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The goal of this study was to evaluate the influence of water chemistry parameters on the acute toxicity
of waterborne Ni to Daphnia pulex in soft waters and using this information to develop a biotic ligand
model. The effects of Ca, Mg, Na, K, Cl, pH (two differently buffered sets) and natural organic matter
(NOM) from two sources were evaluated in standardized 48 h acute toxicity tests. Increases in Ca%* had a
protective effect on Ni toxicity, suggesting that this ion competes with Ni at the site of biological uptake.

Ié‘i{x"oms" Increased waterborne Mg2* also reduced Ni toxicity, but to a lesser degree compared with Ca2*. EC50
Ni values increased at higher pH when the organic buffer 3-morpholinepropanesulfonic acid was used to
WHAM adjust test pH, however in tests series where pH was varied using HCO3~ the results were equivocal.
Modeling Other testing showed that Na, K and CI did not influence the toxicity response of D. pulex to Ni. Com-

plexation of Ni by NOM reduced toxicity but Nordic Reservoir NOM was much more protective compared
to Suwannee River NOM. Geochemical modeling of organic matter complexation of Ni was done using
the HydroQual Biotic Ligand Model (BLM ver. 2.3.3; research mode) and the Windermere Humic Aque-
ous Model (WHAM ver 6.0). Results showed dramatic differences between the two models in dissolved
organic matter complexation. Modelling of Ni geochemistry for test solutions other than those containing
NOM showed consistent and minor differences between the WHAM and the BLM. The latter model was
used to develop a comprehensive prediction model of Ni toxicity. log K values developed for competitive
cationic effects showed that Ca and Mg have a much higher protective effect in soft water compared to
models developed for Daphnia magna in hard water. The BLM developed for this species in soft water
provided good predictions of toxicity across a wide range of Ni concentrations but also highlighted the
need for an improved understanding of the effects of NOM and pH on Ni toxicity in soft waters.

© 2008 Published by Elsevier B.V.
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1. Introduction ity of the metal, and its physiological mechanism(s) of toxic impact

(Paquin et al., 2002; Di Toro et al., 2001; Santore et al., 2001; De

The acute toxicity of metals in aquatic systems is known to vary
widely, dependent on both the sensitivity of the organism and envi-
ronmental conditions. Water chemistry influences the speciation of
metals and an understanding of the bioavailability and toxicity of
different geochemical forms (species) have led to the development
of comprehensive toxicity prediction models (Meyer et al., 1999;
Di Toro et al., 2001). These biotic ligand models (BLMs) use the
geochemical equilibrium modeling approach to provide site spe-
cific toxicity estimates by accounting for the chemical speciation of
both the metal and other moieties in aquatic systems, bioavailabil-
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Schamphelaere and Janssen, 2002, 2004a,b; Keithly et al., 2004).
BLMs have been published for some metals (reviewed Niyogi
and Wood, 2004; McGeer, in press) but the development of Ni
BLMs is less advanced because the mechanisms of Ni toxicity and
the influence of water chemistry on toxic responses are not well
understood. Ni is an essential element in some organisms and
plays a physiological role in lipid metabolism, hematopoiesis and
other functions (Phipps et al., 2002; Anke et al., 1995; Nielsen,
1996). Naturally occurring concentrations of Ni in surface waters
are generally in the low pg/L (e.g., between 0.5 and 5 pg/L) but can
sometimes range as higher as 0.2 mg/L in catchments influenced by
fine-grained sulphide bearing sediments (CCME, 1987; Astrom and
Bjorklund, 1996; Zwolsman and van Bokhoven, 2007). Essential-
ity has been reported for terrestrial organisms but this is not well
established in aquatic organisms (Muyssen et al., 2004; Chowdhury
et al., 2008). Like other metals, Ni induces toxic responses when


http://www.sciencedirect.com/science/journal/0166445X
http://www.elsevier.com/locate/aquatox
mailto:jmcgeer@wlu.ca
dx.doi.org/10.1016/j.aquatox.2008.11.005

222 T. Kozlova et al. / Aquatic Toxicology 91 (2009) 221-228

concentrations are elevated. The study of Pane et al. (2003a) linked
the impacts of Ni on Daphnia magna in hard water to disruption of
Mg balance in the organism. However, studies with rainbow trout
showed that the acute impact of Ni was primarily as a respiratory
toxicant (Pane et al., 2003b, 2004b).

BLM approaches for Ni have been developed and published for
fish (Meyeretal., 1999; Hoang et al.,2004; Deleebeeck et al.,2007a).
However, there are very few studies applying the BLM approach to
the impacts of Ni on aquatic invertebrates (Keithly et al., 2004; Pane
et al., 2003a) and most of these studies were done using hard or
moderately hard waters. A BLM for the effects of Ni on D. magna has
recently been published (Deleebeeck et al., 2007b) and it showed
that water hardness cations (i.e., Ca and Mg) are protective. The
inverse relationship between water Ca (and/or Mg) concentration
and Ni toxicity makes the development of BLMs in soft water par-
ticularly relevant because many of the waters on the Canadian and
Fennoscandian Shields have very low levels of calcium carbonate
(Jeziorski and Yan, 2006). In a study of Canadian Shield lakes from
the south and central region of Ontario, Ca concentrations ranged
from 30 to 1070 wM (mean 94.3, n=100) with 5% of the samples
below 40 wM and 95% less than 200 wM (David et al., 1997). In these
very soft waters Ni bioavailability and toxicity are expected to be
elevated.

In this study, the effects of metal-toxicity modifying factors on
Ni toxicity to D. pulex in soft water were investigated in order to con-
tribute towards the development of an acute Ni BLM. The potential
for Ca, Mg, Na, Cl, K, pH and natural organic matter (NOM) to alter
the toxicity of Ni to Daphnia pulex was tested. D. pulex was chosen
as the test organism because of its sensitivity to metals (Shaw et
al., 2006) as well as its ability to acclimate and thrive in very soft
waters (Environment Canada, 1996). Clifford and McGeer (2009)
have recently developed a BLM for Zn in soft water for this same
species.

2. Materials and methods
2.1. D. pulex culturing

D. pulex were obtained from a commercial supplier (Aquatic
Research Organisms, Hampton, NH) and cultured at 21°C in 1L
beakers with approximately 800 mL of reconstituted soft water (see
below for composition). A mixture of two algae species, Chlorella
vulgaris (30%) and Pseudokirchneriella subcapitata (70%), originally
obtained from the University of Toronto Culture Collection, was fed
to the Daphnia cultures and this was supplemented with a yeast,
cerophyll and trout feed suspension (YCT, purchased from Aquatic
Research Organisms). Algae feed preparation and D. pulex feed-
ing were carried out according to standard methods (Environment
Canada, 1996) and a vitamin pre-mix containing By, B7, and By, in
equal proportion was added to the culture water at a total concen-
tration of 0.1 mg/L. The culture and testing of Daphnia were carried
out at 20.5 +1°C and photoperiod was fixed at 16 h of light and 8 h
of dark; culture beakers were not aerated. Neonate daphnids less
than 24 h of age were used for testing and the first brood of neonates
was not used (Environment Canada, 1996).

Culture and testing were done at the Mining and Mineral Science
Laboratories of Natural Resources Canada in Ottawa. A reconsti-
tuted soft water medium, created by the addition of CaSOy4, MgSQy4,
NaHCOs, and KCl (purchased from Sigma-Aldrich, ON, Canada)
to deionized water, was used for culture and as the base for
test solutions. The composition of the standardized soft water
medium recommended by Environment Canada (1996) and the
USEPA (2002) was adjusted with a reduction in Mg content to
give final nominal concentrations of: 170, 140, 570, 30, 30, 310 and
570 pM for Ca, Mg, Na, Cl, K, SO4~ and HCO3~ respectively. The

reduction of Mg was done to bring the Ca:Mg ratio closer to that
found in natural waters (David et al., 1997). D. pulex cultures were
acclimated for at least 30 d prior to testing, water was fully aerated
before use, the pH of the medium was 7.8, and the dissolved organic
carbon (DOC) content was measured at 0.15 mg|/L.

2.2. Toxicity testing

Static acute 48-h assays were conducted according to a stan-
dard Biological Test Method from Environment Canada for Daphnia
(Environment Canada, 1996). Immobility at 48 h was the bioassay
endpoint, assumed to equivalent to mortality. For each test a con-
trol treatment and at least 7 Ni exposure concentrations were tested
using two replicates for each concentration with 10 neonates per
replicate. Within each test Ni exposure concentrations were Ni was
added to test solutions as NiSO4 and in preliminary testing potential
differences between NiSO,4 and NiCl, were compared. There were a
total of 44 toxicity tests within 8 test series. A test series consisted of
holding all water variables constant except for one, which was var-
ied to different levels in each toxicity test. Test series are outlined
in Table 1 and included Ca (as CaSO4), Mg (as MgS0,4), Na (as NaCl)
and K (as KCl). Two different series were done adjusting pH. In one
NaHCOs (pH, alkalinity and Na varied) was used and in the other
the organic buffer 3-morpholinepropanesulfonic acid (MOPS, pur-
chased from Fisher Scientific Inc.) at 750 mg/L (De Schamphelaere
et al., 2004) was used to control pH in conjunction with small vol-
umes of either 1N HCl or NaOH as appropriate. These series were
designated as pH set 1 and 2 respectively (see Table 1). Test solu-
tions were left to equilibrate for 24 h before initiating tests. Two
natural organic matter (NOM) sources were tested, Suwannee River
NOM (SRNOM) and Nordic Reservoir NOM (NRNOM). In these tests
additions of NOM were added directly to culture water to achieve
a variety of different DOC concentrations (Table 1). NOMs were
obtained from the International Humic Substances Society (IHSS,
St. Paul, MN).

2.3. Sampling and characterization

The pH, conductivity, dissolved oxygen and temperature of test
media were measured prior to initiating a test as well as after 48 h.
Water samples (10 mL) were collected at 0 and 48 h for Ni and ele-
ment analysis and these were acidified to 1% using 16 N HNOs.
Samples for DOC measurement were not acidified, but were stored
at 4°C. All samples were filtered (0.45 um Acrodisc HT Tuffryn
Membrane, PALL, NY). To confirm whether the added Ni in solution
was all in the dissolved phase, unfiltered samples were addition-
ally collected in a few of the test series and total Ni concentration
measured.

The pH of solutions was measured using a PHM290 Meter
with pHC2701 electrode (Radiometer, Copenhagen). Conductiv-
ity was measured using a conductivity meter (Orion model 1230,
ORION Research, Inc., Beverly, MA) and dissolved oxygen levels
were assessed using an lonCheck 20 meter (Radiometer). Measure-
ments of Ni, Ca, Mg, Na, K, and Cl in water samples were done
via inductively coupled plasma atomic emission spectroscopy (ICP-
AES, Varian Inc.). The limit of quantification for Ni by this method
was 0.15uM (9 pg/L). DOC was measured using a total organic
carbon analyzer (TOC-VCPH/CPN, Shimadzu). Alkalinity was mea-
sured using an automated titrator (Metrohm 751 GPD Titrino,
Westbury, NY). Hardness values were measured using a commer-
cial hardness kit (La Motte Chemical Products, Chestertown, MD).
Samples of SRNOM and NRNOM at 10 mg/L DOC were measured
for absorbance at 515 nm (752W UV-vis Spectrophotometer, Beck-
man Coulter, Mississauga, ON) according to the Hach 8025 method
against choloroplatinate-cobalt standards at pH 7.6.
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Table 1

Water chemistry used for toxicity tests and the resulting 48 h EC50 for Ni to D. pulex. Water chemistry is shown as mM except for Ni values which are uM and alkalinity and
natural organic matter (NOM) which are given as mg/L. The upper (UCL) and lower (LCL) 95% confidence limits of the EC50 values are included. Tests characterizing the effect
of Suwannee River natural organic matter on Ni toxicity are labeled as SRNOM while those with Nordic Reservoir natural organic matter are NRNOM. Within a test series,
EC50 values labeled with the same letter are not significantly different from each other. All values represent measured concentrations except for SO4 and HCOs, which are

nominal and toxicity data which are calculated from measured values.

Ca Mg Na K Cl SO4 HCO3 pH DOM Alk EC50 LCL UCL
Ca 0.02 0.14 0.57 0.027 0.027 0.16 0.57 7.85 0.15 28 7.52 5 10
Ca 0.05 0.14 0.57 0.027 0.027 0.19 0.57 7.85 0.15 28 17° 14 21
Ca 0.1 0.14 0.57 0.027 0.027 0.24 0.57 7.85 0.15 28 22°b 18 25
Ca 0.18 0.14 0.57 0.027 0.027 0.32 0.57 7.85 0.15 28 16° 14 22
Ca 0.37 0.14 0.57 0.027 0.027 0.51 0.57 7.85 0.15 28 46 ¢ 39 56
Ca 0.87 0.14 0.57 0.027 0.027 1.01 0.57 7.85 0.15 28 924 81 100
Ca 1125 0.14 0.57 0.027 0.027 1.39 0.57 7.85 0.15 28 894 79 98
Ca 1.47 0.14 0.57 0.027 0.027 1.61 0.57 7.85 0.15 28 132¢ 112 152
Mg 0.17 0.01 0.57 0.027 0.027 0.18 0.57 7.85 0.15 28 28°? 19 35
Mg 0.17 0.04 0.57 0.027 0.027 0.21 0.57 7.85 0.15 28 30° 23 36
Mg 0.17 0.29 0.57 0.027 0.027 0.46 0.57 7.85 0.15 28 402b 32 52
Mg 0.17 0.49 0.57 0.027 0.027 0.66 0.57 7.85 0.15 28 30° 26 38
Mg 0.17 0.82 0.57 0.027 0.027 0.99 0.57 7.85 0.15 28 5alie 46 63
Mg 0.17 1.03 0.57 0.027 0.027 1.2 0.57 7.85 0.15 28 Sk 44 56
Mg 0.17 1.44 0.57 0.027 0.027 1.61 0.57 7.85 0.15 28 63 ¢ 55 71
Na 0.17 0.14 0.20 0.027 0.20 0.31 0.20 6.30 0.15 0.8 26° 22 32
Na 0.17 0.14 0.50 0.027 0.50 0.31 0.20 6.71 0.15 0.8 252 20 28
Na 0.17 0.14 1.0 0.027 1.0 0.31 0.20 6.81 0.15 0.8 26° 23 31
K 0.17 0.14 0.57 0.005 0.005 0.31 0.57 7.85 0.15 28 324 27 37
K 0.17 0.14 0.57 0.12 0.12 0.31 0.57 7.85 0.15 28 42° 36 50
K 0.17 0.14 0.57 0.25 0.25 0.31 0.57 7.85 0.15 28 339 29 37
K 0.17 0.14 0.57 0.45 0.45 0.31 0.57 7.85 0.15 28 342 27 41
K 0.17 0.14 0.57 0.78 0.78 0.31 0.57 7.85 0.15 28 334 27 41
pH1 0.17 0.14 0.02 0.027 0.027 0.31 0.02 5.6 0.15 1 222 17 26
pH1 0.17 0.14 0.20 0.027 0.027 0.31 0.20 7.6 0.15 10 26° 22 29
pH1 0.17 0.14 0.87 0.027 0.027 0.31 0.87 79 0.15 42 244 18 9]
pH1 0.17 0.14 1.00 0.027 0.027 0.31 1.00 8 0.15 52 232 20 23
pH2 0.17 0.14 0.57 0.027 0.027 0.31 0.57 5.6 0.15 28 26° 21 32
pH2 0.17 0.14 0.57 0.027 0.027 0.31 0.57 6.3 0.15 28 244 14 34
pH2 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.0 0.15 28 374 32 45
pH2 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.5 0.15 28 54b 47 63
pH2 0.17 0.14 0.57 0.027 0.027 0.31 0.57 8.0 0.15 28 68" 60 79
pH2 0.17 0.14 0.57 0.027 0.027 0.31 0.57 8.3 0.15 28 67" 59 76
SRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 0.5 28 172 12 22
SRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 10 28 50P 42 65
SRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 19.8 28 48° 40 64
SRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 293 28 420 35 5l
SRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 41 28 551 39 87
NRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 1.53 28 252 18 38
NRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 2.84 28 28° 23 34
NRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 9.8 28 52 46 55
NRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 16.5 28 89¢ 76 100
NRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 228 28 86 ¢ 80 92
NRNOM 0.17 0.14 0.57 0.027 0.027 0.31 0.57 7.85 353 28 1204 114 130

2.4. Calculations, statistics and modelling

The 48 h EC50 values for dissolved Ni were calculated by means
of Comprehensive Environmental Toxicity Information System
(CETIS, Tidepool Scientific Software) using the observed propor-
tional immobilization of neonates at 48h and the associated
measured Ni concentrations. Within a test series EC50s were con-
sidered significantly different when the 95% confidence intervals
did not overlap.

The speciation of Ni at the EC50 concentration was calculated
for each test using measured water chemistry. Two geochemical
modelling software packages were compared: the HydroQual Biotic
Ligand Model (HQ-BLM ver. 2.3.3 research mode, downloaded from
www.hydroqual.com/BLM) and the Windermere Humic Aqueous
Model (WHAM ver 6.0, Tipping, 1998: purchased from Centre for
Ecology and Hydrology, UK). The HQ-BLM was used in speciation
mode with the standard assumption of DOC having a humic content
of 10% and with inorganic carbon entered as the measured alkalin-
ity. WHAM modelling was also done using the same assumption
of DOC composition (90% fulvic and 10% humic). Particulate matter

and the partial pressure of CO, were not included and carbonate
was entered as HCO3;~. A check of inorganic carbon modeling in
WHAM was done by comparing calculated alkalinity to measured
alkalinity; measurements confirmed model outputs.

Due to its wide acceptance for BLM modeling as well as its
ease of use and application, the HQ-BLM was used to develop
biotic ligand variables. The stability constants for the competitive
interaction of cations (Ca?* and Mg2*) on Ni toxicity were calcu-
lated according to the method described by De Schamphelaere and
Janssen (2002). Linear regression analysis of free cation activities,
Ca?* on Ni?* EC50, in the presence of constant Mg2* was used
to generate the slope and intercept variables that were used to
develop the matrix equations to derive estimates of log Kc,p. (De
Schamphelaere and Janssen, 2002). Similarly, regression variables
for the toxicity-mitigating effect of Mg2* activity on NiZ* activity
at the EC50 concentration in the presence of constant Ca2* were
used to estimate the log Kygpr. The conditional equilibrium con-
stant describing the toxic interaction of Ni%* on the biotic ligand
(log Kyigr) was calculated from the mean of the intercepts of the
seven individual regression relationships of Ni2* on Ca2*, Mg2*,
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Na*, K*, H*, SRNOM and NRNOM. These calculated variables were
applied within the HQ-BLM to develop a Ni BLM for D. pulex in
soft water. Predicted total dissolved Ni toxicity output from the
model was compared to the measured total dissolved Ni toxicity
and through a series of model “runs”, the critical value (LA50) was
adjusted to provide a “best fit” between measured and modelled
EC50 values. For comparative purposes, modeling scenarios were
also implemented using the BLM parameters for the acute toxicity
of Ni to D. magna from Wu et al. (2003; log Ky;g;, of 4.0) in combi-
nation with the recently published data on the competitive effect
of Ca and Mg on Ni toxicity to D. magna in soft water (log Kc,p. of
4.2 and log Kvgpy of 3.6, Deleebeeck et al., 2007b). In this modeling
exercise the critical value was also adjusted to provide a “best fit”
between measured and modelled EC50 values.

3. Results

The results of chemical analyses showed that measured values
were always within 7% of nominal. Measured total and dissolved
Ni concentrations at 0 and 48 h were within 3% of nominal con-
centrations and demonstrated that essentially all of the Ni was
in the dissolved phase. For other cations, the measured difference
between filtered and unfiltered concentrations was within 4%. Dis-
solved oxygen and temperature of both cultures and test media
always met test acceptability requirements (Environment Canada,
1996). Differences in Ni toxicity were tested using NiSO4 and NiCl,.
The 48 h EC50 for NiSO4 was 16.9 M (95% confidence interval (CI)
of 14.0-18.5) while that of NiCl, was 15.9 wM (CI of 13.6-18.2).

Geochemical modelling software was used to derive free ion
activity concentrations and two software packages, the HQ-BLM
(2.3.3) and WHAM (6.0) compared. For speciation in inorganic
solutions (no added NOM) WHAM consistently predicted lower
Ni2* concentrations than did the HQ-BLM. WHAM predictions
for Ni2* were on average 83% of BLM predictions (standard
deviation 0.4%, minimum 73%, maximum 90%, n=35). However,
solutions with added NOM revealed much larger differences in
predicted Ni2* concentration, in the opposite direction. WHAM
predictions in these cases were on average 170% of HQ-BLM pre-
dictions (standard deviation 0.8%, minimum 96%, maximum 331%,
n=9).

3.1. Effects of Ca, Mg, Na, K, Cl and H on Ni toxicity

Increased Ca or Mg concentrations in test solutions resulted in a
significant decrease in Ni toxicity (Table 1). The protective effect of
Ca was stronger than that of Mg. When Ca concentration increased
from 0.02 to 1.25 mM, the 48 h EC50 value increased by a factor of
about 18. When Mg concentration increased from 0.01 to 1.44 mM,
the 48 h EC50 value increased by a factor of about 2.3 (Table 1).
The regression of the EC50 for Ni vs. Ca waterborne concentration
had a slope of 77 (M increase Ni EC50 per mM Ca, 12 =0.98) while
for Mg, the comparable slope was 24 (2 =0.89). Ca concentrations
that were lower than in the culture water (i.e., 170 wM) resulted in
significant increases of Ni toxicity but this did not occur when Mg
concentrations were lower than the culture water (i.e., 140 uM).
When compared on a free ion activity basis the competitive inter-
actions between Ca2* and Ni2* as well as between Mg2* and NiZ*
were evident (Fig. 1A and B) and regression variables are shown in
the figure legend.

Ni toxicity testing with varying levels of NaCl and KCI showed
that the 48 h EC50 values were not significantly altered (Table 1,
Fig. 2A). The pattern of mortality was different in the two differ-
ent pH test series. The tests with MOPS to control pH (pH set 2)
showed an increase in EC50 value at higher pH values (Table 1). The
EC50 value increased 2.6-fold over the range from approximately
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Fig. 1. Protective effect of Ca?* (A) or Mg?* (B) on Ni?* toxicity in soft water. Ni%*
EC50s are shown with 95% CI and ion activities were calculated from measured
values using the Hydroqual BLM (ver 2.3.3). The cationic activities were used to
derive the linear regression; Ni* EC50 =41.6-(Ca%*)+3.7 (12 =0.94, panel A) and Ni%*
EC50=3.3-(Mg?*)+11.8 (1 =0.88, panel B).

pH 5.6 to pH 8.4. The relationship of H* concentration to Ni2* EC50
is given (Fig. 2B) and shows no consistent effect. Regression vari-
ables are shown in the figure legend. In pH set 1 the test solutions
were prepared so that pH, alkalinity and Na concentration varied. In
these tests there were no significant differences in Ni EC50 values
(Table 1).

3.2. Effect of NOM on Ni toxicity

The addition of either SRNOM or NRNOM to test solutions
resulted in significant increases in the 48 h EC50 for Ni (Table 1,
Fig. 3A). The toxicity reducing effect of SRNOM was much weaker
than that of NRNOM. The toxicity of Ni was reduced by about 3-fold
as DOC concentrations from SRNOM increased from 0.5 to 41 mg/L
(Table 1). In the case of NRNOM the increase of DOC concentra-
tions from 1.5 to 35mg/L resulted in a 5-fold decrease in acute
Ni toxicity (Table 1, Fig. 3A). Interestingly, the protective effect of
NRNOM was directly related to total dissolved Ni EC50 values while
for SRNOM, protective effects did not change significantly above
10 mg/L (Table 1, Fig. 3A). Equally interesting was the observation
that in NRNOM solutions the conductivity varied directly with DOC
concentration, increasing by nearly 3-fold over the range of tested
concentrations. SRNOM solutions did not show this relationship
and conductivity was relatively consistent as the concentration
of DOC increased. The results of speciation modeling to give the
effect of NOM sources on NiZ* toxicity are shown in Fig. 3B. For
both SRNOM and NRNOM, consideration of toxicity on a free ion
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basis reduced the variability of EC50 values (Fig. 3B). Assessment
of colour in SRNOM and NRNOM samples at 10 mg/L DOC indicated
that NRNOM solutions were darker, by approximately 2.5-fold in
terms of measured colour units.

3.3. BLM development

The model parameters used to describe the toxic interaction of
Ni2* on the biotic ligand in the absence of complexation and compe-
tition influences as well as the competitive effects of Ca2* and Mg2*
were derived from the free ion activity relationships (see slope and
intercept variables in the figure legend). This yielded a log Ky;g of
4.87, a logKcapr of 4.2 and a log Kygp of 3.6. The development of
log K values for Na*, K* and H* were not warranted as they either did
not alter Ni2* toxicity (Na* and K*, Fig. 2A) or there was an inverse
correlation to Ni2* toxicity (H* effects Fig. 2B). Modeling was done
using the HQ-BLM with two different modified input parameter
files, one using the log K values generated by Wu et al. (2003) and
Deleebeeck et al. (2007b), shown in Fig. 4A, and the other using the
log K values generated by these toxicity studies, shown in Fig. 4B. In
both cases LA50 values in the model were adjusted to achieve the
best fit. The models provided reasonably good predictions, in the
case of the Wu et al. (2003) and Deleebeeck et al. (2007b) model
with a critical value of 0.8 and in the case of our data, 5.1 (both
as nmol/g wet wt). In both cases, the models predicted the protec-
tive effects of Ca2* and Mg?2*. The effects of pH (pH set 2) were not
well predicted by the model; however, toxicity was over-predicted
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Fig. 2. Effect of Na* and K* (A) or H* (B) on Ni?* toxicity in soft water. Ni** EC50
values and linear regressions are as per Fig. 1. Note that in panel A, the K* test
series are denoted with a triangle symbol while Na* test series are shown with a
diamond symbol. As well, in panel B the data from pH set 2 (MOPS used to adjust
test solution pH) is shown. The cationic activities were used to derive the linear
regression for each test series; Ni2* EC50=0.17-(Na*)+24.0 (r* =0.02, panel A), Ni%*
EC50=—1.2-(K*)+15.6 (r> =0.05, panel A) and Ni?* EC50=—3.1-(H*)+18.1 (> =0.34,
panel B).
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Fig. 3. Protective effect of natural organic matter on Ni toxicity in soft water. Panel
A shows Ni toxicity as total dissolved Ni while B shows toxicity as a function of Ni2*
concentration. Two different sources of NOM were tested, Suwannee River (filled
circle) and Nordic Reservoir (inverted triangles). In panel B the Ni?* activity was used
to derive the linear regression of each of the NOM sources; Ni%* EC50=—0.16-(SR-
NOM)+10.9 (12 =0.37), and Ni?* EC50=0.58-(NRNOM) + 11.4 (r> =0.58).

(meaning the model offered conservative estimates because pre-
dicted EC50 was lower than measured, Fig. 4). The model provided
estimates of the protective effects of DOC that were consistent for
NRNOM but in both modeling scenarios the predictions were over-
protective (Fig. 4). In the case of SRNOM the predictions at low
DOC concentrations matched with measured toxicity but higher
concentrations did not. This was due to the fact that at low DOC
concentrations measured EC50 s increased with increasing DOC but
above 10 mg/L DOC there was no change in measured EC50 values
(Fig. 4 also see Fig. 3B). Therefore at higher SRNOM levels the BLM
predicted reduced toxicity when in fact this did not occur. The BLM
predictions of Ni toxicity from the pH set 1 were poor. At low pH
the predicted EC50 values were less than measured but at higher
pH the EC50 values were much higher. Because pH set 1 tests com-
bined competition and complexation (pH, alkalinity and Na were
varied) these data are not shown in Fig. 4.

4. Discussion

Both Ca and Mg protected D. pulex from the toxic effects of
waterborne Ni (Table 1) and there was a clear competitive inter-
action between these cations and Ni2*. The fact that both Ca and
Mg were found to be protective against Ni toxicity supports the
conclusion of other investigators that hardness cations are one of
the primary toxicity modifying factors (Pane et al., 2003a; Keithly
et al., 2004; Hoang et al., 2004). The protective effect of Ca was
significantly greater than that of Mg, a finding which corroborates



226 T. Kozlova et al. / Aquatic Toxicology 91 (2009) 221-228

160
1401
120 {
100 {
80 {

60 1
Ca
Mg
40 1 Na

K

pH
Suwannee R

20 1 Nordic Res

qQoedDbme

60 80 100 120 140 160
160
140 |

120 {

predicted ECS0 for Ni (uM)
[—]
3
g

100 1

80 1

60

40

20

0 20 40 60 80 100 120 140 160
measured ECS0 for Ni (uM)

Fig. 4. Measured EC50 values (total dissolved Ni) vs. predicted BLM EC50 output
data from two BLM models for the toxicity of Ni in soft water. Panel A shows the fit
when modelling parameters developed from Deleebeeck et al. (2007a) and Wu et al.
(2003) of log Knjpr. 0f 4.0, log Kcapr 0f 4.2 and log Kgpr. of 3.6 and a LA50 (critical value)
of 0.8 nmol/g wet wt are used. Panel B show the fit when applying the modelling
parameters developed from the results of this study. In both panels different symbols
show different the test series and the line represents the BLM developed for D. pulex
in soft water (log Ky;p.. of 4.87, log KcapL. of 4.2 and log Kiigpr. of 3.6 and a LA50 value
of 5.1 nmol/g wet wt). Symbols show different experimental test series (see Table 1)
and the solid diagonal line represents the 1:1 line of perfect prediction.

the recently published study of Deleebeeck et al. (2007b) using
D. magna. Our calculated log Kcapr and log Kyggr were 4.2 and 3.6
while the log Ky;g; was 4.87. These values compare to log Kc,p; and
log KivgpL in Deleebeeck et al. (2007b) of 3.2 and 2.6 for waters of
comparable hardness (30 mg/L CaCO3) although it is interesting to
note that they calculated values of 4.2 and 3.6 (respectively) in very
soft water. Recently the same group has published further on BLM
models for the acute toxicity of Ni to D. magna in relatively harder
waters and in this case the log Kc,pr and log Kvgpy. are 3.1 and 2.47
respectively (Deleebeeck et al., 2008). For the direct effect of Ni%*,
our value of 4.87 was higher than the log Ky;p; value of 4.0 reported
by Wu et al. (2003). The results of this study indicate that D. pulex
in soft water are both more sensitive to Ni2* and also have a higher
degree of sensitivity to the protective effects of Ca and Mg in com-
parison cladocerans living in hard water. The elevated protective
effect of Ca and Mg in soft waters compared to hard waters appears
to occur across species and therefore is related to Ca and/or Mg
dynamics, as discussed by Deleebeeck et al. (2007b).

The protective effect of Ca and Mg on Ni toxicity likely reflects
competition among these cations for uptake sites on D. pulex. These
sites could be specific for Ca, specific for Mg or more general-
ized sites where Ni uptake occurs and the effects of Ca and Mg
are indirect. In terms of Ni uptake at specific carriers for either Ca
and/or Mg, competition at a common trans-membrane uptake site
is thought to be due to similarities of ionic diameter and charge
(Playle et al., 1993; Schubauer-Berigan et al., 1993; Meyer et al.,
1999). The interference with Ca uptake by divalent metals such as
Znis well-characterized (Hogstrand et al., 1994) and elevated levels
of metal lead to disruption of internal Ca balance and hypocalcemia.
Additionally Ni induced disruption of a Mg uptake pathway is
possible, perhaps through the Mg2*-HCO3~ co-transport pathway
(Gunther et al., 1986; Pane et al., 2003a). This theory is supported
by the similarity of the ionic radii (Ni-0.066 and Mg-0.069 nm;
Weast, 1973). Moreover, Pane et al. (2003a) demonstrated Mg-Ni
interactions as a major mechanism of Ni toxicity. Protective effects
of Ca and Mg may also be indirect, as a result of the role that Ca
plays with respect to membrane permeability (McWilliams, 1983;
Hunn, 1985).

A further note worthy of discussion and related to culture con-
ditions is that with very few exceptions the 48 h EC50 values in
culture water were always slightly lower than in manipulated test
series waters. While this was not the subject of our study, the con-
sistently slightly higher EC50 values from solutions that were very
close in composition to culture conditions and for cations which did
not demonstrate a competitive interaction with Ni toxicity suggests
that a small eustress effect (defined here as an increased resistance
to Ni as a result of small changes in water chemistry) was induced
by a change in water chemistry. We did not find any influence of Na,
Cl or Kon Ni toxicity, in agreement with Wu et al. (2003), Pane et al.
(20034, 2004a) and Deleebeeck et al. (2007b) and illustrating that
Ni accumulation and effects in Daphnia sp. probably do not involve
these ion uptake mechanisms.

The influence of pH on Ni toxicity was complex and difficult to
interpret. In experiments where MOPs was used to adjust pH the
48 h EC50 values increased as pH increased up to pH 8.0 (Table 1,
Fig. 2B). This clearly indicates that there is no competitive inter-
action between NiZ* and H* because toxicity increased as proton
concentration increased (i.e., decreased EC50 with decreased pH;
Table 1, Fig. 2B). The other test with varying pH showed no (pH set
1) effects on Ni toxicity as pH increased (Table 1). Both HCO3~ and
OH~ have a high affinity for Ni (Tipping, 1994) and in the absence
of competitive interactions with H* a decrease in toxicity would
be expected as pH and alkalinity increase (Wu et al., 2003; Hoang
et al., 2004). However, the increased carbonate complexation of
Ni2*as pH increased did not reduce toxicity (Table 1, pH sets 1).
One interpretation of the data is that increased alkalinity enhanced
Ni toxicity, canceling out the expected reduction in Ni toxicity as pH
increased. Equally it is possible that changes in HCO3;~ test chem-
istry had a physiological effect on the daphnids resulting in altered
sensitivity to Ni.

Other studies examining the effect of pH on Ni toxicity have
shown variable outcomes. For example, some studies are similar to
our results in showing that as pH increases (especially between 7.0
and 8.4), toxicity decreases (Reader et al., 1989; Pyle et al., 2002).
However, other studies have reported no effect of pH on Ni toxi-
city (Van Sprang and Janssen, 2001; Hoang et al., 2004). At least
one study on the effects of Ni to Ceriodaphnia dubia, reported an
increase in Ni toxicity when pH increased (Schubauer-Berigan et
al,, 1993). The study of Deleebeeck et al. (2007a) reported no effect
on Ni toxicity to D. magna up to pH 7.5 but showed increased toxicity
between pH 7.5 and 8.1. Within our pH test series, why variations in
pH and alkalinity together did not alter Ni toxicity but pH change
alone did (i.e., using the MOPS treatment) remains unclear since
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MOPS is considered a buffer that does not complex metals in solu-
tion (Kandegedara and Rorabacher, 1999; De Schamphelaere et al.,
2004). Our study illustrates that pH effects are not well understood,
that the buffering method is important in understanding the influ-
ence of pH on Ni toxicity and that pH/alkalinity effects in D. pulex
in soft water requires further study.

The tests with SRNOM and NRNOM illustrated that Ni toxicity
was reduced in the presence of organic matter (Table 1, Fig. 3A).
These tests also clearly demonstrated that at concentrations above
10 mg DOC/L the different sources of NOM have different toxicity-
mitigating capacities for Ni. NRNOM had a much higher protective
capacity than SRNOM and toxicity mitigation was directly related
to DOC concentration. SRNOM protected against Ni toxicity up to
10 mg DOC/L however, EC50 values then were constant as tested
DOC levels were further increased. A similar result was noted by
Hoang et al. (2004) where NOM appeared to saturate, in their case
above 5mg DOC/L. The NOM induced reduction of toxicity was
expected as NOM will complex Ni2* (Livens, 1991) and this was
evident in our studies (Fig. 3B). Clearly the two sources of NOM
differed in their capacity to complex Ni2*. The study of Schwartz
et al. (2004) concluded that the relative protective effect of NOM
source on metal-toxicity differed and could be estimated based on
the spectrophotometric properties (i.e., the absorbance at 340 nm).
Darker NOM sources provided a strong protective effect. While our
colour measurements were not at this wavelength they did illus-
trate that NRNOM solutions were darker and SRNOM thus generally
supported the conclusions of Schwartz et al. (2004) and suggested
that the specific absorbance coefficient principle may extend to Ni.
A reduction of Ni toxicity in the presence of elevated DOC has been
shown previously in the fathead minnow, Pimephales promelas (Wu
et al., 2003; Deleebeeck et al., 2007a) and D. magna (Deleebeeck et
al., 2007b). In general the toxicity reducing impact of NOM is rela-
tively low compared to that reported other metals. In this regard,
the study of Wu et al. (2003) explained that the reduced influence
of DOC for Ni (compared to other metals) was likely due to the rel-
atively high EC50 concentrations coupled with the relatively low
binding constants of Ni-DOC complexes.

The development of two BLMs for D. pulex in soft waters showed
that toxicity could be predicted accurately over a 16-fold range of
toxicity (Fig. 4). Both models predicted remarkably similar toxicity
values even though the log Ky;g; and LA50 values differed consider-
ably (Fig. 4A and B). The model predictions provided good estimates
of toxicity for solutions with varying concentrations of Ca, Mg, Na
and K (Fig. 4). Modeling the toxicity of pH changes (without alka-
linity changes) was not accurate and those predictions where pH
and alkalinity both varied were particularly poor (data not shown
on graph). The reason for the poor fit of data when pH and alkalinity
varied is due to the model prediction of reduced Ni2* due to carbon-
ate complexation. The model predicts a strong reduction in toxicity
when in fact no change occurs. Modeling of NOM was also prob-
lematic particularly at elevated levels of SRNOM. In this case the
model predicted an increase in EC50 when measured EC50 values
remained constant (at DOC concentrations >10 mg/L). Modeling of
NRNOM effects results in an underestimation of actual toxicity and
shows that the affinity of Ni2* for NRNOM was less than actually
occurred.

In conclusion, the results of this study indicate that the hard-
ness cations, Mg and Ca, as well as NOM reduce Ni toxicity to D.
pulex. In terms of the protective effects of cations, Ca2* > Mg with
Na and K having no effect on Ni toxicity. The BLM derived from the
D. pulex toxicity data (Fig. 4B) and the BLM using model parameters
from Deleebeeck et al. (2007b) and Wu et al. (2003; Fig. 4A) both
provided good estimates of acute toxicity that accounted for the
effects of Ca and Mg competition but not for the effect of changing
pH or NOM. The effects of NOM varied depending on source and

therefore the BLM, which does not consider different forms, could
not account for all NOM of the effects of NOM. The effects of pH and
alkalinity were not consistent and require further study.
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