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ABSTRACT: Acute copper (Cu) toxicity tests (48-h LC50)
using the euryhaline rotifer Brachionus plicatilis were
performed to assess the effects of salinity (3, 16, 30 ppt)
and dissolved organic carbon (DOC, ∼1.1, ∼3.1, ∼4.9, ∼13.6
mg C L−1) on Cu bioavailability. Total Cu was measured using
anodic stripping voltammetry, and free Cu2+ was measured
using ion-selective electrodes. There was a protective effect of
salinity observed in all but the highest DOC concentrations; at
all other DOC concentrations the LC50 value was significantly
higher at 30 ppt than at 3 ppt. At all salinities, DOC
complexation significantly reduced Cu toxicity. At higher
concentrations of DOC the protective effect increased, but the increase was less than expected from a linear extrapolation of the
trend observed at lower concentrations, and the deviation from linearity was greatest at the highest salinity. Light-scattering data
indicated that salt induced colloid formation of DOC could be occurring under these conditions, thereby decreasing the number
of available reactive sites to complex Cu. When measurements of free Cu across DOC concentrations at each individual salinity
were compared, values were very similar, even though the total Cu LC50 values and DOC concentrations varied considerably.
Furthermore, measured free Cu values and predicted model values were comparable, highlighting the important link between the
concentration of bioavailable free Cu and Cu toxicity.

■ INTRODUCTION

It is vital that organisms maintain copper (Cu) homeostasis, as
both deficiency and excess can be detrimental. Cu is an essential
element for all aerobic organisms as the redox potential of the
Cu(I)/Cu(II) transformation is utilized by a number of
enzymes.1 However, when cellular Cu levels are too high it can
become very toxic. For example, excess Cu can lead to the
formation of harmful reactive oxygen species (ROS);1,2

furthermore, Cu readily binds to histidine, cysteine, and
methionine sites in proteins, potentially leading to their
breakdown.3

In the aquatic environment, Cu toxicity is not simply a
function of the total concentration; the bioavailable portion of
Cu must be determined to better assess potential diverse affects.4

The most widely accepted tool for assessing metal toxicity risk to
aquatic organisms is considered to be the biotic ligand model
(BLM).5 The BLM is a predictive tool that accounts for
variations in metal toxicity based on chemistry information of
local freshwater sources. The model incorporates a number of
components, including interactions at the target site(s) on the
organisms (“biotic ligand”); predicted toxicity is proportional to
metal accumulation at the biotic ligand. BLMs developed for use
in freshwater include protective effects of dissolved organic

matter (DOM) as predicted by the Windermere Humic-
Aqueous Model; WHAM v.5.6 Competitive binding for other
cations at biotic ligand sites, as well as anion−metal interactions
are taken into account by key BLM water quality input
parameters including calcium (Ca2+) and magnesium (Mg2+),
dissolved organic carbon (DOC), pH, alkalinity, sodium (Na+),
carbonates, chloride (Cl−), sulfate (SO4

2−), and temperature.4,7

The BLM has been successful in establishing ambient water
quality criteria (AWQC) of copper for freshwater environ-
ments.8

The majority of water on this planet, however, is not fresh
water. Estuaries and coastal zones receive chronic inputs of
metals from both specific and nonspecific sources, such as
seaports, industries, and domestic outputs.9 According to the US
EPA,10 separate freshwater and marine numerical water quality
criteria need to be derived as fresh and seawater have different
chemical compositions and because species rarely inhabit both
simultaneously.4
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The bioavailability and toxicity of Cu in the marine
environment can differ considerably when compared to fresh
water as a result of the water chemistry. Inorganic speciation of
Cu in seawater is predominantly as carbonate (CuCO3), with a
small fraction of Cu binding to hydroxide ions (CuOH− and
Cu(OH)2), which can decrease Cu bioavailability.11,12 Similar
inorganic Cu speciation applies to fresh water of high alkalinity
and pH,13 while CuOH− and Cu(OH)2 complexes dominate in
high pH fresh water with low alkalinity.1,14,15 In addition to
inorganic speciation, Cu can also compete for uptake with certain
other cations in seawater (e.g., Na+, H+, Ca2+, and Mg2+), which
can decrease metal accumulation and the resultant toxic
response.16 Thus, inorganic speciation and ionic competition
associated with an increase in salinity can have a protective effect
against Cu toxicity, which has been shown in many different
species, including copepods (Eurytemora af f inis),12 larval
topsmelt (Atherinops af f inis),17 and rotifers (Brachionus
plicatilis).4

Possibly the strongest effect on Cu bioavailability in both
marine and fresh waters is exerted by DOC.4,8,15 Natural DOCs
may be broadly classified as ranging from allochthonous
(terrigenous) to autochthonous.18 Allochthonous DOCs are
mainly humic acid based, derived from the breakdown of lignins
(i.e., leaves and wood); they tend to be optically darker and are
composed of larger molecules with more aromatic rings (i.e.,
more phenolic groups).19 Autochthonous DOCs are mainly
fulvic acid based, produced within lakes and rivers by algae or by
microbial activity and/or photodegradation of allochthonous
DOM. They are usually optically lighter and composed of smaller
molecules with a lower content of aromatic ring structures. In
general, the darker aromatic DOC is usually more protective
against metal toxicity.19 The specific absorption coefficient of the
DOC in the 300−350 nm range (SAC300−350) has proven to
be a simple and effective index of this protective ability.19 Copper
binds to DOC with a high affinity and this complexation can
prevent or reduce Cu binding, Cu uptake, and Cu toxicity to
aquatic organisms.20−22 Interestingly, DOC has also been shown
to have direct beneficial effects that would counter the toxic
effects of metals (reviewed by Wood et al.),19 including
decreasing paracellular permeability,23 hyperpolarizing branchial
transepithelial potential (TEP),24 as well as enhancing Na+/K+-
ATPase activity,25 andNa+ uptake.26 Nonetheless, the capacity of
DOC to reduce Cu toxicity in freshwater organisms has been
confirmed by numerous studies.7,20−22,27,28

Marine and estuarine DOC reactivities are influenced by the
presence of high salt concentrations.29 The typical ionic strength
of seawater is around 0.7 M where fresh water ionic strength is in
the range of 0.001−0.01 M, depending on local geology.30 The
several orders of magnitude larger ionic strength of seawater
influences DOC reactivity in three ways: (i) activity corrections
on reactivity of metal ions as well as functional groups involved in
binding; (ii) competition by large cation concentrations with
metals for binding sites; (iii) structural changes such as folding,
unfolding31 and potentially colloid formation.32 In addition,
marine and estuarine sourced DOM tends to be different on a
molecular level from terrestrially derived DOM.33

Despite the established importance of DOC in decreasing Cu
bioavailability, and subsequently Cu toxicity in freshwater;
relatively few studies have documented the impact of DOC on
Cu toxicity to marine organisms.4,34−37 Even less is known about
the combined effects of changes in both salinity and DOC
concentration on Cu toxicity. In the present study, the effects of
varying salinity and DOC onCu toxicity to the euryhaline rotifer,

Brachionus plicatilis, were examined. B. plicatilis is an ideal model
species for a number of reasons. They can be successfully
cultured in salinities ranging from 0 to 40 parts per thousand
(ppt) salinity,38 they are very sensitive to Cu,4,39 and standard
guidelines exist for toxicity testing of this species.40 Finally,
rotifers are distributed over six continents and have a major
impact on several important ecological processes in coastal
marine environments.4,41 To supplement the acute Cu toxicity
data (48-h LC50), total levels of Cu were measured using anodic-
stripping voltammetry and free Cu concentrations using an ion-
selective electrode (ISE). Data from this research will help
develop the estuarine and marine BLM for Cu toxicity.

■ MATERIALS AND METHODS

Toxicity Method. Static acute toxicity tests (48-h duration,
unfed) were performed using modified methods of those
recommended by the ASTM40 and other similar studies.4,39 A
summary of ASTM40 recommended test methods and method-
ology used in this experiment are reported in the Supporting
Information, Table S1. Briefly, B. plicatilis rotifer cysts were
purchased from Florida Aqua Farms Incorporated (Dade City,
Florida). Newly hatched rotifers (<6 h old) were used in each
acute toxicity test, with 5−12 replicates of 10 rotifers per
exposure concentration. Test rotifers were obtained by hatching
resting rotifer cysts in 6-well tissue culture plates (Falcon, Becton
Dickinson) at 25 °C under continuous light at 2500 lx in
reconstituted artificial water at the desired salinity. Test
organisms were transferred randomly to the test chamber, 24-
well tissue culture plates (Falcon, Becton Dickinson), containing
2 mL of test solution via a micropipet. The test chamber was
maintained at 25 ± 1 °C (continuously monitored) and in
continuous darkness. Organisms were observed at the end of 48-
h exposure periods using a stereoscopic microscope. Individual
rotifers were scored as dead if there was no movement of body or
parts (e.g., mastax) within 5 s of initiating an observation.40

Artificial seawater was made using the following concen-
trations of salts dissolved in ultrapure water (18.2MΩ resistivity)
(all in g L−1): 11.31 NaCl, 0.36 KCl, 0.54 CaCl2, 1.97 MgCl2·
6H2O, 2.39 MgSO4·7H2O, and 0.17 NaHCO3.

40,41 The salinity
(3, 16, and 30 ± 1 ppt) was adjusted accordingly using ultrapure
water and a stock solution of ∼35 ppt. The pH of the solution
was adjusted to approximately pH 8.00 using 0.1 M NaOH/HCl
(Orion 91-57BN pH electrode andOrion 420A+meter, Thermo
Electron Corp.). A pH of 8.00 was chosen as it was intermediate
between fresh and seawater. The artificial water was made up 48-
h before experimentation and mixed continuously in a 1-L glass
volumetric flask. Copper (CuSO4·5H2O; Bioshop) was spiked
into the test solution prior to experimentation, mixed and
allowed to equilibrate for at least 1 h. The concentration of Cu
ranged from zero added to approximately 400 μg L−1, depending
on the experiment. When necessary the DOC (see below) was
added to the artificial water 24-h before the addition of Cu and
mixed continuously. Again, the pH of the solution was adjusted
to approximately pH 8.00 prior to experimentation.

Dissolved Organic Carbon (DOC) Source and Storage.
The DOC was obtained from a wetland area near Southampton,
on Prince Edward Island (latitude, 46.35937; longitude,
−62.59166; altitude, 7 m). The DOC sample was obtained
using a portable reverse osmosis unit (for details on reverse
osmosis, see Sun et al.).42 To remove potential metal
contamination, the concentrates were passed through a cation
exchange resin (Amberlite IR-118H, Sigma), acidified to pH 2,
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before being stored in the dark at 4 °C, in 4 L polyethylene
bottles until use.43,44

DOC concentrations were measured using a Shimadzu TOC-
LCPH/CPN analyzer (Shimadzu Corporation). Samples (30 mL)
for storage were not acidified, but they were filtered (0.45 μm)
and then kept in refrigeration until measured. Standard total
carbon solutions were used as reference when TOC analysis was
conducted (5, 10, and 20 mg C L−1) and were prepared from
potassium hydrogen phthalate (Mandel Scientific). The
concentration of DOC was determined by subtracting the
instrument blank area from the average peak area and dividing by
the slope of the standard curve. Samples from all salinities were
treated the same, except that immediately prior to measurement,
30 and 16 ppt samples were acidified with a few drops of HCl and
Milli-Q water rinses were made after every seawater sample
(Milli-Q water rinses every 4−5 samples in 3 ppt samples).
Dissolved Organic Carbon (DOC) Light Scattering and

Fluorescence. To determine if DOC particles were aggregating
at high [DOC] and salinities, light scattering measurement were
made; whereas to qualitatively ascertain the relative key
constituents of the Southampton DOC (i.e., humic and fulvic
acid, and tryptophan) a 3D contour plot was generated from
fluorescence data. (All fluorescence data are presented in the
Supporting Information.) Light scattering and fluorescence
measurements were conducted in a 1 cm quartz cuvette using
a Varian Cary Eclipse Fluorescence Spectrometer (Varian,
Mississauga, ON). For light scattering determinations, 12
solutions of variable DOC concentrations (0, 5, and 10 mg C
L−1) and salinities (3, 10, 16, and 30 ppt) were prepared and
allowed to equilibrate for 48 h. The excitation wavelength was set
for 800 nm and fluorescence emission wavelengths were
measured between 750 and 850 nm. For each scan, both the
excitation and emission monochromator slit widths were set to
10 nm and the photomultiplier tube was set to medium
sensitivity (600 V). The 3D contour plot was generated using
fluorescence emission wavelengths at 250 to 600 nm, in 1 nm
increments for intervals of 10 nm excitation wavelengths

between 200 and 450 nm. For each scan, the excitation and
emission monochromator slit widths were set to 5 nm and the
photomultiplier tube was set to high sensitivity (800 V). Using
MATLAB (MathWorks, Natick, MA), 3-dimesional fluorescence
excitation−emission matrices (FEEMs) were created from the
fluorescence data. Scattered light at emission equal to excitation
and emission equal to two times the excitation wavelength are
artifacts of the fluorescence instrumentation and thus were
removed from the spectra.59

Total Cu measurementsVoltammetry. Total Cu
(TCu) concentrations used in the toxicity tests were determined
by differential pulse anodic stripping voltammetry (DPASV)
using manufacturer recommended settings from the manual
(Metrohm Application Bulletin No. 231/2e). Samples for TCu
measurement were taken from stock solutions used for each
[Cu]. Voltammetric measurements were made with a computer
controlled Autolab potentiostat/galvanostat (Eco Chemie,
Metrohm) and a Metrohm 663 VA stand (Metrohm). The
working electrode was a static mercury drop electrode (SMDE)
and the counter electrode was made of a platinum rod
(Metrohm). The analysis of peaks was done using Nova 1.7
software (Eco Chemie, Metrohm). For all the ASV measure-
ments, the following experimental conditions were used: 1 mL of
KCl-sodium acetate buffer (1.5 mol L−1 KCl, 0.5 mol L−1

CH3COONa and 50 mL 30% w/v NaOH L−1) was added to
10 mL of sample before the pH was adjusted to 6.400 (±0.005).
The sample was purged with pure N2 gas for 5 min, the
deposition time was 90 s (with stirring), the equilibration time
was 10 s and the differential pulse ranged from −1.250 to 0.000
V. Samples were run before and after the addition of multiple
known Cu concentrations. Standard addition analysis by linear
regression was used to determine the original [Cu] in the sample.
In a separate control experiment, samples from a number of

wells were pooled and measured, and compared to stock values
to determine if any Cu adhered to the sides of the 6-well tissue
culture plates. Results indicated that 99.4% of the TCu was

Figure 1. The 48-h LC50 values and 95% confidence limits (CL) for the rotifer, Brachionus plicatilis, exposed to all salinities and DOC. LC50 and CL
were determined from TCu measurements (voltammetry) and Probit analysis software. Different letters show significant differences in LC50 values
across the DOC concentrations, for each individual salinity. An asterisk denotes a significant difference in LC50 values when comparing 3 and 16 to 30
ppt, and a “X” shows a significant difference in LC50 values when comparing 3 to 30 ppt. Significant differences in LC50 values are deemed when CL do
not overlap (N = 5−12).
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recovered from the culture plate wells when compared to the
stock solution (data not shown).
If the sample contained Southampton DOC, the Cu−DOC

complex was first UV digested before the [TCu] could be
measured using ASV. Briefly, 100 μL of 30% hydrogen peroxide
was added to 10 mL of sample, as recommended by the
manufacturer. Samples were then placed in a UV digester for 1 h
at 89 ± 2 °C (Metrohm 705 UV digester).
Free Cu MeasurementsIon-Selective Electrode (ISE).

Solutions containing TCu concentrations equivalent to the 48-h
LC50 values from all conditions (Supporting Information, Table
S2) were measured using a flow-through system (from Eriksen et
al.).45 For all measurements, the Orion Cu (II) ISE (model 94-
29) and an Orion double junction reference electrode (model
900200) were used, both connected to a potentiometer
(Tanager, model 9501, Ancaster, ON). A Cerampump FMI
“Q” Pump (GQ6) was used to deliver the sample through the
flow-through system at a flow rate of 1.0 mL h−1. Samples were
pH adjusted to a pH of 8.00 ± 0.1 and measured until
stabilization of the signal was achieved. The acceptable criterion
for stability was a less than 0.1 mV changemin−1. The sample was
then adjusted to a pH of 3.30 and delivered through the system
again until the stability criterion was satisfied. This allowed for a
one-point internal calibration to be performed using the lower
pHmeasurement to determine free Cu. Checks showed that that
the electrode had a Nernstian response (average slope of 28.6 ±
0.2 mV per decade of concentration) so the one point calibration
allows calculation of the intercept. The free Cu concentration is
determined in the low pH sample by assuming that the total Cu
equals the free Cu, corrected for complexation to sulfate and
chloride using NIST complexation constants.46 Total Cu
concentrations used for this determination were determined
using voltammetry (see previous section).

Free Cu Modeling. The chemical equilibrium speciation
component of a seawater-Biotic Ligand Model (BLM) was used
to predict free Cu for all salinity/[DOC] combinations (refer to
Chadwick et al.47 SPAWAR technical report for relevant
information). The model is based on fixed equilibrium binding
constants for inorganic as well as organic speciation of Cu. Input
parameters for the seawater-BLM include pH, salinity, DOC and
total Cu. For our modeling we used the measured pH, salinity,
DOC, and input total Cu at the LC50 value for each exposure
condition. With these input variables, the model then outputs
concentrations for all Cu species including Cu2+.47

Statistical Analyses. The 48-h LC50 values were
determined using Probit analysis as prescribed by the US
EPA.48 If the 95% confidence intervals did not overlap, the LC50
values were considered significantly different4 (Figure 1 and
Supporting Information, Table S2). A two-way analysis of
variance (ANOVA) was used to compare light scattering data for
the effects of salinity and DOC (Supporting Information, Figure
S1). A one-way ANOVA was used to compare free Cu
concentrations (Figure 2), across all DOC concentrations at
each salinity. Where appropriate, an ANOVA followed by a
Holm-Sidak post hoc test was used to test the data, and means
were considered significantly different based on the adjusted P <
0.05 (SigmaStat 3.1 statistical program). All figures and
calculations were performed using SigmaPlot version 11, Matlab,
SigmaStat version 3.1, and Microsoft Excel.

■ RESULTS AND DISCUSSION

The rotifer, Brachionus plicatilis, is an excellent model species for
Cu toxicity tests in different aquatic environments. Not only is it
incredibly tolerant of a wide range of salinities,37 it is also very
sensitive to Cu. Mean acute Cu toxicity values (LC or EC50
values) for 44 genera range from 12 to 6448 μg Cu L−1.4 Put into
this context, in the present study the lowest LC50 value observed

Figure 2. Concentrations of measured free Cu in samples containing total Cu concentrations equivalent to the B. plicatilis LC50 values obtained when
using a range of DOC concentrations and salinities. The free copper activity is the negative log10 of themolar activity of Cu2+ ions (−log [Cu2+]). Shown
at each salinity is the measured free Cu in the presence of different concentrations of DOC: (black) 0.9 mg L−1 DOC, (dark gray) 3.1 mg L−1 DOC,
(light gray) 4.8 mg L−1 DOC, and (white) 13.7 mg L−1 DOC. Values are −log[Cu2+]. Mean ± S.E.M., N = 6−3. An asterisk denotes a significant
difference in free Cu activity values between 0.9 and 13.7 mg L−1 DOC at 16 ppt (P < 0.05; ANOVA followed by Holm-Sidak post hoc test).
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averaged 13.5 μg Cu L−1 (3 ppt, zero added DOC) making B.
plicatilis one of the most sensitive species tested to date. This may
be a function of the relatively large surface area to mass ratio,49 as
it is one of the smallest organisms used for these types of toxicity
tests. Increasing salinity, when no DOC was added had a
protective effect against Cu toxicity to B. plicatilis. The addition of
SouthamptonDOC also had a significant protective effect against
Cu toxicity for all salinities. Such a relationship was particularly
pronounced when going from zero added DOC to ∼5 mg L−1

DOC (Figure 1). However, the degree of protectivity per
milligram of C decreased as DOC increased at high salinities.
Measurements of free Cu using an ion-selective electrode (ISE),
in samples containing total Cu concentrations equivalent to the
LC50, revealed that there was a threshold concentration of free
Cu that accounted for the toxicity. However, it was evident that
high concentrations of DOC may provide an additional
protective effect, as higher concentrations of free Cu were
required to elicit the same toxic effect (the LC50). Data from this
research will be used in the development of a marine and
estuarine biotic ligand model.
The Effects of DOC on Total Copper Toxicity. The

addition of DOC provided a significant protective effect against
Cu toxicity to the B. plicatilis in all salinities (Figure 1 and
Supporting Information, Table S2). For all three salinities, as the
concentration of DOC increased up to ∼5 mg L−1, Cu 48-h
LC50 values also increased linearly (3 ppt, LC50 [μg Cu L−1] =
10.76 ×DOC [mg L−1] + 4.98; 16 ppt, LC50 = 15.15 ×DOC −
2.51; 30 ppt, LC50 = 15.22 × DOC + 19.01). This has also been
shown in other studies using a variety of different species. In
seawater for example, Arnold et al.36 found a direct and
significant relationship between DOC and LC/EC50 values in
six different species (the mussels Mytilus galloprovincialis and
Mytilus edulis, the oyster Crassostrea virginica, the sand dollar
Dendraster excentricus, the sea urchin Strongylocentrotus purpur-
atusi and the copepod Eurytemora af f inis). Cu uptake by green
mussels, Perna viridis, was reduced when it was complexed with
different DOC types in seawater.37 Furthermore, DePalma et
al.50 showed that EC50 values inmarineMytilus species increased
from 10 to 40 μg L−1 Cu when DOC concentrations were raised
from 1 to 10 mg L−1. Similar results in seawater were obtained in
the Pacific oyster,34 purple urchin larvae,51 and the blue mussel.35

In freshwater, many studies on Daphnia magna have also shown
that the addition of DOC protects against Cu toxicity.3,27,28,52

Interestingly, at high concentrations of DOC (up to ∼13.7 mg
C L−1) the relationship was still linear in 3 ppt (LC50 = 9.67 ×
DOC + 7.92). However, at high [DOC] the [DOC]/LC50 value
relationship was no longer linear in 16 ppt (LC50 = −0.67 ×
DOC2 + 19.22 × DOC − 6.91) or in 30 ppt (LC50 = −0.78 ×
DOC2 + 19.07 × DOC + 16.01) (Figure 1 and Supporting
Information, Table S3). Therefore, at higher salinities (30 ppt)
there was a saturation point where any further increases in DOC
concentrations did not significantly affect metal toxicity. This
supports previous studies on other species. For example, a similar
linear increase in the EC50 value for D. magna was observed in
fresh water, with EC50 values increasing from 25 μg L−1 Cu (zero
added DOC), up to 100 μg L−1 Cu (5 mg DOC L−1) and 300 μg
L−1 Cu (15 DOC mg L−1).27 Whereas in marine blue mussels
(Mytilus trossolus), an increase in [DOC] from 0 to 10 mg L−1

increased the 48-h EC50 values in a linear fashion from 9.4 to
37.0 μg Cu L−1. Yet, doubling the [DOC] (nominal 20 mg L−1

DOC) did not double the EC50 value; instead this relationship
had plateaued out, with an EC50 value of only 39.0 μg Cu L−1.35

We hypothesize that the decrease in protectivity per milligram
of C L−1 at high salinities could be due to salt induced colloid
formation of DOC particles. Continuum theory predicts that the
force between two surfaces in a liquid is given by the sum of an
attractive van der Waals force and a repulsive electrostatic force.
Repulsive forces decrease at high ionic strength due to collapse of
the electrical double layer. This is the essence of the Derjanguin−
Landau−Verwey−Overbeek (DLVO) theory.53 In certain
situations (e.g., in high salt concentrations), there is a possibility
of a “secondary minimum”, which is when an interparticle
attractive force (van der Waals force) causes colloidal particles in
liquid medium to form persistent aggregates at high enough
electrolyte concentrations.32 Light scattering data, which are
presented in Supporting Information, Figure S1, supported this
hypothesis. Although the units are arbitrary, an increase in light
intensity is directly proportional to the particle size, that is, a
direct correlation between colloid formation and light intensity.
When no DOC was added, the light intensity was approximately
equal across all salinities. With the addition of 5 mg L−1 DOC,
light intensity values significantly increased only at the highest
salinity (30 ppt). The addition of 10 mg L−1 DOC resulted in
light intensity values significantly increasing at a much lower
salinity (16 ppt). Thus, the trend of light intensity suggests that
colloid formation was more prevalent at elevated salinities and
DOC concentrations, which would explain the linear increases in
EC50 values and DOC in freshwater studies (where salt induced
colloid formation does not occur)27,3,28,52 and the less than
expected protective effect of DOC in salt-rich marine environ-
ments (Figure 1;35). However, we cannot eliminate other
possible explanations, such as changes in the Cu/DOC ratio, and
the dependence of complexation constants on ionic strength at
higher salinities.
It was evident that DOC had a protective effect against Cu

toxicity; however, the source of DOC can also be a major factor
determining the level of protectivity. Using the same species (B.
plicatilis) as in the present study, Arnold et al.4 found that in
seawater (29 ppt) the 48-h LC50 value increased from 34 to 145
μg of Cu L−1 when the DOC concentration was increased from 1
to 4 mg L−1. A very similar LC50 value was observed in the
present study for 30 ppt B. plicatilis with zero added DOC (∼1
mg L−1 DOC, LC50 value of 34.4 μg of Cu L−1). However, at∼4
mg L−1 DOC the LC50 value was approximately 90 μg of Cu L−1,
almost half that of the previous study by Arnold et al.4 This is also
reflected in the respective slope equations (LC50 [μg Cu L−1] =
15.23 × DOC [mg L−1] + 19.01 versus LC50 = 37.1 × DOC −
3.2; Supporting Information, Table S3 versus Arnold et al.,4

respectively). The cause of this difference is most likely attributed
to the type DOC used. On the basis of the fluorescent
spectrophotometry data (Supporting Information, Figure S2),
high emission levels in the 460 to 520 nm range indicate the
presence of humic acid, with only low levels of fulvic acid and
tryptophan in the SouthamptonDOC used in this study, which is
typical of allochthonous/terriginous origin.19 In addition, as
Southampton DOC was very dark this presumably means that
phenolic groups were also present.19 DOC of this nature is
generally perceived to be very protective against metal toxicity.19

However, it must be noted, the DOC used in the study by Arnold
et al.4 was that contained in natural saltwater (from Little Egg
Harbor, NJ, USA), it was not subject to fluorescent
spectrophotometry, so this explanation remains speculative.
Nonetheless, these differences in LC50 values, for the same
species, highlight the potential importance of the DOC source.
Several studies have concluded that biologically meaningful
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differences exist in DOC isolated from different sources, leading
to differential binding abilities to the free metal ion and to
different subsequent toxicity or protection to organ-
isms.4,22,28,43,54 The importance of DOC source and/or optical
qualities is something that should be incorporated into toxicity
models in the future.
The Effects of Salinity on Total Copper Toxicity.

Increases in salinity from 3 to 30 ppt, which approximates full
strength seawater had a protective effect against Cu toxicity when
no DOC was added, with LC50 values being significantly higher
at 30 ppt when compared to 16 and 3 ppt (Figure 1 denoted by
an asterisk, and Supporting Information, Table S2). In addition,
at DOC concentrations of ∼3.1 and ∼4.5 mg L−1, LC50 values
for 30 ppt were significantly higher than for 3 ppt (Figure 1
denoted by a “X”, and Supporting Information, Table S2),
whereas LC50 values for 16 ppt were intermediate. This has been
found in other studies as well. Using the same species, B. plicatilis,
the 24-h Cu LC50 values were a factor of 1.5 higher at elevated
salinities (20−29 ppt) when compared to lower salinities (6−15
ppt).4 Hall et al.12 and Lauer and Bianchini55 both demonstrated
that elevated salinity increased LC/EC50 values in estuarine
copepods (Eurytemora af f inis and Acartia tonsa, respectively).
Similarly in vertebrates, a higher salinity also correlated with
higher LC50 values in larval topsmelt, Atherinops af f inis,17 and
96-h LC50 values in juvenile mummichog fish, Fundulus
heteroclitus.49 However, the protective effect of salinity is not
always evident. For example, changes in salinity had no effect on
acute Cu toxicity in brine shrimp, Artemia salinus;56 and in the
presence of high DOC concentrations, increased salinity had no
protective effect in the present study (Figure 1).
Cu is generally more toxic in fresh water because of its ability to

competitively interact withmajor cations for sensitive sites on the
biological target.49,57 Organisms that are osmoregulators have to

take up salts in fresh water and excrete salts in a marine
environment to maintain osmoregulatory homeostasis. There-
fore, in fresh water Cu may compete with ions such as Na+ for
uptake, which in turn would lead to increased metal toxicity. In
both larval topsmelt17 and mummichog49 Cu LC50 values were
lower in fresh water when compared to seawater. However, Cu
uptakes rates were similar in both fresh and seawater, which
suggests that the increased sensitivity to Cu was due to the
increased physiological challenge of osmoregulation.17

Environmental Effects on Free Copper Concentrations,
and Implications for the BLM. Bioavailability and toxicity of
trace metals depend on the physical and chemical speciation of
metals in the matrix.58 One of the most bioavailable species of Cu
is divalent free Cu and it is the general consensus that it is the
main toxic form of Cu, although CuOH−/+ and Cu(OH)2
complexes have also been demonstrated to be bioavailable and
exert toxicity.1,5,14,15 The present study confirmed that free Cu is
a toxic form of Cu to B. plicatilis. Comparing measurements of
free Cu (the negative log10 of the molar concentration of Cu2+

ions (−log[Cu2+])) across all DOC concentrations, for each
separate salinity, revealed that, in general, free Cu concentrations
were not significantly different, even though the effective TCu
concentrations (i.e., the LC50) varied considerably (Figure 2).
There was one exception, a significant difference in free Cu
measurements at 0.9 versus 13.7 mg L−1 DOC at 16 ppt (Figure
2), which indicates that more free Cu was required to elicit the
same toxic effect (i.e., the LC50) at the highest DOC
concentration. This highlights a general trend that was observed
for the lower salinities, where there was a tendency toward higher
DOC having higher free [Cu2+] concentrations (Figure 2, Figure
3a and 3b). It is feasible that with a larger data set more significant
differences might be found. A possible explanation for this
greater than predicted Cu protectivity, is that at high DOC

Figure 3.A plot comparing the 48-h LC50 TCu values (μg Cu L−1; 95%CL) and the measured free Cu values (−log[Cu2+]) for 3 (a), 16 (b), and 30 ppt
(c). Also included for each salinity are the calculated free Cu values using a seawater-BLM47 (−log[Cu2+]; horizontal solid lines) and the respective error
bars (±0.6 −log[Cu2+]; dashed lines). Calculated free Cu error bars of ±0.6 −log[Cu2+] were selected as a reasonable confidence envelope (refer to
Supporting Information for an explanation of how the 0.6 value was obtained). Error bars for −log[Cu2+] correspond to SEM.
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concentrations, rotifers may be ingesting the DOC and using it as
a nutrient; or it provides physical protection against uptake
within the digestive tract. These effects would be less at high
salinity if salt induced colloid formation reduces the net
bioavailability of DOC (by creating fewer but larger molecules).
The potential effects of suspended particulates providing
additional protectivity against metal toxicity warrants future
investigation, but it is not within the scope of the present study.
The reason why greater concentrations of TCu were required

to elicit the same toxic effect (LC50) at higher salinities and
[DOC] was because a greater proportion was being bound by
inorganic and organic ligands, such that more TCu was required
to yield the same concentration of free Cu in solution to be taken
up by the animal. Kramer et al.27 found a very similar relationship
when using freshwater Daphnia magna and a range of DOC
concentrations from 0.1 to 22 mg L−1. The authors performed
speciation calculations for free Cu concentrations at the effective
TCu concentration levels and found that the free Cu
concentrations ranged from 10−11 to 10−10, which compares
well with the present study.27 It should be noted that the
measurement of free Cu using ISE is prone to large variability.
The variation in some literature data sets are as much as 4 orders
of magnitude (Chadwick et al.47) so within that context our
measurements here are fairly reproducible.
One of the primary aims of this study is for the data from this

research to be used in the development of a marine and estuarine
(BLM). Therefore, it is critical that our measured values of free
Cu are comparable to the predicted values calculated by the
BLM. To ascertain if the measured values of free Cu were
comparable to predicted free Cu values at each effective
concentration, for each salinity/[DOC] combination, a model
first presented by Chadwick et al. was used.47 Free Cu
calculations using this model were based on [DOC], salinity,
and pH. In brief, the modeling presented in Chadwick et al., is
based on solving simultaneous equilibrium utilized binding
constants (logK values) for inorganic ligands as well as DOC.
The DOC logK and binding site concentrations (mol site/mg C)
are reported in Chadwick et al.47 and were determined therein
from detailed cupric ISE titrations of seawater samples. These
values are presented in Figure 3 (horizontal solid lines), along
with measured free Cu values (also on the y-axis) and the
effective TCu values (with 95% CL; x-axis). Of note, the
calculated free Cu concentrations were the same at each [DOC],
but gradually increased as salinity increased (due to an activity
correction, where the reactivity of Cu becomes less as the salt
levels increase, therefore, more Cu is required to elicit the same
toxic effect) (Figure 3). Error estimates on modeled free Cu are
also presented for each salinity (±0.6 −log[Cu2+]; dashed lines,
refer to Supporting Information text and Figures S3 and S4 for an
explanation of how the value of 0.6 was obtained) and it is
evident that there is significant overlap between measured free
Cu and calculated free Cu values for all low DOC data points. In
fact, if 95% confidence intervals (instead of standard errors) on
the measured free Cu values were plotted in Figure 3 and all but
one of the data points (16 ppt, 15.4 mg DOC L−1; Figure 3b)
have confidence regions overlapping with model predictions.
One reason for having one point as an outlier is discussed above,
and is not taken into account in the BLM, and again this may lead
to future research in this area. Another reason is that a very
conservative approach was taken when calculating the “± 0.6
−log [Cu2+]” confidence envelope. Nonetheless, the measured
free Cu values from the present study are in good agreement with
what the BLM predicts and that these data provide further

evidence that free Cu is the toxic form of Cu, and its estimates are
critical for modeling and assessing metal toxicity in the aquatic
environment.
Our results show that although elevated salinity did provide a

protective effect against (total) Cu toxicity to B. plicatiliswhen no
DOC was added, an increase in DOC provided the greatest
protection against Cu toxicity. Furthermore, the combination of
varying salinities and DOC concentrations resulted in similar
concentrations of free Cu, even though the effective concen-
trations of total Cu were considerably different, thus highlighting
the importance of the free ion-activity in determining metal
toxicity. This study has significant environmental relevance as
DOC concentrations used are comparable to those measured in
marine and fresh waters and it shows how metal toxicity can be
highly dependent on the environmental conditions. For example,
in a typical river basin, fresh water runs through land where there
could be a relatively high input of allochthonous DOC, in this
environment there would be a low level of metal toxicity. As
water runs through the estuary, salinity levels would increase, but
the DOC may become more diluted, hence increasing relative
metal toxicity. Once in the ocean the elevated salinity could offer
some protection against metal toxicity, to certain organisms, but
this effect will not be as significant as DOC. Metal toxicity in
freshwaters is relatively well established; however, more research
is required to further elucidate the effects of metal toxicity in the
marine environment, particularly in estuarine environments.
Hence, data from this research will be used in the development of
a marine and estuarine biotic ligandmodel, and ultimately criteria
for the protection of organisms in these environments.
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