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Abstract. The effects of physicochemical conditions, such as pH, water hardness, flow rates and
natural organic substances on the sensitivity of Ceriodaphnia dubia to the toxic effects of copper
were investigated using static bioassay cups and specially designed flow-through bioassay chambers.
We found that C. dubia was very sensitive to pH changes and the total copper LC50 values of C. dubia
neonates increased by 15-fold as the pH increased from pH 7 to 10. It was also observed that the LC50
values increased sharply upon increasing the water hardness value to 2.4 meq. In addition, increasing
flow rates from zero to 50 mL hr−1 also increased its sensitivity to copper, which was possibly due to
hydrodynamic stress. The presence of natural organic substances (humic acid and dissolved organic
matter) and suspended particles decreased the toxic effect of copper. This significant decrease in the
toxicity of copper in the presence of natural organic materials can be explained by a reduction in the
free ion concentration due to complexation. Furthermore, we observed that the kinetics of copper
interactions with natural organic materials are a significant factor in the toxic effect of copper and
that the acute LC50 values increased with increasing reaction time between solubilized copper and
water-borne organics.
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1. Introduction

A number of investigators have reported that the toxic effect of heavy metals on
freshwater organisms is related to hardness, pH, and temperature (Cairns et al.,
1975; Sprague, 1985; Mayer and Ellersieck, 1988). These reports show that in-
creasing water hardness, pH, and alkalinity reduce the toxic effect of metals upon
aquatic organisms, while increased water temperature generally increases their tox-
icity. Moreover, humic substances are ubiquitous in the aquatic environment, and
the significance of suspended particles’ sorption in the regulation of the concentra-
tion of trace metals in the water column is widely recognized. An important effect
of these environmental factors is the change of metal speciation, which plays a key
role in metal toxicity. Changes in metal speciation can alter the ability of metals to
be adsorbed or alternatively to be absorbed by organisms.

The hardness of water is a major factor, which influences the toxic effects of
heavy metals on fish. Generally, in fresh water as water hardness increases, heavy
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metal toxicity decreases due to competition between metal ions and Ca2+ and
Mg2+ ions for the uptake sites of organisms. Metals are generally on an order
of magnitude more toxic in soft water than in hard water (Sprague, 1985). In the
natural environment, Ca and Mg are present at much higher concentrations than
the heavy metals. Therefore, by competing with heavy metals and blocking their
access to aquatic organisms Ca and Mg levels are important considerations with
respect to the toxic effects of heavy metals upon biota in aquatic systems.

Many researchers have shown that the metal toxicity decreases as the pH in-
creases due to complexation by hydroxide, carbonate, and other inorganic ligands.
The sensitivity of aquatic organisms to metals (i.e., Cu, Zn, and Cd) is higher at
low pH’s (Belanger and Cherry, 1990; Rachlin and Grosso, 1991). However, some
studies do not support this relationship, and suggest that lowering the pH results
in a decreased of metal toxicity due to the competition between hydrogen ions and
metal ions for adsorption sites (Borgmann, 1983; Peterson et al, 1984). Peterson
et al. (1984) demonstrated that the Cd uptake by the green alga, Scenedesmus
quadricauda, increased almost 200-fold upon increasing the pH from 5.5 to 8.5,
while the toxicity of Cu increased some 76-fold on increasing the pH from 5.0 to
6.5.

However, relatively little research, has been performed upon the effect of water
flow, the presence of organic substances in natural water, and the effect of their
reaction kinetics on aquatic toxicity. More quantitative studies on the interactions
between trace metals and aquatic organisms in the presence of natural organic
substances are, therefore, needed to validate bioassay results in natural waters. The
objective of this study was to investigate the effects of physicochemical conditions,
such as the level of natural organic materials, pH and water hardness on the toxic ef-
fect of copper, using Ceriodaphnia dubia as a test organism. In addition, the effect
of water flow and the reaction time between metal ions and organic materials on the
survival of C. dubia in copper-containing waters was assessed, to determine how
these factors affect aquatic toxicity, in a specially designed flow-through bioassay
chamber.

2. Materials and Methods

All reagents were of analytical grade and used without further purification, except
for the OPTIMA grade HNO3, which was used to pretreat samples for the analysis
of copper by atomic absorption (AA). All the glassware, polyethylene and polypro-
pylene laboratory ware, were soaked in 10% HNO3 (v/v) for at least 48 hr before
use. Deionized (DI) water from a Barnstead NANO ultrapure water system was
used throughout the study. Humic acid (HA, as the sodium salt) was obtained from
the Aldrich Chemical Co. (Milwaukee, WI), dissolved in deionized (DI) water and
filtered through a Nuclepore 0.45 µm membrane (Corning, NY) before use.
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2.1. TEST ORGANISMS

Acute toxicity tests were performed with Ceriodaphnia dubia obtained from Aquatic
BioSystem Inc. (Fort Collins, CO). Organisms were cultured and handled fol-
lowing the procedures outlined in the EPA manual (U.S. EPA, 1993). Mass and
individual cultures of C. dubia were maintained on a 16 hr light/8 hr dark pho-
toperiod at a room temperature of 25 ◦C. The organisms were fed algae (Selen-
astrum capricornutum) and yeast, trout chow and Cerophyll� (YTC); detailed
culture and test conditions were described in Ma et al. (1999). The green algae
(S. capricornutum) and YTC were purchased from Aquatic BioSystem Inc. (Fort
Collins, CO). Since less than 24 hr old neonates were used for the toxicity tests,
the reproductive cycle of adult C. dubia was monitored by counting the number of
offspring produced each day. After 10 days, adults were discarded because their
reproduction had decreased, and new cultures started. We prepared a moderately
hard synthetic test water as a standard aqueous medium (‘standard’ water) with the
constituents indicated in the EPA manual (U.S. EPA, 1993), it had a hardness of
81±5 mg L−1 (as CaCO3), an alkalinity of 60±5 mg L−1 (as CaCO3), a of pH
8.0±0.2, and contained 8.5±0.5 mg L−1 of dissolved oxygen.

2.2. STATIC TOXICITY TEST

Static toxicity tests were performed to determine reference copper toxicity for
Ceriodaphnia dubia in ‘standard’ water. Four replicates were set up for each copper
concentration and five neonates were placed in each test cup. Neonates were fed
0.1 mL of YTC and 0.1 mL of Selenastrum capricornutum, 2 hr prior to the injec-
tion into the test cups. The bioassay cups were placed in a light chamber that was
programmed for a 16 hr light and 8 hr dark cycle. Total copper, pH and DO were
determined before and after the 24 hr exposure period. Mortality was determined
for the seven copper concentrations and one control.

Prior to evaluating the effect of pH on copper toxicity, the influence of pH on
the survival of test organisms was first examined in the ‘standard’ water without
copper addition. The ‘standard’ water was adjusted to the desired pH by adding
0.1 N HNO3 or 0.1 N NaOH 1 hr before the introduction of the test organisms, and
the pH measured periodically during the 24 hr exposure period. The effect of pH
on the toxicity of copper was evaluated using a 24 hr static toxicity test using C.
dubia neonates (<24 hr old). We tested seven copper concentrations for each pH
value, and the survivability of test organisms was determined after a 24 hr exposure
period. The effects of the four different levels of water hardness on copper toxicity
were evaluated using the same procedure as used for the pH study. The hardness
was varied from 1 to 2.4 meq L−1 at a fixed pH of 8. Test solutions were prepared by
adding appropriate amount of reagent grade CaSO4·2H2O to soft water containing
about 45 mg L−1 as CaCO3.

Dissolved organic matter (DOM) contains various organic ligands, which have
different affinities for copper, such as humic acid (HA), fulvic acid and amino
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acid, etc. However, the majority of studies have been conducted in the presence of
synthetic ligands and commercial HA. Therefore, the effect of natural organic sub-
stances (HA and DOM) and suspended particles on copper toxicity was examined
in a static bioassay test by exposing the test organism to 15 mL of ‘standard’ water
containing 5 mg L−1 of HA (2.5 mg L−1 for DOM and 10 mg L−1 for particles).
Natural dissolved organic matter (DOM) was collected and concentrated from the
Suwannee River (Okefenokee State Park, Georgia) using a portable reverse os-
mosis (RO) system based on the design of Serkiz and Perdue (1990). Particulates
were concentrated using a Tangential Flow Filtration (TFF) apparatus (Millipore,
Bedford, MA) after collecting river water samples from the Susquehanna River in
Maryland in March 1998. In order to avoid particle sedimentation during the ex-
posure period, small particles were obtained by filtering the concentrated particles
through a 10 µm filter capsule (Cole-Parmer, Vernon Hills, IL).

All copper solutions were prepared 30 min. prior to the addition of C. dubia.
Each set was comprised of nine different copper concentrations and a control, and
20 C. dubia neonates less than 24 hr old were injected into four replicated test
chambers. C. dubia was introduced to the test water in one set of assay chambers
immediately after the addition of copper; the second set was allowed equilibrate
for 24 hr after the copper addition before the organisms were added.

2.3. FLOW-THROUGH TOXICITY TEST

In order to determine the effect of flow rate on the test organisms, flow-through
bioassay tests were conducted at four different solution exchange rates: 1 per 8 hr,
1 per 4 hr, 1 per 2 hr, and 1 per hr. Test organisms were exposed to seven copper
concentrations and control to obtain the LC50 value at each flow rate during the
24 hr exposure period. The same culture conditions were maintained at each flow
rate, including the light period, temperature, ‘standard’ water and pH. The flow rate
was controlled using a Keck� Ramp Clamp� (Cole Parmer Co., Vernon Hill, IL)
and periodically checked by measuring the effluent volume. Bioassay chambers
for flow-through tests were constructed from a transparent acrylic polymer with a
liquid volume of 50 mL. The chamber’s inlet and outlet were fitted with a Nytex
screen (85 × 85 mesh) to confine C. dubia and to minimize the hydrodynamic jet
effect of the influent stream on the test organisms. A preliminary test demonstrated
that copper adsorption onto and leaching from the surfaces of the mixing reactors
and bioassay chambers were negligible. In order to estimate the effect of reaction
time, we used a self-designed flow-through bioassay system consisting of four
mixing reactors with hydraulic residence times of 1, 2, 6, and 24 hr.

Deionized (DI) water from a Barnstead (Dubuque, IA) NANOpure ultrapure
water system was used throughout the study. A Perkin-Elmer (Norwalk, CN) Model
5000 atomic absorption spectrophotometer with a graphite furnace accessory was
used for total copper concentration analysis. The pH was determined by pH elec-
trode (Model 9105, Orion Research). Hardness was measured by the EDTA titra-
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tion based method supplied by the HACH Company (Loveland, CO). The organic
carbon contents of the natural organic substances in solution were determined using
a Dohrmann DC-190 TOC analyzer.

2.4. STATISTICAL ANALYSIS

The Probit method was used to calculate the LC50 from the acute toxicity data. This
is a parametric statistical procedure for estimating the LC50 and the associated 95%
confidence limits (Finney, 1971). The analysis consisted of transforming the ob-
served proportional mortalities with the Probit transformation. An approximately
linear relationship is then obtained by plotting the Probit variable versus the log10

of the dose concentration. Relationships between parameters were then obtained
using an iterative approach.

3. Results and Discussion

3.1. REFERENCE TOXICITY TEST

In our bioassay tests, parthenogenetic neonates were used as test organisms. Most
Ceriodaphnia dubia adults in aquatic systems are parthenogenetic females under
favorable environmental conditions, and males are rare. Mean daily reproductions
of C. dubia neonates are shown in Figure 1. The results indicate that C. dubia
produces the first neonate after 3 days and that the third brood appeares after 6 or
7 days of culture. In three broods C. dubia produced an average of 25 neonates
(average of 15 neonates in third brood). Stewart and Konetsky (1998) reported that
C. dubia produces about 10 to 12 offspring per brood over a 23 day life span if food
is freely available throughout full life-cycle tests. Since only neonates produce after
the third brood they are used for toxicity tests (U.S. EPA, 1993), and individual
cultures must be maintained for at least a week prior to commencing bioassay
experiments.

The quality of C. dubia test organisms was routinely verified by conducting
reference toxicity tests using copper as a reference toxicant. No mortality was
observed in the control cups containing ‘standard’ water only. Probit analysis of
the toxicity data resulted in an average LC50 value of 20.2 µg L−1 for copper. This
value is in agreement with a reported LC50 value of 17 µg L−1 for copper (U.S.
EPA, 1985).

3.2. EFFECT OF pH ON COPPER TOXICITY

Test organisms were first exposed to various pH values ranging from 3.3 to 10
to examine their survivability under controlled pH conditions in the absence of
copper, and Ceriodaphnia dubia proved to be very sensitive to low pH’s. However,
excepting this, the results showed that pH did not have an adverse effects during a
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Figure 1. Reproduction of Ceriodaphnia dubia in standard culture. Days indicate the average days
needed to reproduce (n = 600).

24 hr exposure at pH 7 and above. In order to avoid direct pH effects on test organ-
isms, the effect of pH on copper toxicity was evaluated at pH 7 and higher. Figure 2
demonstrates that the copper LC50 values increased linearly at approximately 17 µg
L−1 per pH unit increase. It is evident that pH plays a significant role upon the
toxicity of copper in aquatic systems. This increase in LC50 values with increasing
pH was attributed to precipitation and complexation and the subsequent reduction
of free copper ions (Welsh et al., 1993; Erickson et al., 1996). However, other
researchers have reported that the toxic effect of copper on rainbow trout decreased
with decreasing pH (Miller an Mackay, 1980). This amelioration of metal toxicity
in low pH conditions was attributed to two reasons: (1) stimulated mucus secretion
due to low pH, resulting in the chelation of metal ions with free mucus and (2) to
the competitive binding of H+ at gill binding sites (Cusimano et al., 1986). Mucus
consists of a water-soluble complex of glycoproteins, which have a net negative
charge. Lauren and McDonald (1986) found greater uptake of copper by rainbow
trout at high pH than at low pH. They, however, expressed some uncertainty due to
a lack of a correlation between toxicity and uptake. Free Cu2+, a more toxic copper
species, was taken up at pH 5, while CuCO3, a nontoxic copper species, was taken
up at higher pH.
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Figure 2. Effect of pH on the toxic effect of Cu on Ceriodaphnia dubia in 24 hr static tests. LC50
values were calculated using the Probit analysis method (95% confidence limits).

3.3. EFFECT OF WATER HARDNESS ON COPPER TOXICITY

Figure 3 shows the effect of water hardness on copper toxicity in a 24 hr static test
on Ceriodaphnia dubia. LC50’s of copper increased as water hardness increased
from 1 meq to 2.4 meq, showing that the toxic effect of copper upon C. dubia
decreased with increased hardness. This result is compared with those reported
by Erickson et al. (1996), specifically, that the LC50 of copper was twice to three
times greater at high calcium concentrations (ca. 4.4 meq L−1) than at low con-
centrations (ca. 0.95 meq L−1) for fathead minnows. It is generally recognized that
membrane permeabilities to toxic metals are affected by hardness (Gundersen and
Curtis, 1995). Passive fluxes of metal ions across the gill membrane increase as
the calcium concentration decreases. The uptake of calcium and magnesium ions
by the cell membrane causes it to stabilize, and this reduces its permeability to
metal ions (Penttinen et al., 1998). Part et al. (1985) demonstrated that a decrease
in Ca2+ from 0.7 to 0 mM led to a 2.4 fold increase in the Cd flux. In terms of
competition reactions at the gill, Ca2+ is a poor competitor of Cu2+ for binding
sites. Although Ca2+ binding to biological ligands on the surface of organisms is
weaker than Cu2+, its overall effect may still be significant because Ca is present
at significantly higher concentrations than heavy metals in natural environments.
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Figure 3. The relationship between hardness and Cu toxicity expressed as LC50 of total Cu on C.
dubia in a 24-hr static test.

3.4. EFFECT OF FLOW RATE ON COPPER TOXICITY

In order to understand the fact that liquid flow in natural water environment may
have a detrimental effect on aquatic organisms, we examined the effect of flow rate
on the toxicity of Cu in the flow-through chamber. ‘Standard’ water containing
different concentrations of copper were continuously delivered to flow-through
bioassay chambers containing Ceriodaphnia dubia neonates over a 24 hr exposure
period. Figure 4 shows the toxicity of C. dubia as a function of LC50 values and
flow rate. Although the effects of flow rate on the percent survival of C. dubia were
small, increasing flow rates from no flow rate to 50 mL hr−1 had a detectable effect
on the copper toxicity. The most significant effects were observed at flow rates
between 25 and 50 mL hr−1. Our results indicate that the LC50 values decreased
with increased flow rates. The reason for this decrease may be attributed to stress
caused by liquid flow.

3.5. EFFECT OF NATURAL ORGANIC SUBSTANCES

The effect of interaction between natural organic substances and copper ions on
the survival of Ceriodaphnia dubia over a 24 hr exposure period in a static test
is presented in Figure 5. The result show that the toxicity of copper decreases
in the presence of natural organic matters, such as humic acid, dissolved organic
matter, and suspended particles. Figure 5 demonstrates that the ‘standard’ water
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Figure 4. Effect of water flow in the bioassay chamber on Cu toxicity expressed as LC50. The volume
of bioassay chamber was 50 mL.

containing Cu-HA (or DOM and particles) pre-equilibrated for 24 hr increased
the percent survival of C. dubia more than did ‘standard’ water only. The result
showed that the toxicity of copper decreased in the presence of 5 mg L−1 of HA.
Moreover, it shows that the addition of 2.5 mg L−1 of DOM to the test water (a
mixture of ‘standard’ water and copper solution) shifted the copper toxicity curve
to considerably higher copper concentrations. It is evident that the presence of
DOM decreased the toxicity of copper. In addition, the presence of 10 mg L−1 of
suspended particles also decreased the toxicity of copper. Muller and Sigg (1990)
found that free metal ions decreased more in the presence of particles than in the
absence of particles at the same total metal concentration and at constant pH. To
achieve 50% mortality, 20.1 µg L−1 of Cu was needed in ‘standard’ water, 110 µg
L−1 of Cu for in ‘standard’ water with 5 mg L−1 of HA, 119.2 µg L−1 of Cu for
2.5 mg L−1 of DOM, and 70 µg L−1 of Cu for suspended particles. This significant
decrease of copper toxicity in the presence of natural organic materials can be
explained by a reduction in the free Cu ion concentration due to complexation with
these materials (Kim et al., 1999).

3.6. REACTION TIME OF METAL IONS WITH NATURAL ORGANIC LIGANDS

Ma et al. (1999) determined the reaction kinetics of copper with commercially
available humic acid in the ‘standard’ water at a constant pH of 8.0 and an ionic
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Figure 5. Results of Cu toxicity testing on C. dubia in the presence of various natural organic ligands.
The concentration of HA, DOM, and particulates were 5, 2.5 and 10 mg L−1, respectively.

strength of 0.005 M. Their results demonstrated that the reaction was initially rapid
and then diminished gradually. In addition, residual uncomplexed metal, which
was of concern because it has the greatest toxic effect upon aquatic test organisms,
reacted with slow reaction sites. In other words, the free metal ion concentration
diminishes with time in the aquatic system. Figure 6 demonstrates that the kinetics
of copper’s interactions with natural organic materials is a significant factor and
that the acute LC50 values increased with increased reaction time between metal
ions and water-borne organics. For example, the addition of ∼75 µg L−1 of Cu to
2.5 mg L−1 DOM solution resulted in the same survival of Ceriodaphnia dubia at
24 hr hydraulic residence time (HRT) as the addition of ∼43 µg L−1 Cu to 2.5 mg
L−1 DOM solution at 1 hr HRT.

It is well recognized that some factors of hardness, pH, and temperature can
change the toxic effect of heavy metals on aquatic organisms. However, few studies
that examined the relationship between metal speciation based on natural envir-
onmental factors and their bioavailabilities. Furthermore, the importance of metal
reaction with natural organic matter in terms of reaction time and flow system were
underestimated, as the effects of these factors on aquatic toxicity is significant.
Consequently, conventional bioassay tests, which do not account for such factors,
are likely to produce results that fail to reflect the ‘real’ situation. Normal testing
protocols allow no more than a few minutes for reaction between toxicants and
water components prior to testing and therefore, do not take into account changing
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Figure 6. Effect of hydraulic retention time on the toxic effect of Cu toxicity on C. dubia. The flow
rate in the bioassay chamber was 50 mL hr−1.

metal speciation in the aqueous environment. This may either lead to overestimated
or underestimated results, compared with the those that would have been obtained
had the system been given a longer time to equilibrate.
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