
Electronic Filing: Received, Clerk's Office 11/30/2017
Water Effect Ratio Testing 
Page 17 

samples the effluents tended to have lower pH values and higher DOC and ion concentrations. 
The variation in pH, DOC, and ion concentrations show in these two datasets are consistent with 
the values seen in detailed sam le anal ses re orted in Table I. 
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Figure 5. Box and whisker plots showing distributions of measured val ues for BLM input 
parameters in effluent samples. Average values are shown by a black line in the middle of each 
box and represent mean (pH, Temp, DOC) or geometric mean (Ca, Mg, a, K, S04, Cl, Alk) 
depending on whether parameters are expected to be no1mally or log-nonnally distributed. For 
each box, the lower edge of the box represents the 25th percentile, the upper edge of the box 
represents the 75th percentile, and whiskers extend to minimum and maximum values exclusive 
of extreme values. Individual observations are shown as small red circles. 
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Vari ability in BLM input parameters was used in a sensitivity analysis to determine the 
degree to which predicted toxicity may be expected to change over time. The model was first 
run for a base case that used median values for all parameters shown in Figure 4 and Table 3. 

For each BLM parameter, two additional runs were then perfon11ed by substituting either 
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Figu re 6. Sensiti vity analysis of varying input parameters to the BLM on predicted Nickel 
tox icity in river samples. For the base case, average values for all parameters shown in Figure 4 
were used. A series of additional simulations were then run to see the effect of variation in 
individual parameter values on the base case. For each additional simulation, the base case was 
modified with either the 25th or the 75th percentile value of an input variable, whil e all other 
parameters were held at the values used fo r the base case. For example, the result labeled 
" Alk25" uses the 25th percenti le for alkalinity (shown in Figure 4) and the result "Alk75" uses 
the 75th percentile for alkalinity. Sensitivity results for o ther parameters are labe led with a 
simi lar labelin scheme. 
the 25% or 75% value from the box and whisker plo ts in Figure 4 for the average value, whil e 
keeping all other parameters constant, at their respective average. The resulting sensiti vity 
analyses are shown in Figure 6 for river samples considering variati on at the 25th and 75th 

percentile, and Figure 7 considering variati on at the 10th and 90th percentiles. 

Variation in input values at the 25th and 75th percentiles for river water samples had 
relatively little effect on the predi cted ickel tox icity, with the largest effects resulting from 
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changes in alkalinity and calcium concentrations. A similar pattern was observed when variation 
at the I 0th and 90th percentil es were considered (Figure 7). Even at these extreme values, the 
expected variation in predi cted nickel toxicity ranges from about 70 to 150 percent of the base 
case value. Guidance for deri vation of site-specific adjustments to water quality criteria based 
on the WER procedure allow simple geometric means of individual WER values when the range 
in va lues is within a factor of 5. Since the effects of the variation in river water chemistry on 
nickel toxicity will be well within that those li mits, this uncertainty analysis suppo11s the 
conclusion that average conditions from a relatively small number of samples should provide an 
acceptable characterization for deriving a site-specific nickel criterion. As a result of these 
sensiti vity anal yses, the calcu lated WER fo r the site is not expected to significantly change as a 
resu lt of variability in water quality within ranges comparable to these existing monitoring 
datasets. 
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Figure 7. Sensitivity analysis of varying input parameters to the BLM on predicted Nickel toxicity in river samples. 
For the base case, average values for a ll parameters shown in Figure 4 were used. A series of additional simulations 
were then run to see the effect of variation in individua l parameter values on the base case. For each addi tional 
imulation, the base case was modified with eithe r the I 0th or the 90th percentile va lue o f an input variable, while all 

other parameter were he ld at the values used for the base case. For example, the result labe led "Alkl O" uses the 
10th percentile for a lkal inity (shown in Figure 4), and the result "Alk90" uses the 90th percentile for alkalinity. 
Sensitivity results for othe r parameters are labeled with a similar labeling scheme. 

For effluent samples (Figure 8), variation in alkalinity had the largest effect on pred icted 
nickel toxicity. However, the resulting variation in predicted LC50 values was small , 
con-esponding to a little more than I 0% change relative to the base case. Variation in effluent 
characteristics is onl y presented for comparison to that seen for ri ver water, since it is onl y the 
downstream ri ver water that will be used to estimate the site-specific nickel adj ustment. 
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Figure 8. Sensitivity analysis of varying input parameters to the SLM on predicted ickel 
toxicity in effluent samples. For the base case average values for all parameters shown in Figure 
5 were used. A series of additional simulations were then run to see the effect of variation in 
individual parameter va lues on the base case. For each additional simulation, the base case was 
modified with either the 25th or the 75th percentile value of an input vari able, while all other 
parameters were held at the values used for the base case. For example, the result labeled 
"Alk25" uses the 25th percentile fo r alkalinity (shown in Figure 5), and the result "Alk75" uses 
the 75111 percentile for alkalinity. Sensitivity results for other parameters are labeled with a 
similar labelin scheme. 
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VI. PREDICTED ESTIMATE OF WQC 
With the WER calculated in Section IV, site specific acute and chronic WQC can be 

calculated fo r the site. The site specific criteria are ca lculated as the state standards times the 
WER. For the receiving water downstream of the site, the average WER is 2.6, resulting in a site 
specific acute WQC of 6 14. l ~1g/L and a site specific chronic WQC of 37.2 ~1g/L (Table 4). 

Table 4. Summary of values for coITesponding acute a and chronic 6 standards, WER, and 
resulting site specific standards in receiving water samples downstream of the plant. The 
1llinois acute and chronic standards for ickel are based on hardness dependent equations. 
The average for samples collected in this study are based on the average measured hardness 
in samples collected for the BLM analysis. Also shown are the site-specific values based on 
a hardness of 359, which was assigned by the State of Illinois fo r this site. 
Sample Sample Location Hardness Nickel Nickel Water Site Site 
Date Acute3 Chronicb Effect Specific Specifi c 

8/26 

9/9 

8/26 
9/9 

Notes: 

RD at Rock 
Springs 
RD at Rock 
Springs 

RD at Lincoln 
RD at Lincoln 

Average (this 
stud 

Site specific 
values using 
IUinois EPA
assigned critical 
hardness 

mg/L as 
CaC0 3 

357 

360 

332 
341 

347.5 

359 

Standard Standard Ratio Acute Chronic 
Standard Standard 

µg/L 

241.7 

243.5 

227.3 
232.5 

236.2 

242.9 

µ g/L 

14.7 

14.8 

13.8 
14.1 

14.3 

14.7 

2.6 

2.6 

2.6 

2.6 

µ g/L 

628.5 

633.0 

59 1.1 
604.6 

614.1 

631 .5 

µg/L 

38.1 

38.4 

35.8 
36.6 

37.2 

38.2 

a: ickel Acute Standard = exp[A+B*ln(H)] * 0.998 (where A=0.5 173; B=0.846) 
b: Nickel Chronic Standard = exp[A+B*ln(H)] * 0.997 (where A= -2.286; B=0.846) 

22 



Electronic Filing: Received, Clerk's Office 11/30/2017
Water Effect Ratio Testing 
Page 23 

VII . CONCLUSIONS 
Water quality factors such as pH, alkalinity, ion content, and the presence of natural 

organic matter have been shown to affect metal toxicity. However, the WCQ for many metals 
consider only hardness, making them potentially over-protective or under-protecti ve fo r many 
site waters. The BLM is a mechanistic framework suitable for a number of metals, including 
N ickel , which allows for the consideration of many additional water quality factors. The BLM 
has been adopted by US EPA in the most recently updated metals criteria (US EPA, 2007). For 
metals that do not yet have an approved WQC approach, the BLM can be used to calculate a 
WER adjustment to derive si te specific acute and chronic c,iteria. Application of the Nickel 
BLM to calculate Nickel toxicity in samples taken from the Sangamon Ri ver downstream of the 
District's Main Plant compared to a reference water results in a calculated average WER of 2.6. 
This WER resul ts in a site specific acute criterion of 614.1 µg/L and a site specific chronic 
criterion of37.2 µg/L at a hardness equal to 347.5 mg/L. Utilizing the Illinois EPA-assigned 
hardness of 359 mg/L, the WER results in a corresponding acute criterion of 63 1.5 µg/L and a 
site specific chronic criterion of 38.2 µ g/L. 
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1.0 INTRODUCTION 

1.1 Objective 

To utilize the water-effect ratio (WER) procedure to determine the acute effects of nickel on the 
freshwater cladoceran, Ceriodaphnia dubia , in site effluent water and laboratory reconstituted 
water, under static test conditions. 

1.2 Experimental Approach 

C. dubia will be continuously exposed to differing concentrations of nickel in both site effluent 
water and laboratory reconstituted water during acute aqueous exposures. 

1.3 Test Substance 

The test substance will be in the form of nickel chloride hexahydrate (NiCl2 x 6H20 ; CAS # 
7791-20-0). 

2.0 BASIS AND TEST SYSTEM 

2.1 Basis 

This protocol is designed to comply with USEPA testing guidance (USEPA 2002) and WER 
procedures (USE PA 1994 ). 

2.2 Test Species 

1. Species: Cladoceran/Water Flea (Ceriodaphnia dubia). 
2. Number: A total of 20 organisms will be tested for each treatment and control 

(four replicates per treatment). 
3. C. dubia will start as less than 24 hr old neonates. 
4. Source: C. dubia are cultured at Oregon State University's Aquatic Toxicology 

Lab (OSU AquaTox, Albany, OR). 
5. Culture/Holding Water: For acclimation of organisms to the expected hardness of 

the site effluent water, C. dubia adults are maintained in a mass culture in very 
hard reconstituted water (nominal hardness, alkalinity, and pH of approximately 
305 mg/L as CaC03, 225 mg/L as CaC03 , and 8.5, respectively) . In order to 
track reproduction of test organisms, at least two weeks prior to testing, 
organisms will be maintained individually in 30 ml plastic containers in an 
environmental chamber. 

6. Feeding: No feeding will occur during the conduct of the test. Prior to the initiation 
of the test, < 24 hr old neonates will be grouped together and fed a suspension of 
Yeast/Trout Chow/Cereal leaves mixture (YTC) and algae suspension 
(Pseudokirchneriella subcapitata, 1 :1) for at least 2 hours prior to the test. 
Organisms (which have been acclimated to very hard reconstituted water) for the 
site effluent testing will be acclimated to the site water for as long as possible 
prior to the test without compromising the time constraints of first use of the site 
water. 

7. Procedure for identification: C. dubia have been verified to species by the original 
organism supplier. 
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The organisms will not be fed during the toxicity test. 

3.0 EXPOSURE SYSTEM 

3.1 Route of Administration 

Method: Appropriate volumes of nickel stock will be mixed with both the site effluent water and 
the laboratory reconstituted water to achieve nominal concentrations. Following the spiking of 
nickel to the site effluent, the waters will be serially diluted and allowed to equilibrate for 2-4 
hours prior to use. Following spiking of nickel to the laboratory reconstituted water, the waters 
will be serially diluted and allowed to equilibrate for 1-3 hours. 

Equipment: The laboratory reconstituted water will be prepared with reagent grade salts (see 
section 1.3) and will be weighed/apportioned using an electronic micro-balance and micro
pipettes. 

Frequency: This is a static test. No water renewal will occur during the conduct of the test. 

3.2 Dilution Water 

Dilution water for the laboratory water test will be a very hard reconstituted laboratory water 
made from deionized water amended with the appropriate reagent grade salts (CaS04 • 2H20, 
MgS04, KCI , and NaHC03 ) to achieve a nominal hardness, alka linity, and pH of approximately 
315 mg/L as CaC03, 225 mg/L as CaC03, and 8.0, respectively. Reconstituted water will be 
prepared as detailed in standard USEPA methods (USEPA 2002) with a Ca to Mg (Ca:Mg) ratio 
of 0.7. 

The site effluent water will not be diluted. 

3.3 Test Temperature 

Test temperature will be 25 ± 2 °C. Testing will be conducted in a temperature-controlled 
environmental chamber. 

3.4 Test Chamber 

Test containers will be 30-ml plastic Souffle cups containing 25-ml of test solution. Containers 
will be covered with Plexiglas to prevent contamination. 

3.5 Photoperiod 

Lighting for the entire test duration will be a photoperiod of 16-hours light and 8-hours dark, 
provided by cool-white or dayl ight illumination. 

3.6 Dissolved Oxygen Concentrations 

Dissolved oxygen concentrations will be maintained at ~ 60 percent of saturation. 
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4.0 TEST DESIGN 

For each test (s ite effluent and laboratory water), five test treatments and a control will be tested 
using a 0.7 dilution scheme. The nominal test concentrations will be estimated based upon 
expected acute toxicity of nickel based upon the hardness and pH of the waters and historical 
data. Nominal test concentrations will be described in the raw data packet. A concurrent 
moderately hard reconstituted control water (USEPA 2002; without nickel) will also be tested. 

4.2 Number of Test Organisms 

For each test (site effluent and laboratory water), a total of 20 organisms will be tested in four 
repl icates for each treatment and control. A concurrent moderately hard reconstituted water 
control (without nickel) will be tested in the same conditions as the site effluent and laboratory 
water. Five C. dubia will be randomly partitioned into each test vessel at the start of the test. 

4.3 Bias Control 

To control bias, test chambers will be numbered according to a 4 X 6 randomization sheet and 
placed in the environmental chamber. 

4.4 Test Initiation 

Fol lowing preparation of each concentration, solutions will be allocated to each replicate. 
Organisms will then be randomly allocated into each replicate until 5 organisms are in each 
chamber. 

4.5 Chemical and Physical Monitoring 

At a minimum, the following measurements will be made according to the methods laid out in 
OSU AquaTox S0Ps: 

1. Hardness, alkalinity, dissolved oxygen, temperature , conductivity, total ammonia, 
total residual chlorine, and pH will be measured in the site effluent water and the 
laboratory reconstituted water at test initiation. Hardness and pH of the control, 
one middle concentration and the highest concentration, will also be measured at 
the 48 hour renewal time point (of both new renewal waters and old waters) and 
at test termination. 

2. A sample of the site effluent water and the laboratory reconstituted water will be 
collected for characterization of calcium, magnesium, sodium, potassium, 
chloride, sulfate, and dissolved organic carbon (DOC) and measured at an 
outside commercial laboratory. 

3. Dissolved oxygen, temperature, conductivity, and pH will be measured daily in 
each treatment. 
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Observations of live and dead organisms will be recorded daily. Dead organisms will be 
removed immediately following observation. 

4. 7 Analytical Chemistry 

Samples for nickel analysis will be collected from each treatment according to the following 
schedule: On Day O (initiation), samples for total recoverable (unfiltered and acidified with 
concentrated nitric acid to a pH < 2) and dissolved (filtered through 0.45 µm-porosity filter prior 
to acid ification) will be collected separately into a 15 ml polypropylene conical tube from each 
treatment. Samples for analysis of total and dissolved nickel will also be collected from old test 
waters (from a composite of the four replicates for each treatment) at test termination . Filters 
(0.45 µm-porosity) used for dissolved metal collections will be flushed with 5 ml of sample prior 
to sample collection. Total recoverable and dissolved nickel samples will be analyzed via 
Inductively Coupled Plasma Optical Emission Spectrometry or Mass Spectrometry (ICP
OES/MS). 

4.8 Test Duration 

The test duration will be 48 hours ± 1 hour. 

4.9 Quality Criteria 

• The test will not be considered valid if control mortality exceeds 10%. 
• The dissolved oxygen concentration must be> 60 percent saturation. 
• There must be evidence that the temperature, dissolved oxygen, and 

concentration of the test substance being tested have been satisfactorily 
maintained, based on time-weighted averages, over the test period. 

5.0 DAT A ANALYSIS 

Statistical analysis (hypothesis testing) of the test data will be conducted using a computer 
program. A statistical test (as determined by the USEPA Decision Tree in acute toxicity test 
guidance [USEPA, 2002]) will be used to test for significant differences in the survival among 
test treatments and controls . EPA methodology (2002) dictates the flowchart for determination 
of the LC50 for multi-effluent concentration acute toxicity tests and this flowchart coincides with 
the statistical methodology described in the WER guidance (1994).The no observable effect 
concentration (NOEC) and lowest observable effect concentration (LOEC) will be calculated on 
the basis of survival (p < 0.05). In addition, a median lethal concentration (LC50) will be 
calculated along with the determination of outliers and the need for data transformation (i.e., arc 
sine, square root, logarithmic, etc.) . 

The experimentally determined WER will typically be a ratio of endpoints determined at two 
different hardnesses and will thus include contributions from a variety of differences between 
the two waters , including hardness. The WER will be calculated as discussed in the guidance 
document (USE PA 1994 ). The use of the US EPA very hard reconstituted laboratory water as a 
reference water is a reasonably close match to the site effluent hardness. The reference water 
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LC50 may be further adjusted to match the site water hardness using the hardness slope for the 
Ni standard. 

6.0 TEST REPORT 

The report will be a typed document describing the results of the test and will be signed by the 
Principal Investigator and Study Director. The report will include, but not be limited to, the 
following : 

• Name and address of the test facility; 
• Dates of test initiation, completion, and/or termination; 
• Objectives of the study as stated in the test protocol, including any changes 

from the protocol; 
• Statistical methods used in data analysis; 
• Identification of the test substances (by name, CAS number, or code 

number) and description of substance purity, strength , composition, 
stabil ity, solubility, and/or other appropriate characteristics documented by 
the Study Sponsor (location of documentation shall be specified); 

• A description of the methods used during testing; 
• A description of the test system used including, where applicable, algal 

density or biomass, source of supply, species, strain, sub-strain, age, and 
procedure for identification; 

• A description of the exposure concentrations, dosing regimen, route of 
administration, and duration of exposure; 

• A description of all circumstances that may have affected the quality and/or 
integrity of the data; 

• The name of the Principal Investigator and Study Director and the names of 
other scientists, professionals, or supervisory personnel (e.g. task manager, 
senior biomonitoring technician) involved in the study; 

• A description of the methods of data analysis; a summary and analysis of 
the data, and a statement of the conclusions drawn from the analysis; 

• Signature and date of the Study Director and/or other professionals 
involved in the study as required by the testing facility or Sponsor; 

• The location(s) where all specimens, raw data, and final report are to be 
stored; 

• A statement of Quality Assurance 

7.0 RECORD RETENTION 

All records will be maintained and arch ived in the OSU AquaTox archives in accordance with 
OSU AquaTox SOP 5403. 

8.0 PROTOCOL AMENDMENTS AND DEVIATIONS 

All changes (i.e. , amendments, deviations, and final report revisions) of the approved protocol, 
plus the reasons for the changes, must be documented in writing. The changes will be signed 
and dated by the Study Director and maintained with the protocol. 
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1.0 INTRODUCTION 

1.1 Objective 

To utilize the water-effect ratio (WER) procedure to determine the acute effects of nickel on the 
fathead minnow, Pimephales promelas, in site effluent water and laboratory reconstituted water, 
under static-renewal test conditions. 

1.2 Experimental Approach 

P. promelas will be continuously exposed to differing concentrations of nickel in both site 
effluent water and laboratory reconstituted water during acute aqueous exposures. 

1.3 Test Substance 

The test substance wil l be in the form of nickel chloride hexahydrate (NiCl2 x 6H20 ; CAS # 
7791-20-0). 

2.0 BASIS AND TEST SYSTEM 

2.1 Basis 

This protocol is designed to comply with USEPA testing guidance (USEPA 2002) and WER 
procedures (US EPA 1994 ). 

2.2 Test Species 

1. Species: Fathead Minnow (Pimephales promelas). 
2. Number: Each test will consist of a total of 40 organisms per treatment, with each 

treatment containing four replicates. Ten larval fish will be partitioned into each 
vessel at the start of the test. 

3. Age: Larval fish, P. promelas (-7-14 days old ), at start of test. 
4. Source: P. promelas will be obtained from in-house cultures located at OSU 

AquaTox. 
5. Holding Conditions: P. promelas adults are maintained in brood tanks using a 

continuous flow-through system with natural well water that is saturated with 
dissolved oxygen and has a nominal hardness, alka linity, and pH of 
approximately 100 mg/Las CaC03, 100 mg/L as CaC03, and 7.8, respectively. 

6. Larval fish will be held in holding tanks with feeding and water renewal prior to 
use in the toxicity test. Fish will be acclimated to the very high hardness 
conditions by daily water renewals, increasing hardness by approximately 50 
mg/L as CaC03, daily. Fish will be approximately 7-14 days old at test initiation. 
Organisms (which have been acclimated to very hard reconstituted water) for the 
site effluent testing will be acclimated to the site water for as long as possible 
prior to the test without compromising the time constraints of f irst use of the site 
water. 

7. Feeding: At the 48-hour time point in testing, 0.2 ml brine shrimp nauplii will be 
fed to each test chamber. Feeding will be allowed for a minimum of 2 hours, prior 
to solution renewal. 
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8. Procedure for identification: P. promelas have been verified to species by the 
original organism supplier. 

2.3 Test Diet 

Brine shrimp cysts (Brine Shrimp Direct, Ogden UT, USA) are hatched in the laboratory and are 
typically < 30 hours old (Artemia nauplii) when fed to the test organisms. A sample of newly
hatched Artemia nauplii are chemically analyzed on an annual basis for total metals, 
organochlorine pesticides, and PCBs as per OSU AquaTox's Standard Operation Procedures 
(SOPs). 

3.0 EXPOSURE SYSTEM 

3.1 Route of Administration 

Method: Appropriate volumes of nickel stock will be mixed with both the site effluent water and 
the laboratory reconstituted water to achieve nominal concentrations. Following the spiking of 
nickel to the site effluent, the waters will be serially diluted and allowed to equilibrate for 2-4 
hours prior to use. Following spiking of nickel to the laboratory reconstituted water, the waters 
will be serially diluted and allowed to equilibrate for 1-3 hours. 

Equipment: The laboratory reconstituted water will be prepared with reagent grade salts (see 
section 1.3) and will be weighed/apportioned using an electronic micro-balance and micro
pipettes. 

Frequency: An 80% renewal of control and treatment solutions will occur at 48 hours by 
siphoning out 80% of the old water and waste and pouring freshly prepared test solutions 
(following the aging periods stated in the method above), as appropriate, back into the 
chambers. 

3.2 Dilution Water 

Dilution water for the laboratory water test will be a very hard reconstituted laboratory water 
made from deionized water amended with the appropriate reagent grade salts (CaS04 • 2H20 , 
MgS04, KCI , and NaHC03) to achieve a nominal hardness, alkalinity, and pH of approximately 
315 mg/L as CaC03, 225 mg/L as CaC03, and 8.0, respectively. Reconstituted water will be 
prepared as detailed in standard USEPA methods (USEPA 2002) with a Ca to Mg (Ca:Mg) ratio 
of 0.7. 

The site effluent water will not be diluted. 

3.3 Test Temperature 

Test temperature will be 25 ± 2 °c. Testing will be conducted in a temperature-controlled 
environmental chamber. 
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Test containers will be 250-ml glass beakers contain ing 200-ml of test solution. Containers wil l 
be covered with Plexiglas to prevent contamination. 

3.5 Photoperiod 

Lighting for the entire test duration will be a photoperiod of 16-hours light and 8-hours dark, 
provided by cool-white or daylight illumination. 

3.6 Dissolved Oxygen Concentrations 

Dissolved oxygen concentrations will be maintained at ~ 60 percent of saturation. 

4.0 TEST DESIGN 

4.1 Test Concentrations/Dosages 

For each test (site effluent and laboratory water), five test treatments and a control will be tested 
using a 0.7 dilution scheme. The nominal test concentrations will be estimated based upon 
expected acute toxicity of nickel based upon the hardness and pH of the waters and historical 
data. Nominal test concentrations will be described in the raw data packet. A concurrent 
moderately hard reconstituted control water (USEPA 2002; without nickel) will also be tested. 

4.2 Number of Test Organisms 

For each test (site effluent and laboratory water), a total of 40 organisms will be tested in four 
replicates for each treatment and control. A concurrent moderately hard reconstituted water 
control (without nickel) wil l be tested in the same cond itions as the site effluent and laboratory 
water. Ten larval fish will be randomly partitioned into each test vessel at the start of the test. 

4.3 Bias Control 

To control bias, test chambers will be numbered according to a 4 X 7 randomization sheet and 
placed in the environmental chamber. 

4.4 Test Initiation 

Following preparation of each concentration, solutions will be allocated to each replicate. 
Organisms will then be randomly allocated into each replicate until 10 organisms are in each 
chamber. 

4.5 Chemical and Physical Monitoring 

At a minimum, the following measurements will be made according to the methods laid out in 
OSU AquaTox SOPs: 

1. Hardness, alkalinity, dissolved oxygen, temperature, conductivity, total ammonia, 
total residual chlorine, and pH will be measured in the site effluent water and the 
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laboratory reconstituted water at test in itiation. Hardness and pH of the control, 
one middle concentration and the highest concentration, wil l also be measured at 
the 48 hour renewal time point (of both new renewal waters and old waters) and 
at test termination. 

2. A sample of the site effluent water and the laboratory reconstituted water will be 
collected for characterization of calcium, magnesium, sodium, potassium, 
chloride, sulfate, and dissolved organic carbon (DOC) and measured at an 
outside commercial laboratory. 

3. Dissolved oxygen, temperature, conductivity, and pH will be measured daily in 
each treatment. 

4.6 Biological Monitoring 

Observations of live and dead organisms will be recorded daily. Dead organisms will be 
removed immediately following observation. 

4.7 Analytical Chemistry 

Samples for nickel analysis will be collected from each treatment according to the following 
schedule: On Day O (initiation), samples for total recoverable (unfi ltered and acidified with 
concentrated nitric acid to a pH < 2) and dissolved {filtered through 0.45 µm-porosity filter prior 
to acidification) will be collected separately into a 15 ml polypropylene conical tube from each 
treatment. Samples for analysis of total and dissolved nickel will also be collected on Day 2 
from old test waters (from a composite of the fou r replicates for each treatment) and freshly 
prepared renewal waters. Total and dissolved metals samples will also be taken at test 
termination. Filters (0.45 µm-porosity) used for dissolved metal collections will be flushed with 5 
ml of sample prior to sample collection. Total recoverable and dissolved nickel samples will be 
analyzed via Inductively Coupled Plasma Optical Emission Spectrometry or Mass Spectrometry 
(ICP-OES/MS). 

4.8 Test Duration 

The test duration will be 96 hours± 1 hour. 

4.9 Quality Criteria 

• The test will not be considered valid if control mortality exceeds 10%. 
• The dissolved oxygen concentration must be > 60 percent saturation. 
• There must be evidence that the temperature, dissolved oxygen, and 

concentration of the test substance being tested have been satisfactorily 
maintained, based on time-weighted averages, over the test period. 

5.0 DAT A ANALYSIS 

Statistical analysis {hypothesis testing) of the test data will be conducted using a computer 
program. A statistical test (as determined by the USEPA Decision Tree in acute toxicity test 
guidance [USEPA, 2002]) will be used to test for significant differences in the survival among 
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test treatments and controls. EPA methodology (2002) dictates the flowchart for determination 
of the LC50 for multi-effluent concentration acute toxicity tests and this flowchart coincides with 
the statistical methodology described in the WER guidance ( 1994 ). The no observable effect 
concentration (NOEC) and lowest observable effect concentration (LOEC) will be calculated on 
the basis of survival (p < 0.05). In addition, a median lethal concentration (LC50) will be 
calculated along with the determination of outliers and the need for data transformation (i.e. , arc 
sine, square root, logarithmic, etc.). 

The experimentally determined WER will typically be a ratio of endpoints determined at two 
different hardnesses and will thus include contributions from a variety of differences between 
the two waters, including hardness. The WER will be calculated as discussed in the guidance 
document (USEPA 1994). The use of the USEPA very hard reconstituted laboratory water as a 
reference water is a reasonably close match to the site effluent hardness. The reference water 
LC50 may be further adjusted to match the site water hardness using the hardness slope for the 
Ni standard. 

6.0 TEST REPORT 

The report will be a typed document describing the results of the test and will be signed by the 
Principal Investigator and Study Director. The report will include, but not be limited to , the 
following: 

• Name and address of the test facility; 
• Dates of test initiation, completion, and/or termination; 
• Objectives of the study as stated in the test protocol , including any changes 

from the protocol ; 
• Statistical methods used in data analysis; 
• Identification of the test substances (by name, CAS number, or code 

number) and description of substance purity, strength, composition, 
stabil ity, solubility, and/or other appropriate characteristics documented by 
the Study Sponsor (location of documentation shall be specified); 

• A description of the methods used during testing; 
• A description of the test system used including, where applicable, algal 

density or biomass, source of supply, species, strain, sub-strain, age, and 
procedure for identification; 

• A description of the exposure concentrations, dosing regimen, route of 
administration, and duration of exposure; 

• A description of all circumstances that may have affected the quality and/or 
integrity of the data; 

• The name of the Principal Investigator and Study Director and the names of 
other scientists, professionals, or supervisory personnel (e.g. task manager, 
senior biomonitoring technician) involved in the study; 

• A description of the methods of data analysis; a summary and analysis of 
the data, and a statement of the conclusions drawn from the analysis; 

• Signature and date of the Study Director and/or other professionals 
involved in the study as required by the testing facility or Sponsor; 

• The location(s) where all specimens, raw data, and final report are to be 
stored; 

• A statement of Quality Assurance 
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7.0 RECORD RETENTION 

All records will be maintained and archived in the OSU AquaTox archives in accordance with 
OSU AquaTox SOP 5403. 

8.0 PROTOCOL AMENDMENTS AND DEVIATIONS 

All changes (i.e., amendments, deviations, and final report revisions) of the approved protocol, 
plus the reasons for the changes, must be documented in writing., The changes will be signed 
and dated by the Study Director and maintained with the protocol. 

9.0 LITERATURE CITED 

USEPA. 1994. Interim Guidance on Determination and Use of Water-Effect Ratios for Metals. 
Office of Water. Washington, D.C. EPA-823-B-94-001 . 

USEPA. 2002. Methods for Measuring the Acute Toxicity of Effluents and Receiving Waters to 
Freshwater and Marine Organisms. Fifth Edition. EPA-821-R-02-012. 
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Study Director: 
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Signature: ~ 
Title: P@fe55r,r 
Date: ty A:~lt\~ .;>oil\ 

Print Name: A I h'so.'." c~ e I( 
Signature:~~ c1wc}Jl 
Title: Fo.c 1A-lbj Re sea.ccb Ass is+w:rt 
Date: 1i Apf"; \ olDI:\ 
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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 µg/L and that Keithly et al.’s study identified a nickel LC50 value of 81 µg/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 

µg/L.  This GMAV was derived using data generated by Schubauer-Berigan et al., who 

identified C. dubia LC50 values of 32.6 µg/L (at pH = 7.1) and 3.03 µg/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.

 Objectives for this work were to:
o summarize the water quality factors that have been shown to affect nickel bioavailability

and toxicity for fish and invertebrates in acute and chronic exposures,
o 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:

[ � � � � �
∗] = 10 � � � � � ∗ � �

[� � � �
� ] =

� � ∗ [� � � � �
∗]

[� � ]

[� � �
� � ] =

� � ∗ [� � � �
� ]

[ � � ]

� � � � � � � � � �  ( � � �⁄ � � � � � ) = ([� � � �
� ] + 2 ∗ [� � �

� � ] + [ � � � ] − [ � � ]) ∗
100086 � �  � � � � �

2 � �

where pCO2 = 3.5

KH = 10-1.5

K1 = 10-6.352

K2 = 10-10.329

Although the concentration of CO2 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 pCO2 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 Ca2+ to Mg2+, Na+, and K+; and SO42- to Cl- 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 ( � ) was estimated as:

[ � � � � ]� =
� � � � � � � � �

1 +
1

� � : � �

Estimates for the other cations (Mg2+, 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 SO42-

and Cl- was determined for each month as the deficit of a charge balance with the cations, pH, and
alkalinity.

[� � �
� � + � � � ] = 2[� � � � ] + 2[� � � � ] + [� � � ] + [� � ] + [� � ] − [ � � � �

� ] − 2[� � �
� � ] − [� � � ]

where [ � � � �
� ] =

[ � � � ] � [ � � � ] � � � � �

� �
� ∗� �
� � � �

[� � �
� � ] = � � ∗

[ � � � �
� ]

[ � � ]

[� � ] = 10 � � �

[� � � ] = 10 � ( � � � � � )

K2 = 10-10.329

and Alk = alkalinity in equivalents / L = 2 x 10-5 x alkalinity (as mg CaCO3 / L). The concentrations of each
anion were calculated using this deficit and the SO4: Cl ion ratio:

[� � �
� � ] =

[� � �
� � + � � � ]

2 +
1

� � � : � �

[� � � ] =
[� � �

� � ]

� � � : � �

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 NaHCO3 controlling pH), and a second series with pH (with MOPS + NaOH/HCl
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 (logR2). The logR2 can be calculated as:

� � � � � = 1 −
∑ (log � � � � − log � � � �� ) ��

� � �

∑ � log � � � � − log � � �� � � � � � � � � �
��

� � �

= 1 −
� � �

� � �

where � � is the measured effect concentration of sample � , � �� is the predicted effect concentration, log � � �� � � � � � � � �

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:

� � � = � � .� � � [ � � (� � � � � � � � )] � � .� � �

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 CaCO3.

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:

� � � = � � .� � � [ � � ( � � � � � � � � )] � � .� � � �

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
CaCO3) 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 (10th to 90th

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, 2007a;
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 to 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 CaCO3). 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 CaCO3) 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 IC25 values close to what was measured, the model predicted
higher IC25s for samples from the Grand River, which had the highest DOC (near 7.5 mg/L), even though
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measured IC25s 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, Ca in 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 IC25 (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
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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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Species Lifestage/Age

Exposure

Duration

Reported

Effect Endpoint # Obs Study

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)

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)

Acute

Chronic
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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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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 

Aquatic Toxicology Laboratory 
33972 Texas St. SW 
Albany, Oregon  97321 
Office 541-737-2565 
Lab 541-926-1254 
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effluent was also tested as a concurrent control water.  Water quality characteristics of the 
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.  
 
 

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

Water 
Hard.  Alk.  Cond. Ca Mg Na K Cl- SO4 DOC pH 

initial 
pH 
final 

(mg/L as CaCO3) µS/cm mg/L SU 

Simulated 
Effluent 400 564 2,820 64.0 55.2 446 101 369 350 0.68 8.4 8.6 

SDD Effluent 
(19.2 µg/L Ni) 424 632 3,420 64.1 64.3 557 76.7 464 333 22.4 8.0 8.8 

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 

Water 
Hard.  Alk.  Cond. TDS Ca Mg Na K Cl- SO4 DOC pH 

initial 
pH 
final 

(mg/L as CaCO3) µS/cm mg/L SU 
RW #1304 – 20% 
diluted simulated 

effluent 
324 436 2,250 1,134 52.5 45.9 348 81.3 315 295 < 0.20 8.6 8.9 

SDD Effluent 20% 
Diluted A 276 484 2,420 1,221 39.3 49.0 416 62.1 320 324 11.8 8.4 8.9 

SDD Effluent A 332 564 2,930 1,501 50.9 59.1 512 77.1 400 399 15.3 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 µm 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 (µg/L) : 0.39 

Arsenic  (µg/L) : 2.47 

Beryllium  (µg/L) : BMDL < 0.025 

Cadmium (µg/L) : BMDL < 0.030 

Chromium  (µg/L) : 0.85 

Copper  (µg/L) : 2.80 

Lead  (µg/L) : 0.43 

Mercury  (µg/L) : BMDL < 0.045 

Nickel  (µg/L) : 19.2 

Selenium  (µg/L) : 4.39 

Silver  (µg/L) : BMDL < 0.025 

Thallium  (µg/L) : BMDL < 0.025 

Zinc  (µg/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 NiCl2 x 6H2O), 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 µg/L Ni and a lowest-
observable effect concentration (LOEC) was 20.4 µg/L Ni. The median-lethal concentration 
(LC50) was 20.4 (No 95% CI) µg/L Ni. The 20% lethal effect concentration (LC20) was 14.55 
(13.59 – 15.58) µg/L Ni.   
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Table 4. Short-term chronic toxicity test –  
20% Diluted Simulated Effluent (Laboratory Water) 

Nominal Concentration  
(µg/L Ni) 

Survival (%) 
± SD 

Reproduction  
± SD 

Concurrent Control: 
Very Hard RW 100 ± 0 20.6 ± 7.4 

Dilution H2O Control:  
20% Diluted Simulated Effluent 100 ± 0 24.4 ± 3.1 

4.9 100 ± 0 22.3 ± 1.4 

7 100 ± 0 19.9 ± 4.1 

10 100 ± 0 18.3 ± 3.8 *  

14.3 80 ± 42.2 12.9 ± 5.5 * 

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 NiCl2 x 6H2O), 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 µg/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 

(µg/L Ni) 
Dilution water plus spiked Ni 

Survival (%) Reproduction  
± SD 

Concurrent Control: 
SDD Effluent (no dilution) 

21.3 µg/L Ni 
100 ± 0 12.2 ± 3.2 

Control/Dilution H2O:  
20% Diluted SDD Effluent 

19.2 µg/L Ni 
50 ± 52.7 7.6 ± 7.0 

19.2 + 7 = 26.2 40 ± 51.6 4.4 ± 5.1 

19.2 + 10 = 29.2 40 ± 51.6 5.7 ± 7.4 

19.2 + 14.3 = 33.5 33.3 ± 50 6.2 ± 7.1 

19.2 + 20.4 = 39.6 30 ± 48.3 5.7 ± 5.0 

19.2 + 29.1 = 48.3 30 ± 48.3 3.1 ± 5.5 

 
 
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 LC20 
and EC20 of 13.77 and 7.24 µg/L Ni for survival and reproduction, respectively.  This prediction 
was very close to the actual outcome (based upon nominal Ni concentrations) of a survival LC20 
of 14.55 µg/L Ni and a reproductive EC20 of 7.96 µg/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 µg/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 

 Treatment 
Survival LC20 Reproduction EC20 

Nominal (µg/L Ni) 
Simulated Effluent (RW #1304) 

BLM Prediction  13.77 7.24 

Toxicity test – C.dubia 14.55 
(13.59 – 15.58) 

7.96 
(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 

 Measure Ni concentrations in all test exposures and submit data. 
 Submit results as preliminary without measured Ni. 
 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. 
 
Sincerely, 

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