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Comment 1. Thank you for clarifying.

Comment 2. It does not appear as though the calcium or magnesium values included in Table 3
of the “Estimate of the BLM Adjustment to the Nickel Criterion for the Sanitary District of
Decatur, Illinois” document contained within the “WER study plan with attachments rev

4 23 14.docx” file provided on April 23, 2014 have changed since the April 16, 2013 version of
the “Estimate” report. If there is a newer version of the report that includes these revisions,
please feel free to forward this to EPA.

In addition, EPA looks forward to receiving the information necessary to verify the performance
of the nickel BLM.

Comment 3. EPA understands that the proposal is to modify IL’s criterion and not the national
recommended criterion.

EPA acknowledges that IL’s acute nickel criterion to protect aquatic life at a hardness of 50
mg/L is 45.9 pg/L and that Keithly et al.’s study identified a nickel LC50 value of 81 pg/L at 50
mg/L of hardness. However, during development of its nickel criterion, IL identified a
Ceriodaphnia genus mean acute value (GMAV) (normalized to a hardness of 50 mg/L) of 30.16
ug/L. This GMAYV was derived using data generated by Schubauer-Berigan et al., who
identified C. dubia LC50 values of 32.6 pg/L (at pH =7.1) and 3.03 pg/L (at pH = 8.6) (after
normalizing to a hardness of 50 mg/L). Therefore, based on other data in the scientific literature,
there appears to be uncertainty around the concentration of nickel necessary to generate toxic
effects in C. dubia at a hardness of 50 mg/L.

If the Sanitary District of Decatur (SDD) wishes to pursue the use of C. dubia as a test organism,
it may be possible to perform initial range-finding tests in very hard water and site water to
determine how the LC50 values compare to IL’s hardness-adjusted CMC. If these tests
demonstrate that C. dubia’s LC50 value is less than or equal to the CMC, then the use of an
alternative test organism (such as Daphnia sp.) would be consistent with EPA’s guidance.

Comment 4. Thank you for clarifying and updating the test protocol.

Comment 5. IL’s chronic nickel criterion was developed using toxicological data, not an acute-
chronic ratio.

Given that SDD proposes to modify a chronic criterion, a chronic WER seems as though it
would be most directly applicable.

Comment 6. Thank you for addressing this comment.

Comment 7. Can you please provide additional information on site water hardness (vs. proposed
test water)? While EPA agrees that the waters are similar, additional analysis of the difference in
hardness values and any effects on WER calculations should be explored. In particular, EPA
recommends considering EPA’s guidance document entitled “Use of the WER Procedure with
Hardness Equations” for any further adjustments to hardness.

Comment 8. Thank you for addressing this comment.
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Comment 9. Thank you for addressing this comment.

Comment 10. Calcium precipitation has been reported in testing using EPA hard water.
Therefore, EPA recommends that hardness (as well as pH) are monitored at the beginning and
end of testing. It appears that SDD’s sampling protocol will address EPA’s major concern,
although researchers should note when and if precipitation occurs. If precipitation is common
and significant, it may be advantageous to conduct sampling of ions at the end of the test in a
subset of test waters.

In addition, EPA notes that static test conditions are susceptible to low dissolved oxygen (DO)
conditions and that SDD proposes to monitor DO (as well as temperature, conductivity, and pH)
daily over the course of the procedure. How will these measurements be carried out? Will
probes be used to measure DO and other physiochemical variables in experimental chambers? If
so, what steps will be taken to prevent the introduction of probes from inadvertently influencing
experimental results (e.g., via material transfer from one test chamber to another)? Or, will
chemistry controls (i.e., treatment waters in chambers without organisms) be used to measure
physiochemical variables, including DO?

Comment 11. It is unclear which document “the newest EPA acute version (2002)” is
referencing. Will SDD please provide the full citation and/or a link to the document?

Comment 12. It is not clear whether the age of fathead minnows used in the proposed test will
be similar to the ages of the organisms used to derive IL’s criteria and/or the nickel BLM. What
steps will be taken to prevent age-related differences in nickel sensitivity from influencing the
WER?
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Introduction

Nickel toxicity can be affected by a wide variety of chemical parameters, such as pH, hardness, and
the presence of natural organic matter and these factors have previously been considered in the
development of a Biotic Ligand Model (BLM) for Ni (Wu et al., 2003). Regulatory approaches for Ni,
however, typically consider only hardness (US EPA, 1980). In order to consider a wide variety of
other factors identified, including DOC, pH, and alkalinity, the Ni BLM software was developed as part
of a research project for WERF (Wu et al., 2003). Since the completion of the WERF study a lot of
new research has been published to investigate water quality factors that affect Ni bioavailability, and
these works greatly expand the number of organisms for which bioavailability data has been
generated, the range of parameter testing, and includes chronic exposures. Given the availability of
these new studies, and continued interest in using the Ni BLM to assess Ni bioavailability in
regulatory and risk assessment settings, this review intends to test whether a bioavailability approach
based on the Ni BLM can effectively predict Ni toxicity to aquatic organisms in a wide range of
conditions.

e Objectives for this work were to:

0 summarize the water quality factors that have been shown to affect nickel bioavailability
and toxicity for fish and invertebrates in acute and chronic exposures,

0 evaluate the consistency of observed effects and determine if a single model can be used
across different taxonomic groups, different exposure durations, and different
toxicological endpoints

o revise the nickel BLM as needed to improve the degree to which it is predictive for nickel
bioavailability in a wide range of conditions in acute and chronic exposures to fish and
invertebrate organisms

Model Description

The Ni BLM software was originally developed as part of a research project for WERF (Wu et al., 2003)
following the development of BLM versions for Cu (Di Toro et al., 2001; Santore et al., 2001) and Zn
(Santore et al., 2002). The Ni BLM shares the same overall conceptual model used for these other
metals in that bioavailability is described as the interactions between factors that affect metal speciation
and factors that affect metal accumulation on biological membranes (Figure 1). This shares conceptual
elements with the Gill Surface Interaction Model proposed by Pagenkopf (1983) as well as the free ion
activity model (Morel, 1983; Morel and Hering, 1993; Campbell, 1995). The accumulation of metals on
the biotic ligand is the pathway by which toxic effects occur in organisms, often interfering with other
necessary processes. The chemical speciation calculations are performed with CHESS (Santore and
Driscoll, 1995), a framework that solves the system of equations associated with chemical equilibria and
the charge balance. The Windermere Humic Aqueous Model (WHAM Version 1.0, Model V, Tipping
1994) is incorporated into the CHESS framework within the BLM in order to model the interactions of
metals with organic matter. The use of WHAM is advantageous since it has been calibrated with a large
dataset consisting of many sources of organic matter, over a wide range of chemical conditions, and for
several metals including nickel.
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Data Review

A literature review was performed to identify papers that reported Ni toxicity to aquatic fish and
invertebrates in exposures that included a range of water chemistry. The review included studies that
covered a wide variety of organisms, reported endpoints, exposure durations, and toxic effects. The
studies and reported toxicity data identified in this review are summarized in Table 1. When multiple
endpoints were reported in a study, the more robust endpoint was preferentially used for model
comparison (e.g., EC50s were preferred over EC20, and EC20 were preferred over EC10s)

Studies selected for this review focused on variation in chemistry in synthetic and natural samples.
Studies with synthetic samples used a pure water source with salt additions to design a series of
conditions such that the exposure chemistry varied in a systematic way (e.g., variation in hardness) and
were used in the calibration phase of model refinement. Studies with natural water samples tended to
select sampling sites that provided diverse water chemical characteristics where multiple chemical
parameters may co-vary from sample to sample. Studies that quantified Ni toxicity on natural water
samples were used for validation of the calibrated model.

For all studies considered in this review, we required that important chemical parameters required by the
BLM were measured. BLM parameters include pH, dissolved organic carbon (DOC), alkalinity, calcium,
magnesium, sodium, potassium, sulfate, and chloride. Measurements for all parameters were preferred,
but estimates for some parameters were acceptable if we felt that enough information was provided, or if
the missing parameter was relatively unimportant. For example, if hardness was reported but little else,
the estimates for the major ions were based on ion ratios calculated from another source of chemistry
data with the same water body. Concentrations of DOC were only estimated in synthetic waters for
which values near zero were expected. DOC was estimated as 0.3 mgC/L for acute tests and slightly
higher at 0.5 mgC/L for chronic tests since feeding the organisms in the tests would contribute extra
DOC. Alkalinity was estimated when necessary from pH by assuming equilibrium with atmospheric
CO2(g), such as:

[H2C0;] = 10_pC02 * KH

K, * [H,C 03]

[HCO3] = ]
,_, Ky *[HCO;]
[CO3 ]_—[H+]

100086 mg CaC 05

Alkalinity (mg/L CaC03) = ([HCO3]+ 2 % [CO?™ ]+ [OH™] — [H*]) * 2eq

where pCO2 =3.5

Kn =102
Ki = 10—6.352
Ko = 10—10.329

Although the concentration of CO2z indoors can sometimes be higher than what was used in this
estimation, a validation of the alkalinity estimates compared to reported alkalinity showed that a pCO: of
3.5 gave an adequate prediction, and a lower value did not greatly change the estimation, nor improve
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the fit to measured data. All chemical inputs used in this analysis were reported in the Supplemental
information (see appendix), where estimated data are identified with a bold and italic font.

Estimation method for cation and anion concentrations

Data were available for hardness, pH, and alkalinity whenever the major ions required for the BLM were
not reported. Average ion ratios were used to estimate the full chemistry for each sample. The average
ratios of Ca?* to Mg?*, Na*, and K*; and SO4? to CI- were calculated across available data found in
various literature sources (see Table 4). For this calculation, the hardness was assumed to be equivalent
to Ca + Mg, so that the Ca concentration for a given sample (i) was estimated as:

Hardness;

1
Ca:Mg

[Ca**]; =
1+

Estimates for the other cations (Mg?*, Na*, and K*) were calculated by dividing the Ca ion concentration
by the respective ratios, such as:

For anions, the concentrations of bicarbonate and carbonate were estimated from pH and reported
alkalinity. The remaining anions were determined to satisfy an electroneutrality condition (i.e., the sum of
the equivalent charges for cations and anions must be equal). Therefore the total concentration of SO4*
and CI- was determined for each month as the deficit of a charge balance with the cations, pH, and
alkalinity.

[SOZ +Cl7] = 2[Ca?*] + 2[Mg?*] + [Na*] + [K*] + [H*] — [HCO3] — 2[CO27] — [OH™]

Alk]-[0H™]+[H™]

where [HCO3] = [ e
T
- [HCOo3]
[COT]1 =K, * [H;
[H*] = 107P#

[0H™] = 10~ (4-PH)
Ko = 10—10.329

and Alk = alkalinity in equivalents / L = 2 x 10 x alkalinity (as mg CaCQOzs/ L). The concentrations of each
anion were calculated using this deficit and the SOa4: Cl ion ratio:

_[so3 +cl]
==
50,:Cl

[s0i7]
2+

S02-
[crry= £04: C]l

Summary of Ni bioavailability literature used in this analysis
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Based on these search criteria, a number of studies were selected for model calibration and evaluation.
For acute exposures, fourteen studies were selected that included toxicity data for fifteen species
including fourteen invertebrates and one fish (Table 1). Chapman et al (1980) measured Ni toxicity to D.
magna in acute exposures that varied hardness and alkalinity concentrations. Deleebeeck et al (2007a)
reported toxicity data for acute exposures in synthetic water with 10 cladoceran species originating from
various soft (S) or hard (H) surface waters. Individual species originating from hard surface waters were
tested in moderately hard and hard water, while those originating from soft water were tested in soft and
moderately hard water. Deleebeeck et al (2008) measured Ni toxicity to D. magna in acute exposures
with synthetic and natural waters including five series of toxicity tests in synthetic waters which varied Ca,
Mg, Na, pH (with NaHCOs controlling pH), and a second series with pH (with MOPS + NaOH/HCI
controlling pH). Doig and Liber (2006) measured acute Ni toxicity to H. azteca in synthetic water
containing varying amounts of DOC from multiple sources, in whole peat, peat hydrophilic DOC, humics,
and fulvics forms. Hoang et al (2004) measured Ni toxicity in acute exposures using either <1 day or 28
day old fathead minnow (P. promelas). Individual toxicity tests in the Hoang et al (2004) study included
variation in alkalinity, hardness, pH, or DOC concentrations. In addition to the data reported in 2004,
additional data from a subsequent unpublished experiment are included (see Supplemental Table 5).
Keithly et al (2004) performed acute exposures to measure Ni toxicity on C.dubia in synthetic water with
variable hardness. Kozlova et al (2009) measured Ni toxicity to D. pulex in acute exposures with
synthetic water in eight toxicity test series that varied concentrations in Ca, K, Mg, Na, DOC from the
Nordic Reservoir, DOC from the Suwannee River, pH, and pH controlled by MOPS. Lind et al (1978)
measured Ni toxicity in acute exposures using D. pulicaria and P. promelas in six different natural waters.
Meyer et al (1999) performed acute exposures on sub-adult P. promelas to measure Ni toxicity at varying
Ca concentrations. Pickering (1974) performed duplicate toxicity tests on 100-day-old P. promelas in
hard and soft waters to measure acute Ni toxicity. Pyle et al (2002) measured acute Ni toxicity on larval
P. promelas at different hardness concentrations and different pH values. Schubauer-Berigan et al
(1993) measured acute Ni toxicity to C. dubia and P. promelas with variable pH.

For chronic exposures, five studies were selected with measurements from 13 species including 11
invertebrates, one fish, and one plant (Table 1). Deleebeeck et al (2007a) reported reproduction and
survival chronic Ni toxicity endpoints for 9 of the 10 cladocerans (B. coregoni excluded) for which they
also reported acute toxicity (see above). Some cladocerans showed no reproduction during the 16-21
day exposure period, and so only had a survival endpoint reported. Deleebeeck et al (2007b) measured
chronic Ni toxicity on O. mykiss in synthetic and natural waters. Toxicity tests in synthetic waters were
performed in 3 series, varying Ca, Mg, and pH concentrations. Keithly et al (2004) tested chronic Ni
toxicity to C. dubia at varying hardness concentrations, with endpoints of reproduction and survival. In an
unpublished study, Parametrix measured chronic Ni toxicity to C. dubia in natural and synthetic waters.
Toxicity test series were performed in synthetic waters that varied alkalinity and hardness, and pH.
Toxicity tests were also performed in three natural water samples, in the raw water, filtered water, and (for
two of the waters) in synthetic water made to match the natural chemistry with and without DOC from that
source. Schlekat et al (2010) tested chronic Ni toxicity in four natural waters, one of which was tested
with and without a pH adjustment (the objective being to get a wide range of water chemistry). Toxicity
tests were done on three invertebrates (B. calyciflorus, C. tentans, and L. stagnalis) and one plant (L.
minor) for various endpoints.

Bioavailability Effects & Model Calibration

In the original calibration of the Ni BLM, the log K values for Ni binding to biotic ligand sites were based
on measurements of Ni accumulation on the gills of P. promelas reported by Meyer et al., 1999.
Application of the Ni BLM for this review included refinement of model parameters in recognition of the
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large amount of new data that have become available since the original Ni model was developed.
Refinement of model parameters was performed as much as possible by considering a single parameter
at a time, and comparing goodness of fit of the overall model with data that relates only to model
responses to that single parameter. The parameters associated with specific water quality factors will be
discussed one at a time in the sections that follow. After considering the single-parameter bioavailability
experiments, the analysis was then expanded to include all data simultaneously to evaluate overall model
performance in synthetic and natural waters. The ultimate goal of the model evaluation is to determine if
observed Ni bioavailability factors are consistent with the conceptual model that uses chemical speciation
and organism interactions to predict bioavailability, and to determine the extent to which a single set of
BLM parameters could be used for all organisms in all conditions. The use of a single set of parameters
in the BLM can simplify the use of model in regulatory contexts, and provides support for the
interpretation of factors that affect Ni bioavailability as universal, mechanistically based processes that
can be applied in a consistent way to all aquatic organisms in acute and chronic exposures. Figure 2A
demonstrates this concept for the hardness effect, and Figure 2B for calcium. In these figures, the effect
concentrations are normalized to the SMEA to account for the different sensitivities of different organisms.
As can be seen, the effect concentrations fall closely on a single line with a significant slope, giving
evidence not only that a single parameter can estimate the bioavailability effects for many organisms, but
also that there is a notable hardness effect.

The goodness of fit measure used to select the calibrated Log K value was the coefficient of
determination or R-squared on the logs of ECx values (logR?). The logR? can be calculated as:

Y (logyo yi —logyo $)? _ SSE
s=1-"—
Zliv=1(10810 yi —logyo Y) SST

logR?> =1 —

where y; is the measured effect concentration of sample i, ¥, is the predicted effect concentration, log,, y
is the average of the log of the measured values, SSE is the sum of square errors, and SST is the total
sum of squares.

To calibrate each parameter, the data were run through the BLM in speciation mode to obtain the critical
amount of Ni accumulation on the biotic ligand. Then, for each calcium, magnesium, or hardness series,
the critical accumulation (CA) of the point with the minimum concentration of Ca, Mg, or hardness was
selected for the toxicity run, as appropriate. The minimum value was used in calibration so that the Ca or
Mg response alone were being calibrated (see Figure 3A) rather than having the slope and overall
magnitude of the response change with each new log K value. The data were then run through the BLM
in toxicity mode with the expert option enabled in order to get the predicted effect concentrations. These
predicted values were compared to the reported values with the logR2 to select the best-fitting log K
value. This procedure is repeated for Ca and Mg iteratively until the optimum log K values remain
constant.

Effects of hardness on Ni toxicity

As has been widely observed previously, increasing hardness reduces Ni toxicity and bioavailability,
resulting in higher effect concentrations. Figure 4 summarizes the results from acute exposures with
invertebrate organisms (Figure 4A) and fish (Figure 4B). Very similar patterns of increasing Ni effect
concentrations with increasing hardness are evident for invertebrates and fish. The slope of the hardness
effect was typically steeper in exposures that co-varied pH and alkalinity (e.g., Chapman et al 1980), than
studies that varied hardness alone (e.g. Keithly et al 2004), and this difference in expected hardness
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slope is consistent with BLM predictions for these studies, since experiments that vary alkalinity and pH
along with hardness include the protective effects of increasing Ni-bicarbonate complexes in addition to
the competition from calcium and magnesium ions that occur when hardness is varied alone.

The acute US EPA water quality criterion, also called the criterion maximum concentration or CMC, is
based on a log-log equation dependent on hardness (US EPA, 1986) using an equation with the form:

CMC = e0.846[ln(hardness)]+2.255

The acute criterion is protective for most acute studies based on invertebrates, with the exception being
C. dubia (Figure 4A) and is protective for all acute studies based on fish (Figure 4B).

The predicted BLM responses to hardness cations includes effects from both Ca and Mg and are
determined by the Log K values for Ca and Mg binding to biotic ligand sites. The original Ni BLM
calibration included only effects from Ca based on the limited information available at the time (Wu et al,
1986). For the present review, protective effects from both Ca and Mg are considered. To determine the
appropriate log K values for Ca and Mg binding to the Ni BL site, the overall model behavior with varying
log K values was compared with experimental results showing the protective effects from either cation
alone or in combination.

The calibration for the calcium log K used data from Deleebeeck et al (2007b), Deleebeeck et al (2008),
Kozlova et al (2009), and Meyer et al (1999) in which calcium alone was varied. Each of these studies
individually calibrated to get optimum BL-Ca log K values at 3.80, 3.25, 4.50, and 4.05, respectively (see
results in Figure 3B). Looking at the fit of all four studies collectively gives an optimum log K value at
4.25, which is the final log K value for the BL-Ca reaction that was decided upon. These calibrations
were all done with a BL-Mg log K of 3.60.

The calibration for the magnesium log K only used data from Deleebeeck et al (2007b), Deleebeeck et al
(2008), and Kozlova et al (2009), since Meyer et al (1999) did not perform a magnesium series. These
three studies were calibrated to get optimum BL-Ca log K values of 3.75, 3.40, and 3.55, respectively
(see results in Figure 3C). If the studies were once again calibrated collectively, the resulting optimum
log K was 3.60, which was again used as the final log K for the BL-Mg reaction. These calibrations were
all done with a BL-Ca log K of 4.25.

For the Ca and Mg Log Ks of the competitive interaction with Ni at BL sites were selected based on the
logR2 results and correspond to 4.25 and 3.60 respectively (Table 2). The Ni BLM with these Log K
values was able to predict Ni bioavailability with changing hardness conditions in acute exposures for
both invertebrates (Figure 4A) and fish (Figure 4B). The same values for Ca and Mg Log Ks work well in
chronic exposures based on lethal (Figure 5A) or sublethal (Figure 5B, 4C) endpoints that include
variation in hardness to over 800 mg/L as CaCOs.

As was noted with the acute Ni criterion, the US EPA chronic water quality criterion, also called the
criterion continuous concentration or CCC, is based on a log-log equation dependent on hardness (US
EPA, 1986) using an equation with the form:

CCC = e0.84-6[ln(hardness)]+0.0584
Both the acute and chronic US EPA criteria for Ni have the same slope for considering how the criteria

should vary with hardness, and the similarity of the hardness effects in acute and chronic exposures as
shown in Figure 4 (A and B) and Figure 5 (A, B, and C).
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Effects of Ca on Ni toxicity

The effects of Ca alone, without co-variation in Mg or other cation concentrations, was investigated in five
studies with invertebrates and fish (Figure 6). The effects of Ca on Ni toxicity in acute exposures to
invertebrates were reported by Deleebeeck et al (2008) to D. magna and Kozlova et al (2009) to D. pulex
(Figure 6A). In general, Ni toxicity in acute exposures to both invertebrates decreased with increasing Ca
concentrations but for D. magna the protective effects of Ca are observed at Ca concentrations up to
about 100 mg/L. At concentrations above 100 mg/L (with a corresponding hardness of 280 mg/L as
CaCO0:3) there does not appear to be any additional benefit of added Ca in the D. magna toxicity data
reported by Deleebeeck et al (2008). For D. pulex, Kozlova et al (2009) reported protective effects up to
about 60 mg/L.

A protective effect of increasing Ca on Ni toxicity was also reported in two studies with fish. Meyer et al

(1999) reported a protective effect of Ca from 5 to about 100 mg/L in acute exposures with P. promelas.
Deleebeeck et al (2007b) reported a protective effect of Ca from 4 to 40 mg/L in chronic exposures to O.
mykiss and then no additional protective effect from 40 to 110 mg/L Ca.

The Ni BLM using a Log K of 4.25 for the competitive binding of Ca on Ni biotic ligand sites fit the
protective response of added Ca well for most of the studies. However, for D. magna the protective
benefit of added Ca reported by Deleebeeck et al (2008) is lower than expected based on the overall
calibration to all studies (Figure 6A). In contrast, acute exposures with D. magna reported by Chapman
et al (1980), which varied both Ca and Mg simultaneously, match the response of increasing hardness
predicted by the BLM very well (Figure 4A). The two studies by Deleebeeck are the only two studies that
show reduced or no protective benefit of added Ca at higher concentrations. This may be because few
studies looked at Ca effects at concentrations above 100 mg/L. The only other study in this review that
reported protective benefits of high concentrations of Ca was the Parametrix (unpublished) study with C.
dubia that showed protective benefits consistent with the response predicted by the BLM to Ca
concentrations of 237 mg/L. Another possible reason for the difference in observed effect of Ca on Ni
toxicity seen in both of the Deleebeeck studies is that in these studies a Ca salt (CaCl2) was added to soft
water with a Mg concentration of around 5 mg/L to produce a wide range of Ca concentrations. As a
result of this single salt addition, the Ca to Mg ratio becomes increasingly large as Ca concentrations
increase. At 100 mg/L Ca and above the Ca:Mg ratio (in mg/L units) ranged from 19 to 34 in Deleebeeck
et al (2008) and at 110 mg/L Ca the the Ca:Mg ratio was 37 in Deleebeeck et al (2007b). These high
Ca:Mg ratios are much higher than other studies in this review, and are much than typical ratios seen in
natural waters. For example, surface waters in North America typically range from 1.2 to 4.2 (10" to 90™
percentile) with a median value of 2.

Deleebeeck et al (2008) noted that high concentrations of Ca introduced an additional stress in their study
and for that reason the three highest Ca concentrations were excluded from subsequent analyses. An
alternative explanation is that the reduced benefit of added Ca at high concentrations observed in the two
studies by Deleebeeck et al (2007a, 2008) may be due to the unusual Ca:Mg ratios that resulted from the
experimental design rather than the high concentrations of Ca. Other studies in this review avoided high
Ca:Mg ratios either because both cations were allowed to vary to maintain a more constant ratio
(Pickering 1974; Chapman et al 1980; Pyle et al, 2002; Keithly et al, 2004; Deleebeeck et al, 20073;
Parametrix — unpublished) or because variation in Ca was investigated over a smaller range of
concentrations (Meyer et al 1999; Kozlova et al 2009). The possibility that the protective effects of Ca
may be limited by unusual Ca:Mg ratios would explain why a consistent response to increasing Ca alone
(Figure 6) or increasing Ca and Mg (Figures 2, and 4) is seen all studies included in this review where
high Ca:Mg ratios were avoided.
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Given that the protective effect of Ca seen in Deleebeeck et al (2008) is lower than that observed in other
studies it is not surprising that the calibrated Log K of Ca binding to Ni biotic ligand sites reported by
Deleebeeck et al (2008) is lower than the value suggested by this review (Table 2). The value of 4.25
used in this review is very close to the previous value used in development of the Ni BLM (Wu et al.,
2003) which was based on measured Ni accumulation and measured competition between Ca and Ni in
gill tissue reported by Meyer et al (1999).

Effects of Mg on Ni toxicity

The effects of Mg alone, without co-variation in Ca or other cation concentrations, was investigated in
three studies with invertebrates and fish (Figure 7). The availability of studies that quantify Mg effects
separately from Ca for this review is particularly useful since previous versions of the Ni BLM software
included only Ca effects. In a similar experimental design as was used to investigate Ca effects,
Deleebeeck et al (2008) and Kozlova et al (2009) quantified Mg effects on Ni toxicity to D. magna and D.
pulex (Figure 7A) and Deleebeeck et al (2007b) quantified Mg effects on Ni toxicity to O. mykiss (Figure
7B).

As was noted in the Ca experiments, the organism response in the Mg experiments across these three
studies showed a consistent reduction in Ni toxicity with increasing Mg at low to moderate Mg
concentrations (Figure 7). The protective effect of Mg to invertebrate species reported by Deleebeeck et
al (2008) and Kozlova et al (2009) were nearly identical at Mg concentrations less than 1 up to about 40
mg/L (Figure 7A), but at concentrations from 66 to 110 mg/L no additional protective effect to D. magna
was observed. For O. mykiss a protective effect of Mg was observed from 3 to ~50 mg/L, but no
additional protective effect was seen at concentrations above 50 mg/L (Figure 7B). For comparison the
only other study found in this review that quantified Ni toxicity over this range of Mg concentrations was
Parametrix (unpublished), which quantified toxicity to C. dubia at Mg concentrations that ranged from 3.7
to 78 mg/L. Over this range the protective effect of Mg and co-varying Ca continued to increase (Figure
5C). As was noted in the Ca experiments, the experimental manipulation of Mg without co-variation of Ca
concentrations can lead to unusual Ca:Mg ratios. At the highest Mg concentrations used by both
Deleebeeck et al (2008) and Deleebeeck et al (2007b) the Ca:Mg ratios were less than 0.1. Other
studies in this review avoided similarly low Ca:Mg ratios by either adjusting both Ca and Mg together or
by adjusting Mg over a narrower range of concentrations.

Previous versions of the Ni BLM software did not include Mg effects, since Mg was not explicitly
considered in the accumulation data reported by Meyer et al (1999) used in model calibration
documented by Wu et al. (2003). The value calibrated in this review, which considers the toxicity trends
in the Mg-only and Mg+Ca experimental data (i.e., Figures 2 and 6) results in a Log K of 3.5 for Mg
binding to the Ni BLM.

Effects of pH on Ni toxicity

The effects of pH on Ni toxicity in acute exposures were studied in three invertebrate studies and two fish
studies (Figure 8). Both Deleebeeck et al (2008) and Kozlova et al (2009) investigated pH effects with
and without the presence of a buffering agent. Buffering agents such as 3-morpholinepropanesulfonic
acid (MOPS) are commonly used to control pH in metal toxicity studies and have been recommended for
this purpose based on the fact that they do not affect metal speciation (Kandegedara and Rorabacher,
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1999). Deleebeeck et al (2008) reported very little change in Ni toxicity to D. magna over the pH range
5.7 to 8.1, and this pattern was consistent whether or not MOPS was used in the exposures (Figure 8A).
Kozlova et al (2009) also saw very little change in Ni toxicity to D. pulex over the pH range 5.6 to 8.3 in
acute exposures without MOPS. A very different pattern, however, was reported by Kozlova et al (2009)
in pH exposures with MOPS such that Ni EC50s increased with increasing pH (Figure 8A). It is unclear if
the different patterns reported by these two studies are due to differences in how these two species
respond to pH effects on Ni bioavailability. The fact that D. magna and D. pulex are closely related (in the
same genus), and the similarity of their response to other factors compared in this review suggests that
differences with respect to how MOPS may affect Ni bioavailability would be unlikely. The similarity of the
reported response with and without MOPS in the tests reported by Deleebeeck et al (2008) may simply
be due to the fact that MOPS was included in a relatively narrow range of pH conditions (5.7 to 6.6),
whereas Kozlova et al (2009) investigated a wider range of pH conditions in tests with MOPS (i.e., 5.6 to
8.3), and the greatest differences in the pH response with and without MOPS were observed at pH values
above 6.5.

Although MOPS and other pH buffers are commonly used in metal toxicity studies to help control pH,
there is some controversy as to whether these compounds affect metal bioavailability. Esbaugh et al
(2014) showed that the effects of changing pH on Pb toxicity to fathead minnow were different when
either MOPS or enriched CO2(g) environments were used to control pH conditions. These differences
were attributed to physiological stress caused by changes in the pH gradients in apical gill membranes in
fish in the presence of MOPS (Esbaugh et al., 2014). Since these buffers do not represent conditions in
the natural environment, Esbaugh et al (2014) recommend that bioavailability data for metals determined
in the presence of buffers should be avoided. Avoiding Ni bioavailability data in the presence of MOPS
may be especially prudent since the comparison reported by Kozlova et al (2009) show inconsistent pH
effects were observed in the presence of MOPS. To the extent that Ni toxicity data reported in exposures
that include either MOPS or enriched CO2(g) environments show different pH responses than natural
waters or synthetic waters that more closely resemble natural conditions may be due to experimental
artifacts that result from physiological stress and may not be relevant for the purpose of developing
bioavailability models. Data from exposures that include either MOPS or enriched CO2(g) environments
are identified in Figure 8A and in the comments section of the supplemental data table to facilitate caution
in the use of these data in subsequent model evaluations.

If only the data from Kozlova et al (2009) that do not include MOPS are considered, then there is
essentially no pH effect on Ni toxicity observed for D. pulex over the pH range of 5.6 to 8.3, and this lack
of a pH response is consistent with the predicted trend using the Ni BLM (Figure 8A) using the
parameters in Table 2. The pH effect observed by Deleebeeck et al (2008) with D. magna showed at
most a minor increase in EC50 over the pH range 5.7 to 8.1. Although the EC50s are a little higher than
predicted by the Ni BLM they are still within a factor of 2 and consistent with the trend predicted by the
model, which is that little if any pH effect to invertebrates is expected from pH 5.6 to 8.3.

In contrast, Schubauer-Berigan et al (1993) reported an approximately 10-fold decrease in Ni EC50s in
acute exposures to C. dubia from pH 7.3 to 8.7 (Figure 8B). This result is unusual given the lack of a
strong pH effect with other invertebrates (Figure 8A), which if anything suggested a slight increase in Ni
EC50s over a much larger pH range. The experimental conditions of Schubauer-Berigan et al were also
unusual in that the test chambers were sealed to prevent gas exchange after pH adjustments were made.
If gas exchange was effectively prevented, these conditions would result in a CO2(g) enriched
environment in the samples with lower pH relative to the exposure at pH 8.7. It is unclear whether the
unusual pH response is due to these experimental conditions, or to species-specific differences in how
pH affects Ni bioavailability to C. dubia. The Ni BLM can be made to predict lower EC50s at high pH by
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adjusting the NiOH Log K from -5.5 to -4.0 (dashed line on Figure 8b), but the uniqueness of this
response, the fact that is has only been observed in one sample, and the possibility that it may be due to
experimental conditions, suggests that it should be replicated in other tests with C. dubia prior to adopting
an alternate model calibration.

Schubauer-Berigan et al (1993) in acute exposures with P. promelas reported no pH effect over the range
7.3 10 8.7 (Figure 8C). Pyle et al (2002) also did not see a strong pH effect in acute exposures with P.
promelas, although approximately a three-fold increase in Ni LC50s were reported over the pH range 5.5
to 8.5 (Figure 8C). The lack of a strong pH effect in acute studies with fish is consistent with the pH
effects seen in all but one of the acute studies with invertebrates. The consistency of the pH response in
exposures not affected by MOPS or enriched CO2(g) environments suggests that a Ni BLM with a single
set of parameters will fit both invertebrates and fish. The similarity in the observed pH response for fish
and invertebrates further reinforces the notion that the unique response reported by Schubauer-Berigan
et al (1993) for C. dubia should be replicated prior to deciding whether it should be used in the
development of a bioavailability model for Ni.

Another study that showed atypical effects of pH on Ni toxicity was a chronic test with O. mykiss reported
by Deleebeeck et al (2007b), which shows increasing Ni LC50s at pH values lower than 7.5, and with little
pH effect from 7.5 to 8.5 (Figure 9). This was the only study that indicated possible proton competition at
pH values below 7, and as a result the higher log K for the BL-H binding used in the original calibration
(Wu et al., 2003) was a better fit than the revised value (Table 2). The BLM prediction using the lower log
K for the BL-H binding value consistent with the acute tests with invertebrates and fish results in an
overestimation of toxicity at low pH, compared with the with O. mykiss LC50s reported by Deleebeeck et
al (2007b) as shown with the solid line in Figure 9. The dashed line in Figure 9 uses the higher log K for
the BL-H binding (Wu et al., 2003) and more closely matches the trends in the chronic toxicity data for O.
mykiss. However, this is the only test and only organism which suggests this level of competitive effects
of protons is appropriate. It is also the only chronic test with a fish that looked at pH effects. Since the pH
response seen in this study is unlike all other studies, replication of this result would be prudent, prior to
recommending the higher Log K value. It should also be noted that the lowest pH exposure included
MOPS buffer, and as already discussed, MOPS may alter the bioavailability of Ni and other metals.

Effects of Dissolved Organic Carbon on Ni toxicity

Three studies investigated the effects of natural organic matter (NOM) on Ni toxicity. Kozlova et al (2009)
used two different organic matter sources, Suwannee River NOM (SRNOM) and Nordic Reservoir NOM
NRNOM), in acute tests with D. pulex. Both sources of NOM, quantified by measurement of dissolved
organic carbon (DOC), reduced the toxicity of Ni (Figure 10A). The effect of either type of NOM was
consistent from 0 to 10 mg/L DOC showing a reduction in toxicity (higher LC50s) with higher DOC. At
concentrations above 10 mg/L the effect of increasing amounts of NRNOM reduced Ni toxicity further,
while SRNOM did not have an additional protective effect at concentrations above 10 mg/L. From 1 to 40
mg/L DOC, the Ni LC50s to D. pulex increased about 7-fold when NRNOM was added, and only about 3-
fold when SRNOM was used (Figure 10A).

When similar concentrations of NOM were added to toxicity tests with a less sensitive organism, a smaller
overall effect on Ni toxicity was seen. For example, Doig and Liber (2006) reported the effects of five
different NOM sources on H. azteca including whole peat (WP), peat hydrophilic DOC (PHD), peat fulvic
acid (PFA), Suwanee River fulvic acid (SRFA) and Suwanee River humic acid (SRHA). Although the
range of DOC concentrations added (i.e., 0-30 mg/L) was similar to that of Kozlova et al (2009) a less
than 2-fold increase in Ni LC50s was observed (Figure 10A). Doig and Liber (2006) did not see
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differences in the effect of NOM on Ni bioavailability and therefore concluded that the quantity of NOM
was more important than the quality of the NOM.

The effects of NOM are simulated in the BLM using a set of discrete binding sites calibrated for proton
and metal binding calibrated in the development of the WHAM model (Tipping 1994). The reactions
developed for WHAM are simulated in the BLM as part of the overall conceptual model dealing with metal
bioavailability such that NOM can bind Ni and other metals, thereby reducing the chemical activity of the
metal and reducing the extent to which it can bind to biotic ligand sites (Figure 1). These reactions
include metal complexation at sites with a range of binding strengths representative of different types of
reactive functional groups found in NOM.

BLM simulations of the expected effects of NOM on Ni bioavailability match the overall trends observed
by Kozlova et al (2009) for D. pulex with NRNOM addition from 1 to 35 mg/L (Figure 10A). As previously
noted the effects of SRNOM addition were similar to NRNOM from 1 to 10 mg/L DOC and in this range
observed effects agree well with BLM predictions. No additional protective effect was observed from
SRNOM additions at DOC concentrations from 20 mg/L — 40 mg/L and in this DOC range; however the
BLM predicts that additional protective effect should be expected in a manner consistent with the effects
observed in the NRNOM addition (Figure 10A).

The BLM predictions for H. azteca match the effects of NOM additions reported by Doig and Liber (2006)
over a DOC range of 0 to 35 mg/L (Figure 10A), including the observation that NOM effects to this
organism are smaller than that observed for D. pulex. Since the BLM includes reactions with a range of
NOM binding sites, complexation reactions at low metal concentrations are dominated by interactions
with strong binding sites. As metal concentrations increase, the strongest binding sites become saturated
with metal thereby shifting the binding of added metal to the next strongest set of binding sites. As a
result, the overall strength of metal-NOM interactions is dependent on the relative concentrations of metal
and NOM. As a result, the BLM predicts larger NOM effects in conditions that are associated with lower
metal concentrations (e.g., more sensitive organisms or life stages) compared with conditions associated
with higher metal concentrations (e.g., less sensitive organisms or life stages). This concentration-
dependent behavior is illustrated by the relatively steeper slope of the BLM predicted response to NOM
additions for D. pulex compared with H. azteca and is consistent with reported observations in Kozlova et
al (2009) and Doig and Liber (2006) (Figure 10A).

The effects of NOM on Ni toxicity were one of several water quality parameters investigated by Hoang et
al (2004) in acute exposures to P. promelas. Several additional toxicity tests using the same
experimental design but not included in the Hoang et al (2004) study are included here (see
Supplemental table). Hoang et al (2004) concluded that Ni toxicity was affected by fish age, DOC, pH,
hardness, and alkalinity and those findings are consistent with the results of the Ni BLM. The Ni BLM
was able to predict variation in toxicity to P. promelas over a wide range of pH, hardness, alkalinity, and
DOC concentrations (Figure 10b).

Validation of the Ni BLM in synthetic and natural waters

Throughout this analysis, the focus has been on comparing the Ni BLM to experiments where a single
water quality factor has been adjusted. Experiments where one or more water quality factors change are
also useful for model evaluation. Summaries of model performance against all synthetic waters used for
acute and chronic Ni toxicity tests are shown in Figure 11. The acute summary (Figure 11A) contains all
of the acute studies listed in Table 1, except for pH exposures where MOPS were added and the high Ca
(Ca > 100 mg/L) and high Mg (Mg > 50 mg/L) tests of Deleebeeck et al (2007b).
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Throughout this analysis, the Ni BLM was applied with a consistent set of parameters including Log K
values (Table 2) and species mean effect accumulations (SMEA; Table 3). The SMEAs are similar to the
lethal accumulation (or LA50) term used in previous BLM modeling but this change in name is more
consistent with the wide variety of lethal and sub-lethal endpoints in acute and chronic exposures used in
recent BLM evaluations.

The values of SMEAs (Table 3) used in this analysis provide a measure of the sensitivity of various
organisms, endpoints, and lifestages, such that lower SMEAs indicate greater sensitivity. In general,
invertebrates represent the most sensitive species in both acute and chronic exposures. For organisms
where information for multiple lifestages is available, such as for P. promelas, younger and smaller fish
are more sensitive than older and larger fish and have correspondingly smaller SMEAs as a result.

The overall comparison of Ni BLM predictions for organisms in synthetic waters shows excellent
agreement with nearly all predictions within a factor of two of measured values (Figure 11). Agreement
within a factor of 2 has traditionally been used to indicate good performance (Di Toro et al., 2001).
Recently this level of agreement was shown to correspond to the variability observed in replicate toxicity
tests represented by approximately 1.5 standard deviations around the median (Santore and Ryan,
2015). This level of agreement between predicted and measure values, therefore, is comparable to the
level of agreement expected between replicate measurements. One data point that falls well away from
this acceptable level of agreement is the acute C. dubia LC50 reported by Schubauer-Berrigan at pH 8.7.
Other studies that report C. dubia data show much better correspondence with Ni BLM predictions such
as acute data from Keithly et al (2004) and chronic data from Keithly et al (2004) and Parametrix
(unpublished), even when data from these other studies include observations at similar pHs. The lowest
C. dubia LC50 reported by Schubauer-Berrigan, in this context, does seem to be anomalously low for an
acute test, and is more reflective of lowest of the range of values observed in chronic C. dubia endpoints
(Figure 11B).

Since many of the same datasets for Ni toxicity in synthetic waters used in the overall comparisons shown
in Figure 11A,B were also used for calibration, this level of overall goodness of fit should be expected.
Application of the Ni BLM to an independent set of toxicity tests in natural waters shows a similar level of
excellent agreement in acute exposures (Figure 12A). Lind et al. (1978) measured Ni toxicity to D.
pulicaria in samples from lakes and rivers that covered wide ranges in pH (5.8 to 8.1), DOC (2.6 to 39
mg/L), and hardness (25 to 120 mg/L as CaCOs). The Ni BLM was able to accurately predict Ni toxicity
over this wide range of conditions (Figure 12A), although for the three samples from Lake Superior the
BLM predicted LC50s that were consistently low (see Supplemental Table). The Lake Superior samples
were the highest pH conditions in the range of samples which indicate that for D. pulicaria, Ni toxicity may
be reduced at high pH. Lind et al. (1978) also reported LC50s for P. promelas and for these tests the Ni
BLM predicts LC50s that match measured values well including at high pH (Figure 12A). Deleebeeck et
al (2008) reported Ni EC50s from eight sites in Europe that covered wide ranges in pH (5.9 to 8.1), DOC
(1.8 to 26 mg/L), and hardness (13 to 266 mg/L as CaCOs) to D. magna and the Ni BLM performed well
over these wide ranges of conditions (Figure 12A).

In chronic exposures Deleebeeck et al (2007b) reported Ni LC50s for O. mykiss in samples from five
sites. The Ni BLM performed well for all five natural waters. Although the natural waters had variation in
pH from 5.6 to 8.2 there was no suggestion that the natural waters results indicated that there was a
competitive interaction between Ni and protons, similar to what was seen in the synthetic waters tests
from the same study (Figure 9). Parametrix (unpublished) reported IC25s for C. dubia in six natural
waters, and while the Ni BLM predicted 1C25 values close to what was measured, the model predicted
higher 1C25s for samples from the Grand River, which had the highest DOC (near 7.5 mg/L), even though
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measured 1C25s at this site were among the lowest of the natural waters in this study (Figure 12B and
Supplemental Table).

Schlekat et al (2010) reported chronic Ni toxicity to four different species in four natural waters. One of the
natural waters (S. Platte) was tested at ambient pH and at an acidified pH which was adjusted by
equilibration with an elevated CO2(g) environment. As previously noted, elevated CO2(g) environments
may result in additional physiological stress to test organisms (Esbaugh et al 2014), and the pH adjusted
samples are identified by dashed circles around individual data points on Figure 12B to allow for
comparison. However, of the four species, only the B.calyciflorus prediction showed a large deviation
from the reported value in this acidified sample. All four of these species had not previously been tested
for Ni toxicity and as a result there were no previous calibrations of the Ni BLM to these organisms. Of
the four species tested, the Ni BLM predicted EC20s or EC50s to C. tentans and L. minor in good
agreement with measured values (Figure 12B). For B. calyciflorus, however, one of the five samples
resulted in a large discrepancy between measured and modeled values; subsequent tests by Schlekat et
al (2010) concluded that the toxicity in this sample was not due to Ni and it was removed from further
consideration in their analysis. The Ni toxicity data to L. stagnalis reported by Schlekat et al (2010) was
the only organism in this study that showed a different pattern than was expected according to the Ni
BLM. Predicted toxicity in these samples deviated from observations such that predictions in high pH
samples were higher than what was observed. For L. stagnalis, therefore, Ni toxicity may increase at
high pH, making this the only dataset found in this review other than the C. dubia data reported by
Schubaer-Berrigan that suggests increased toxicity at high pH.

Summary and conclusions

The Ni BLM using a single set of parameters was able to successfully predict the modifying effects of
water chemistry on Ni bioavailability and toxicity to a wide variety of fish and invertebrates in acute and
chronic exposures. Nickel toxicity was shown to be modified by a number of water quality factors
including Ca, Mg, and the presence of natural organic matter and these effects were consistent for both
fish and invertebrates. The consistency of these effects allowed a single set of BLM parameters (Table 2)
to fit observations from a wide array of organisms in across a wide range of water chemistries in both
acute and chronic tests.

The effects of pH on Ni toxicity did not appear to be consistent across all organisms. Most invertebrates
and fish for which pH trends have been reported, showed very little variation in Ni bioavailability across a
wide range of pH values, or a slight reduction in toxicity at pH values above 8 (Figure 8). The exceptions
appear to be O. mykiss, C. dubia, and L. stagnalis. Tests with O. mykiss showed reduced toxicity at low
pH in synthetic waters (Figure 9). The trend for O. mykiss in Figure 9 indicated that higher LC50 values
were observed at low pH, and the trend leveled off from neutral pH to pH 8.5. This pattern is distinctly
different from that seen in C. dubia which were continued to decrease at pH 8.5 and higher (Figure 8B).
Hence, the O. mykiss trend is described as elevated at low pH, rather than reduced at high pH. However
this same trend was not evident in natural water tests. For natural waters, chronic exposures with O.
mykiss were well described by the Ni BLM over a range of pH from 5.6 to 8.2 (Figure 12B). The reason
for the difference in behavior in synthetic waters and natural waters reported by Deleebeeck et al (2007b)
is not clear, however the lowest pH exposure in the synthetic water series did include MOPS buffer, and
other tests included in this review indicate that MOPS can affect the pH effect observed in Ni
bioavailability studies (Figure 8A; Kozlova et al., 2009). Although buffers such as MOPS were designed
to have no effect on metal speciation (Kandegedara and Rorabacher, 1999), they have been shown to
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affect metal bioavailability via alteration of the chemical microenvironment near biological membranes
(Esbaugh, et al 2014). Differences observed on the effects of pH on the bioavailability of Ni in exposures
with and without MOPS provide further evidence that these buffers may have unintended impacts when
used in metal bioavailability studies.

Despite the differences noted in the pH trends for some organisms, the overall patterns of behavior of Ni
bioavailability suggest that there are far more similarities than differences when comparing the factors
that control Ni bioavailability in natural waters across wide ranges of water chemistry. These common
bioavailability factors affect Ni toxicity in acute and chronic exposures to fish and invertebrate species,
and suggest that a unified framework for addressing bioavailability effects such as the Ni BLM could be
used to predict Ni toxicity in risk assessment and regulatory settings.
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Figure 1. Conceptual model for the Ni BLM showing interaction between chemical speciation and
accumulation of Ni on biological membranes. In the Chemical Speciation box, complexation reactions
between natural organic matter (NOM) or inorganic ligands such as carbonate and hydroxide can
determine the amount of free Ni ion, thereby affecting the amount of Ni accumulation on biotic ligand
sites (BL-Ni). Accumulation of Ni can also be affected by competition with other cations such as calcium
and magnesium.

Figure 2. SMEA-normalized Ni toxicity to aquatic invertebrates (A) and fish (B) in studies that varied
hardness conditions. Individual symbols correspond to reported LC50 or EC50 values. Solid lines
represent BLM predicted LC50 or EC50 values for corresponding conditions.

Figure 3. Graphical representation of the effects of changes in the BL-Ca log K (A), and variation in
goodness of fit statistics with Log K values for either Ca (B) or Mg (C) binding to biotic ligand sites.
Goodness of fit is determined by the correlation coefficient of the log-transformed data (i.e., log-R-
squared). Statistics are summarized considering only individual studies with single ion tests (i.e, Cain A
or Mg in B) or all of the studies shown combined. Numbers closer to 1 are better for log-R-Squared.

Figure 4. Acute Ni toxicity to aquatic invertebrates (A) and fish (B) in studies that varied hardness
conditions. Individual symbols correspond to reported LC50 or EC50 values. Solid lines represent BLM
predicted LC50 or EC50 values for corresponding conditions. The dotted line represents the US EPA
acute water quality criteria.

Figure 5. Chronic Ni toxicity to aquatic invertebrates based on survival (A) or reproduction (B, C) in
studies that varied hardness conditions. Individual symbols correspond to reported LC20/50 (A),
EC20/50 (B), or I1C25 (C) values. In panels A and B solid lines represent BLM predicted values for
corresponding conditions. In panel C measured IC25 values are shown as filled circles. BLM predictions
shown as “+” were run for conditions in each test, in which more than just hardness varied. The dotted
line in each panel represents the US EPA chronic water quality criteria.

Figure 6. Ni toxicity to aquatic organisms in studies that varied Ca alone in acute exposures to
invertebrates (A) or fish (B), or chronic exposures to fish (C). Individual symbols correspond to reported
toxicity values. Solid lines represent BLM predicted values for corresponding conditions.

Figure 7. Nickel toxicity to aquatic organisms in studies that varied Mg alone in acute exposures to
invertebrates (A) or fish (B). Individual symbols correspond to reported toxicity values. Solid lines
represent BLM predicted values for corresponding conditions.

Figure 8. Nickel toxicity to aquatic organisms in studies that varied pH in acute exposures to
invertebrates (A, B) or fish (C). Individual symbols correspond to reported toxicity values. Solid lines
represent BLM predicted values for corresponding conditions. The dashed line in B shows an alternative
calibration to C. dubia that emphasizes increased bioavailability at high pH.

Figure 9. Nickel toxicity to aquatic organisms in studies that varied pH in chronic exposures to fish .
Individual symbols correspond to reported toxicity values. Solid lines represent BLM predicted values for



Electronic Filing: Received, Clerk's Office 11/30/2017

corresponding conditions. The dashed line shows an alternative calibration to O. mykiss that
emphasizes reduced bioavailability at low pH.

Figure 10. Nickel toxicity to aquatic organisms in studies that varied DOC in acute exposures to
invertebrates (A) or fish (B). Individual symbols correspond to reported toxicity values. Solid lines
represent BLM predicted values for corresponding conditions.

Figure 11. Overall performance with the best overall model for acute (A) or chronic (B) fish and
invertebrate tests in synthetic waters. The solid black line shows perfect agreement between measured
and predicted Ni toxicity and the dashed lines indicate plus or minus a factor of two away from perfect
agreement.

Figure 12. Overall performance with the best overall model for acute (A) or chronic (B) fish and
invertebrate tests in natural waters. The solid black line shows perfect agreement between measured
and predicted Ni toxicity and the dashed lines indicate plus or minus a factor of two away from perfect
agreement.
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Exposure | Reported
Species Lifestage/Age Duration Effect [Endpoint # Obs |Study
Acute
Alona affinis (H) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Bosmina coregoni (S) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Ceriodaphnia dubia <1d 2d LC50 |survival 4 |Keithly et al (2004)
Ceriodaphnia dubia Not Reported 2d LC50 |survival 3 |Schubauer-Berigan et al (1993)
Camptocercus lilljeborgi (H) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Chydorus ovalis (H) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Ceriodaphnia pulchella (H) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Ceriodaphnia quadrangula (H) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Ceriodaphnia quadrangula (S) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Daphnia longispina (H) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Daphnia magna <1d 2d EC50 |immobilization 52 |Deleebeeck et al (2008)
Daphnia magna Not Reported Not Rep. LC50 |survival 5 |Chapman et al (manuscript)
Daphnia pulex <1d 2d LC50 |immobilization 44  [Kozlova et al (2009)
Daphnia pulicaria Not Reported 2d LC50 |survival 16 |(Lind et al (1978)
Hyalella azteca 7-14d 2d LC50 |survival 20 |[Doig & Liber (2006)
Pimephales promelas <1d 4d LC50 |survival 16 |Hoang et al (2004 & unpublished)
Pimephales promelas <1d 4d LC50 |survival 6 |Pyle et al (2002)
Pimephales promelas 100d 4d LC50 |survival 4 |Pickering (1974)
Pimephales promelas 28d +1 4d LC50 |survival 18 [Hoang et al (2004 & unpublished)
Pimephales promelas Not Reported 4d LC50 |survival 8 |Lind et al (1978)
Pimephales promelas Not Reported 4d LC50 |survival 3 |Schubauer-Berigan et al (1993)
Pimephales promelas subadult (1-6 g) 4d LC50 |survival 4 |Meyer et al (1999)
Peracantha truncata (S) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Simocephalus serrulatus (S) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Simocephalus vetulus (H) <2d 2d EC50 |immobilization 2 |Deleebeeck et al (2007a)
Chronic
Alona affinis (H) <2d 16d LC50 |survival 2 |Deleebeeck et al (2007a)
Brachionus calyciflorus Not Reported 10d EC10 |population growth rate 5 |Schlekat et al (2010)
Brachionus calyciflorus Not Reported 10d EC20 |population growth rate 5 |Schlekat et al (2010)
Ceriodaphnia dubia <1d 7d EC20 |reproduction 3 |Keithly et al (2004)
Ceriodaphnia dubia <1d 7d IC25  [survival and reproduction 19 [Parametrix (unpublished)
Ceriodaphnia dubia <1d 7d LC20 |survival 3 |Keithly et al (2004)
Ceriodaphnia pulchella (H) <2d 17d EC10 |reproduction 2 |Deleebeeck et al (2007a)
Ceriodaphnia pulchella (H) <2d 17d EC50 |reproduction 2 |Deleebeeck et al (2007a)
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Ceriodaphnia pulchella (H) <2d 17d LC50 |survival 2 |Deleebeeck et al (2007a)
Ceriodaphnia quadrangula (H) <2d 17d EC10 |reproduction 2 |Deleebeeck et al (2007a)
Ceriodaphnia quadrangula (H) <2d 17d EC50 |reproduction 2 |Deleebeeck et al (2007a)
Ceriodaphnia quadrangula (H) <2d 17d LC50 |survival 2 |Deleebeeck et al (2007a)
Ceriodaphnia quadrangula (S) <2d 17d EC10 |reproduction 2 |Deleebeeck et al (2007a)
Ceriodaphnia quadrangula (S) <2d 17d EC50 |reproduction 2 |Deleebeeck et al (2007a)
Ceriodaphnia quadrangula (S) <2d 17d LC50 |survival 2 |Deleebeeck et al (2007a)
Chironomus tentans Not Reported 10d EC10 |ash free dry weight 5 |[Schlekat et al (2010)

Chironomus tentans Not Reported 10d EC20 |ash free dry weight 5 |[Schlekat et al (2010)

Daphnia longispina (H) <2d 21d EC10 |reproduction 2 |Deleebeeck et al (2007a)
Daphnia longispina (H) <2d 21d EC50 |reproduction 2 |Deleebeeck et al (2007a)
Daphnia longispina (H) <2d 21d LC50 |survival 2 |Deleebeeck et al (2007a)
Lemna minor Not Reported 10d EC10 |growth rate 5 |[Schlekat et al (2010)

Lemna minor Not Reported 10d EC50 |growth rate 5 [Schlekat et al (2010)

Lymnea stagnalis <1d 10d EC10 |wet weight 5 |Schlekat et al (2010)

Lymnea stagnalis <1d 10d EC20 |wet weight 5 |Schlekat et al (2010)

Lymnea stagnalis <1d 10d EC50 |wet weight 5 |Schlekat et al (2010)

Onchorynchus mykiss juvenile (28-35d) | 17-26d LC50 |survival 20 |[Deleebeeck et al (2007b)
Peracantha truncata (S) <2d 17d EC10 |reproduction 2 |Deleebeeck et al (2007a)
Peracantha truncata (S) <2d 17d EC50 |reproduction 2 |Deleebeeck et al (2007a)
Peracantha truncata (S) <2d 17d LC50 |survival 2 |Deleebeeck et al (2007a)
Simocephalus serrulatus (S) <2d 17d EC10 |reproduction 2 |Deleebeeck et al (2007a)
Simocephalus serrulatus (S) <2d 17d EC50 |reproduction 2 |Deleebeeck et al (2007a)
Simocephalus serrulatus (S) <2d 17d LC50 |survival 2 |Deleebeeck et al (2007a)
Simocephalus vetulus (H) <2d 21d EC10 |reproduction 2 |Deleebeeck et al (2007a)
Simocephalus vetulus (H) <2d 21d EC50 |reproduction 2 |Deleebeeck et al (2007a)
Simocephalus vetulus (H) <2d 21d LC50 |survival 2 |Deleebeeck et al (2007a)
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33972 Texas St. SW
Albany, Oregon 97321
Office 541-737-2565
Lab 541-926-1254

Exhibit 27

16 March 2016

Tim Kluge

Sanitary District of Decatur
501 Dipper Lane
Decatur, IL 62522

Re:Progress Report — Nickel WER Project
Dear Tim:

We are pleased to submit this progress report for work conducted as part of the Nickel WER
project for the Sanitary District of Decatur (SDD).

As part of the effort to determine the potential for ion stress on the test organisms, a “Simulated
Effluent” was prepared to match the ionic concentrations of the SDD effluent (based upon water
quality parameters measured from historical sampling efforts; Table 1). Acclimation of the test
organisms, Ceriodaphnia dubia, to this specific ionic content water was employed. During
culturing over the course of many months, the organisms appeared fairly healthy, although
some reductions in health occurred (observed as reduced reproduction) over this time period. A
subsequent discussion occurred with Russ Erickson (USEPA) regarding the preparation of the
simulated effluent and the C. dubia acclimation and health. A speculation, in terms of organism
health during acclimation, was that C. dubia may be at a “tipping point” or “limit” of health due to
ionic content of the water. With this information and during a later conference call, Russ
indicated that he would not object to a “modest” dilution of the effluent (defined as 20-30%
maximum) to eliminate potential ion toxicity as a confounding factor. With this information, C.
dubia were then cultured at a 20% dilution of the Simulated Effluent shown in Table 1.

On December 01, 2015, OSU AquaTox received a 20-Liter sample of SDD Effluent (consisting
of a 24 hour composite sample collected from 11/29/15 to 11/30/15). The sample was received
in good condition and within the acceptable temperature (0-6°C) and holding period (< 36 hrs).
The health of the test organism, Ceriodaphnia dubia, in the acclimation water (simulated effluent
prepared to match the ionic makeup of typical SDD effluent and diluted by 20%) was good and
neonates from these cultures were used in toxicity testing. The cultures were acclimated in the
diluted Simulated Effluent with success for over a month. For the present toxicity testing and in
order to provide a more accurate match of this specific sample of SDD effluent to the simulated
reconstituted water (RW) lab effluent, the total dissolved solids (TDS) concentration of the SDD
Effluent was measured upon arrival and the SDD effluent was subsequently diluted using
deionized water to match the TDS of the Simulated RW Effluent. The SDD effluent was diluted
by 20% with deionized water to achieve this match. This 20% dilution was also the percentage
employed from previously tested “full strength” Simulated RW which had resulted in mixed
effects on the health of the acclimating C. dubia culture.

Two short-term chronic toxicity tests (7-day static-renewal tests assessing survival and
reproduction [USEPA 2002]) were performed using the 20% diluted SDD Effluent and the
Simulated RW Effluent as control/dilution waters in their respective tests. The undiluted SDD
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effluent was also tested as a concurrent control water.
waters used in the toxicity tests is reported in Table 2. As shown, the laboratory water and the
effluent matched nicely in their compositions with the exception of dissolved organic carbon
(DOC). Table 3 reports the priority pollutants (Ag, As, Be, Cd, Cr, Cu, Pb, Hg, Ni, Se, Ag, Th,
Zn) measured in the 20% SDD Effluent. None of the values exceed any ambient water quality

criteria, if applicable.

Page

Progress Report
16 March 2016

2

Water quality characteristics of the

Table 1. Historical water quality data: Simulated Effluent compared to SDD Effluent

Hard. | Alk. |Cond. | ca | Mg | Na | k | cr | so,| poc | PH | PH
Water initial final
(mg/L as CaCOs) | uS/cm mg/L SU
Simulated 400 | 564 | 2,820 | 640|552 | 446 | 101 | 369 | 350 | 068 | 84 | 86
Effluent
SDD Effluent | ,o4 | 632 3420 | 64.1 | 64.3 | 557 | 76.7 | 464 | 333 | 224 | 8.0 | 8.8
(19.2 pg/L Ni)
SU = Standard Units. pH is shown as measured on Day 0 and Day 7 of the study.
Table 2. Toxicity testing water quality: Simulated Effluent compared to SDD Effluent
Hard. | Alk. |Cond. | TDS | ca [ Mg | Na | k | cr |so,| poc |PH | PH
Water initial | final
(mg/L as CaCO;) | uS/cm mg/L suU
RW #1304 — 20%
diluted simulated | 324 | 436 | 2250 | 1,134 | 52.5 | 459 | 348 | 81.3 | 315|295 | <0.20 | 86 | 8.9
effluent
o]
SDD;E‘::(;‘I\ 20% | 276 | 484 | 2420 | 1221|393 | 490 416 | 62.1 | 320 | 324 | 118 | 84| 809
SDD Effluent® | 332 | 564 | 2930|1501 (509 (591|512 |77.1| 400|399 | 153 |8.3| 9.0

SU = Standard Units. pH is shown as measured on Day 0 and Day 7 of the study.

A Effluent was filtered through 180 pm mesh prior to use in the toxicity test to remove larger particulates which may hinder biological observations of

reproduction.
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Table 3. 20% Diluted SDD Effluent
(control/dilution water in toxicity test)

Parameter
Antimony (pg/L) : 0.39
Arsenic (ug/L): 247
Beryllium (pg/L): BMDL < 0.025
Cadmium (ug/L) : BMDL < 0.030
Chromium (upg/L) : 0.85
Copper (pg/L) : 2.80
Lead (pg/L): 0.43
Mercury (pg/L): BMDL < 0.045
Nickel (ug/L): 19.2
Selenium (ug/L) : 4.39
Silver (ug/L): BMDL < 0.025
Thallium (ug/L): BMDL < 0.025
Zinc (ugl/L): 8.84

The toxicity test with lab water was a short-term chronic toxicity test using the Simulated Effluent
(20% diluted) as the control/dilution water. Exposures were prepared by spiking the
control/dilution water with varying concentrations of Ni stock (as NiCl, x 6H,0), allowing a 2-hr
equilibrium period, followed by test initiation or daily renewal. In addition to the Simulated
Effluent, a concurrent control exposure of very hard reconstituted water was tested. Survival
and reproduction were assessed and are reported in Table 4. All concentrations of Ni in the
tables below are nominal. There was no statistically significant difference between the very hard
reconstituted lab water and the Simulated Effluent (20% diluted). Survival and reproduction in
the Ni exposures were compared to those in the Simulated Effluent (20% diluted) control. For
survival, the no-observable effect concentration (NOEC) was 14.3 pg/L Ni and a lowest-
observable effect concentration (LOEC) was 20.4 ug/L Ni. The median-lethal concentration
(LCso) was 20.4 (No 95% CI) pg/L Ni. The 20% lethal effect concentration (LC,) was 14.55
(13.59 — 15.58) ug/L Ni.
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Table 4. Short-term chronic toxicity test —
20% Diluted Simulated Effluent (Laboratory Water)

Nominal Concentration Survival (%) Reproduction
(ng/L Ni) SD *SD
o g R 100 £ 0 206+7.4
20% Diluiod Sinulated tifuent | 10020 24.4 3.1
4.9 100+ 0 223+14
7 100+ 0 19.9+4.1
10 100+ 0 18.3+3.8"
14.3 80 +42.2 129+55"
20.4 50 +52.7* N/A **

* Statistically significant difference (p < 0.05) from dilution water control (20% diluted
simulated effluent).

** Survival effect was observed in this concentration, therefore this concentration was
removed from comparison testing for reproduction.

N/A = Not applicable

The toxicity test with effluent was a short-term chronic toxicity test using the SDD Effluent (20%
diluted) as the control/dilution water. Exposures were prepared by spiking the control/dilution
water with varying concentrations of Ni stock (as NiCl, x 6H,0), allowing a 2-hr equilibrium
period, followed by test initiation or daily renewal. Based upon measurements provided by
SDD, the undiluted effluent sample provided to OSU contained a Ni concentration of 21.3 ug/L.
Therefore spiked concentrations are reported in Table 5 as “+” 19.2 (estimated after the SDD
Effluent had been diluted by 20%). An undiluted SDD effluent was included as an exposure.
Survival and reproduction were assessed and are reported in Table 5. All concentrations of Ni in
the tables below are nominal. The diluted SDD effluent showed toxicity both alone and in all the
Ni exposures. Interestingly, the undiluted SDD had better survival and reproduction than its
diluted counterpart. Because toxicity was observed in all exposures, no dose response or
endpoints were able to be calculated.
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Table 5. Short-term chronic toxicity test —
20% Diluted SDD Effluent

Nominal Concentration Reproduction
(ug/L Ni) Survival (%) pre SD
Dilution water plus spiked Ni B
Concurrent Control:
SDD Effluent (no dilution) 1000 122+ 3.2
21.3 ug/L Ni
Control/Dilution H,O:
20% Diluted SDD Effluent 50 £52.7 7627.0
19.2 ug/L Ni
19.2+7=26.2 40 £ 51.6 44+51
19.2+10=29.2 40 £ 51.6 57174
19.2 +14.3=33.5 33.3+50 62171
19.2 + 20.4 = 39.6 30 £48.3 57150
19.2 +29.1=48.3 30 £48.3 3.1+£55

In the test with Simulated Effluent (biological reported in Table 4), the Nickel Biotic Ligand
Model (BLM), based upon the water quality characteristics reported in Table 2, predicted a LCyx
and EC,, of 13.77 and 7.24 pg/L Ni for survival and reproduction, respectively. This prediction
was very close to the actual outcome (based upon nominal Ni concentrations) of a survival LC5
of 14.55 pg/L Ni and a reproductive EC,, of 7.96 ug/L Ni (Table 6). This demonstrates that the
BLM is able to accurately predict toxicity in the simulated effluent testing. The BLM predictions
for the SDD effluent (20% diluted) were higher than the concentrations tested, yet toxicity was
observed at all exposures (19.2 up to 48.3 pg/L Ni). It should be noted that there is no
relationship between Ni spikes and toxicity and therefore it is believed that Ni would not be toxic
concentrations observed in the effluent.

Table 6. Nickel Biotic Ligand Model (BLM) Prediction versus Actual

Survival LCyq Reproduction EC,
Nominal (ug/L Ni)

Treatment

Simulated Effluent (RW #1304)

BLM Prediction 13.77 7.24
- . 14.55 7.96
Toxicity test — C.dubia | 13 59 45 58) (5.55 — 11.42)
SDD Effluent (20% Diluted)
BLM Prediction 69.14 38.7

SDD Effluent

BLM Prediction 98.35 55.30
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The acclimation of the test organism, C. dubia, was an important step for toxicity testing in the
high pH, high ionic composition water. In addition, the BLM very accurately predicted effect
concentrations, ensuring that this model is appropriate for the determination of site specific
criteria for Ni for SDD. Although survival and reproductive effects were observed in the diluted
SDD Effluent and accompanying exposures, it appears that toxicity may be occurring due to
something else besides ionic composition of the water or Ni. Based upon the status to date,
below are some possible next steps.

Possible Next Steps
o Measure Ni concentrations in all test exposures and submit data.
e  Submit results as preliminary without measured Ni.
o Additional toxicity tests, if appropriate.

We appreciate the opportunity to work with SDD on this project. If you have any questions or
comments, please feel free to give us a call at +1-541-926-1254.

Allison Cardwell William Stubblefield, PhD
Sr. Faculty Research Assistant Professor, Research

Sincerely,





