 22 (18, 26) 
1.00 99 (91, 114) 20 (15, 28) 
0.10 216 35 (28, 41) 16 (11,19) 
0.25 46 (40, 52) 17 (14,21) 
0.50 74 (68, 79) 21 (18, 25) 
1.00 95 (87, 106) 17 (13, 23) 
FL, fiducial limits. 
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A Copper only 

• Copper with NTA 
• Copper with 2 5x10"^M NTA 
0 Copper with 5x10"^M NTA 
• Copper with 10"^M NTA 

[ C u Total ] pg/L 

Fig. 1. LC50 values for P. australiensis exposed to copper in the presence of NTA, in terms of total copper concen
tration and calculated copper(II) ion concentration: 96-h test. 

speciation scheme using Chelex and SM2 resins are 
not presented here (for details see [31]). In sum
mary, virtually all the copper present in the NTA 
and glycine experiments was in an ion exchange
able form, being the fraction retained by Chelex 
resin. There was no obvious relationship between 
the toxicity of copper-with-NTA solutions or 
copper-with-glycine solutions and the concentra

tions of lipid soluble copper, as measured by the 
uptake of copper onto the SM2 resin. 
Copper—glycine experiments 

The 48-, 96- and 144-h LC50 values for P. aus
traliensis exposed to copper at five different glycine 
concentrations are presented in Table 4. Results 
are expressed in terms of total copper concentra-

Table 4. LC50 values for P. australiensis exposed to copper in the presence of glycine 

Total Cu LC50 
Glycine (^g Cu/L) 
concentration Time 
(|tM) (h) LC50 (95% FL) 

1.0 48 69 ( 56, 111) 
3.2 63 ( 57, 70) 
5.6 81 ( 60, 168) 

10.0 125 (109, 142) 
20.0 130 (107, 196) 

96 49 ( 42, 60) 
57 ( 49, 63) 
59 ( 49, 82) 
87 ( 70, 107) 
82 ( 68, 94) 

144 43 ( 37, 51) 
53 ( 44, 59) 
52 ( 45, 67) 
83 ( 59, 98) 
72 ( 57, 84) 

Cu(II) ion LC50 (/xg Cu/L) 
Calculated Measured 

MINEQL (95% FL) ISE (W.SD) 

34 (28, 56) 41 (4, 10) 
21 (19, 24) 27 (3, 6) 
19 (14, 41) 30 (3, 3) 
18 (16, 21) 39 (3, 4) 
10 ( 8, 15) 39 (3, 3) 
25 (21, 30) 22 (3, 7) 
19 (16, 21) 22 (3, 6) 
14 (11, 19) 19 (3, 4) 
12 (10, 16) 23 (3, 1) 
6 ( 5, 7) 20 (3, 2) 

21 (18, 25) 15 (3, 7) 
17 (14, 20) 18 (3, 6) 
12 (10, 16) 18 (3, 5) 
12 ( 8, 14) 21 (3, 1) 
5 ( 4 , 6) 16 (3, 2) 

1.0 
3.2 
5.6 

10.0 
20.0 

1.0 
3.2 
5.6 

10.0 
20.0 

FL, fiducial limits; n, number of ISE measurements; SD, standard deviation of measurements. 
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• Copper only 

• Copper with glycine 

A Copper with 3 2x10"^M glycine 
O Copper with 5 6x10'^M glycine 
• Copper with 10"^M glycine 
A Copper with 2x10"^M glycine 

[ C u T o t a l ] y j g / L 

Fig. 2 . L C 5 0 values for P. australiensis exposed to copper in the presence of glycine, in terms of total copper con
centration and calculated copper(II) ion concentration: 96-h test. 

tions and the measured (ISE) and calculated 
(MINEQL) <iopper(II) ion concentrations. It is ob
vious that at the higher glycine concentrations used 
in these experiments, there is an increasing discrep
ancy between calculated and measured copper (I I) 
concentrations. 

In Figure 2, the 96-h LC50 values for P. aus
traliensis with copper in Melbourne tap water and 
five different glycine concentrations are shown in 
terms of total copper and calculated copper(II) ion 
concentrations. The 95% fiducial limits are repre
sented as described above for the NTA experi
ments. Unlike the NTA results, the LC50 values 

from the glycine experiments, when expressed in 
terms of calculated copper(II) concentrations, de
crease as the concentration of the complexing li
gand increases. 

Results of the experiments with copper and 10 
mM or 0.5 mM glycine concentrations are pre
sented in Table 5. No mortality occurred during the 
10 mM glycine experiment. In the 0.5-mM glycine 
test, death was preceded by moulting on all but one 
occasion. The exception was for an animal which 
was present in the highest copper concentration 
and which was in premouh (in which there is sep
aration of the epidermis and cuticle). 

Table 5 . Results of toxicity tests with P. australiensis exposed to copper 
in the presence of 1 0 mM and 0.5 mM glycine 

Concentration Calculated copper speciation 
Glycine Copper C^x^+ CuGly+ Cu(Gly)2 % Mortality 
(mM) (MM) (MM) iixM) (MM) (96 h) 

0 .0 0 .1 0 . 0 5 7 0 . 0 0 0 . 0 0 0 
10 .0 0 - 4 0 0 . 0 0 0 0 . 0 0 - 0 . 2 4 0 . 1 3 - 3 9 . 8 0 

0 .5 0 .1 0 0 . 0 1 0 . 1 1 0 
0 .5 1 0 0 . 0 0 4 1.12 8.8 0 
0 .5 15 0 . 0 0 7 1.70 13.3 1 0 
0 .5 2 0 0 . 0 0 9 2 . 3 1 17.7 1 0 
0 . 5 3 0 0 . 0 1 5 3 . 5 9 2 6 . 4 2 0 
0 .5 4 0 0 . 0 2 2 4 . 9 8 3 5 . 0 4 0 
0 .5 5 0 0 . 0 3 0 6 .47 4 3 . 5 4 0 
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DISCUSSION 
Tap water experiments 

Although there is broad agreement between cal
culated (MINEQL) and measured (ISE) copper(II) 
concentrations (or activities) in Melbourne tap wa
ter, in general the calculated values are higher 
(Table 2). This discrepancy becomes particularly 
obvious at copper(II) concentrations below about 
18 to 20 /xg/L, possibly because at these concentra
tions the ISE is approaching its detection Hmit in 
the tap water matrix. Further work is required to 
clarify the reasons for this discrepancy. 

A number of problems were encountered with 
the use of the ISE during the NTA and glycine ex
periments (discussed in following sections). Be
cause the tap water, NTA and glycine solutions 
could be well characterized chemically, the calcu
lated (MINEQL) copper(II) concentrations were 
used rather than the ISE values as a basis for com
parison between experiments. 

It is interesting to compare the results obtained 
in our laboratory for P. australiensis exposed to 
copper at 15°C with those reported by Skidmore 
and Firth [18]. They obtained 96-h and 216-h LC50 
values of 110 and 98 ii% Cu/L, respectively, for P. 
australiensis exposed to copper in Sydney tap wa
ter, approximately three times the corresponding 
values obtained in the present study (34 and 29 /xg 
Cu /L , respectively). There are a number of fac
tors, apart from certain minor differences in exper
imental procedure, which could account for this 
apparent discrepancy. Sydney tap water has con
siderably higher hardness, alkaUnity and conduc
tivity than Melbourne tap water (Table 1), all of 
which would tend to decrease the toxicity of cop
per to P. australiensis. Probably more importantly, 
the dissolved organic carbon concentration in Syd
ney tap water is 5 to 15 mg C/L (J.F. Skidmore, 
personal communication), compared with 2 to 
4 mg C/L in Melbourne water. Therefore, it is 
likely that significantly more copper is complexed 
by organic matter in Sydney tap water than in Mel
bourne tap water. Free ionic copper constituted an 
estimated 20 to 25% of the filterable copper pres
ent in Skidmore and Firth's experiments [18], 
which compares with a value of approximately 50 
to 60% in Melbourne tap water (present study). 
Based on Skidmore and Firth's estimate, the 96-h 
and 216-h LC50 values for P. australiensis in Syd
ney tap water in terms of free ionic copper would 
be 22 to 28 jixg/L and 20 to 25 jug/L, respectively. 
These results are very similar to the corresponding 

values obtained in this laboratory, namely 20 /ig/L 
and 17 /xg/L respectively (Table 2). 

NTA experiments 
It appears that P. australiensis can tolerate higher 

total copper concentrations when NTA is present, 
since the LC50 value is seen to increase as NTA 
concentrations increase (Table 3, column 3). How
ever, if the LC50 values are expressed in terms of 
copper(II) rather than total copper, as in Table 3 
(column 4) and Figure 1, it is apparent that the 96-h 
LC50 values for P. australiensis with copper, and 
with copper plus four NTA concentrations, are 
similar, namely around 20 to 23 /xg Cu^'^/L. The 
same is true for the 216-h LC50 values, which are 
all between 16 and 21 /xg Cu^VL (Table 3). 

When the data were analyzed using a BMDP 
statistical package for an all possible subsets regres
sion [32], it was found that 80% of the variance in 
percentage mortality of test organisms could be 
predicted from the variance of the copper(II) con
centration. Unfortunately, since the concentration 
of CuOH"^ and CuCOj were hnearly related to 
the cupric ion concentration in these experiments, 
it was not possible to determine whether or not 
they contributed to the toxicity. However, evidence 
from a number of other studies (e.g., [7], [12]) in
dicates that CuOH"^ and CuCOj make a negligible 
contribution to copper toxicity. Furthermore, in 
the present study the combined concentrations of 
these two copper species were low (approximately 
half the Cû "*" concentration), so it is unUkely that 
they made a significant contribution to the toxic
ity. The group of experiments described in [19] was 
designed to investigate whether or not C U C O 3 is 
toxic to Paratya. It is more difficult to determine 
the influence of CuOH"^ on toxicity, since changes 
in pH may have physiological effects on the test or
ganisms, in addition to changing the proportions 
of CuOH+ present. 

The results of the present study appear to indi
cate that the free copper(II) ion is the main toxic 
species under the conditions of these experiments, 
and that the CuNTA complex is not toxic to P. 
australiensis. Similarly, most studies on the effects 
of NTA on metal toxicity to aquatic organisms 
have shown that NTA significantly reduces copper 
toxicity by forming nontoxic complexes with the 
metal [4,11,21,33,34]. Laube et al. [35], however, 
reported that the presence of 10~^ to 10~^ M NTA 
in experimental media did not reduce the toxicity 
of copper, cadmium or lead to the blue-green alga 
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Anabaena, and in some cases actually enhanced 
toxicity. Their results suggest that the free ionic 
form of these metals is not the only species caus
ing toxicity to Anabaena. However, other possible 
explanations are that the NTA itself is toxic to the 
alga at certain concentrations, or that NTA com
plexes some of the nutrients essential to algal 
growth, making them unavailable to the alga. 

Under the conditions of these experiments, the 
Chelex resin was seen to be of little use in distin
guishing between different copper species, since it 
retained virtually all the copper present. 

If the mechanism of copper uptake by an or
ganism involves simple diffusion of copper through 
a cell membrane, one would expect there to be a 
relationship between lipid solubility of the metal or 
metal complex and its toxicity [1]. However, in 
these experiments there was no obvious relation
ship between the toxicity of copper-with-NTA or 
copper-with-glycine solutions and the concentra
tion of lipid soluble copper, as measured by reten
tion on the SM2 resin. This suggests that copper 
uptake by cells involves some form of carrier-me
diated transport in addition to, or instead of, sim
ple diffusion. 

ISE measurements of the copper(II) activity in 
test solutions containing NTA were unsuccessful, 
apparently because of NTA interference. The 
symptoms demonstrated were deterioration in sen
sitivity of the electrode, prolonged response times 
and poor reproducibility of results. Similar prob
lems have been reported for copper ISEs used in 
the presence of EDTA, NTA and humic and fulvic 
acids [36]. 

Because of the difficulties encountered with the 
use of the copper ISE in the presence of NTA, it 
was necessary to estimate the concentration of cop-
per(II) in each test solution using MINEQL. The 
use of chemical modeUng to calculate the specia
tion of copper in test waters is not without its 
problems: the model cannot accurately adjust for 
the effects of adsorption of the test metal onto 
container walls, or of complexation of the metal 
by the excretory products of the test organisms, 
while the accuracy of the estimates depends ulti
mately on the vahdity of the stability constants 
used in the calculations and on the completeness of 
the set of chemical equilibria used to define the sys
tem. Nevertheless, in these well-defined synthetic 
solutions, MINEQL can produce reasonable esti
mates of the concentration of the different copper 
species present for a given total copper and NTA 
concentration. 

Glycine experiments 
There is reasonable agreement between calcu

lated and measured (ISE) copper(II) concentrations 
at the LC50 value for glycine concentrations be
tween 1 and 5.6 nM (Table 4). However, as the 
concentration of glycine is increased, the discrep
ancy between calculated and measured values be
comes greater. The interpretation of the data is 
dependent upon which of these measures is consid
ered to be more rehable. 

On the basis of the ISE data, copper(II) would 
be recognized as the toxic species, since the LC50 
values in terms of copper(II) are approximately the 
same. However, the results of the ISE determina
tions for 10 fiM and 20 nM glycine cannot be 
reconciled with the expectation that there would be 
less copper(Il) present for the same amount of to
tal copper at the higher glycine concentration. 

If the LC50 values are expressed in terms cal
culated copper(II) concentrations (Table 4 and 
Fig. 2), it is apparent that they decrease as the con
centration of glycine increases. It appears that, as 
the concentration of glycine, and consequently of 
CuGly"^, increases, the copper solutions become 
increasingly more toxic than would be expected on 
the basis of their copper(Il) concentrations alone. 
This suggests that the CuGly"^ complex contrib
utes to the toxicity of copper to P. australiensis. 
The data from the copper-glycine experiments were 
tested using the same all possible subsets regression 
analysis as that used for the NTA experiments. In 
this case, it was demonstrated that 68% of the vari
ance in percentage mortality of test organisms 
could be predicted from the variance of [Cu^"^] 
and a further 15% could be explained by the vari
ance of [CuGly+]. 

The resuhs of the 10 mM and 0.5 mM glycine 
experiments (Table 5) support the hypothesis that 
CuGly"*" is at least mildly toxic to P. australiensis. 
No mortality occurred in copper concentrations of 
up to 40 fxM (i.e., around 2.5 mg/L) in the pres
ence of 10 mM glycine. Because over 99% of the 
copper in these test waters was present as Cu(Gly)2, 
it is apparent that Cu(Gly)2 is not acutely toxic to 
P. australiensis. However, there was appreciable 
mortality in test waters containing copper as 
CuGly + and Cu(Gly)2, suggesting that CuGly+ is 
toxic to P. australiensis. Postmoult individuals 
were particularly affected. 

Several studies have shown that the presence of 
glycine reduces copper toxicity to fish and inverte
brates [37-40]. However, data from a study by 
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Borgmann and Ralph [40] on copper toxicity to 
Daphnia magna also suggest that at least one of the 
copper-glycine complexes, in addition to cop-
per(ll), is toxic. Unfortunately, these authors do 
noi indicate clearly which complex they consider to 
be toxic. They imply, however, that Cu(Gly)2 is 
the toxic species, by specifically noting that over 
70% of the copper in their test waters was in that 
form, without mentioning the amount present as 
CuGly+. It is possible to calculate the approxi
mate concentration of CuGly"^ in their test waters 
at the EC50 value by using the total and free cop
per concentrations they provided and assuming 
that 80 to 85% of the copper is complexed as 
Cu(Gly)2 and in various inorganic forms. Because 
ion selective electrode measurements indicated that 
only about 0.001% of the copper in the test waters 
was present as the free copper(II), the remaining 15 
to 20% is assumed to have been complexed as 
CuGly+. 

The 48-h EC50 values obtained by Borgmann 
and Ralph for copper in the presence of 0.2 mM 
and 0.8 mM glycine were 10 fiM and 32 / xM, re
spectively, which would equal 1.5 to 2 fiM and 4.8 
to 6 fiM as CuGly"^. The experiments conducted 
in our laboratory showed that concentrations of 
1.7 /xM CuGly"*^ and over were acutely toxic to P. 
australiensis (Table 5). Thus, it seems possible that 
the toxicity of copper-glycine solutions to Daph
nia reported by Borgmann and Ralph [40] could be 
due to CuGly+ rather than the Cu(Gly)2. 
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