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BEFORE THE ILLINOIS POLLUTION CONTROL BOARD

IN THE MATTER OF:

PROPOSED AMENDMENTS TO:

35 1ll. Adm. Code 302.102 and 302.208(g)
WATER QUALITY STANDARDS

FOR CHLORIDES

)
) R18-32
)
)

INTRODUCTION

Based on the hearing in this matter held January 23, 2019, this Amended Petition is intended
to present a revised water quality standard for chlorides based upon stream temperature at the
time of sampling. Recent literature regarding chloride toxicity has been incorporated herein. The
proposed language has been modified with respect to winter temperatures, and the toxicity data
used to derive the standards have been updated with additional recent literature. The toxicity
data have been normalized based on hardness and sulfate. In addition, a temperature
relationship was derived based upon a recent article by Jackson and Funk (2019)! coupled with
the temperature data generated as part of this project. The result is a single year-round water
quality standard based upon the stream temperature, hardness, and sulfate at the time of
sampling for chlorides.

STATEMENT OF REASONS

The lllinois Pollution Control Board (Board), in R08-9 (Subdocket D) adopted water quality
standards on the Chicago Area Waterways (CAWS) and the Lower DesPlaines River (LDPR),
including for chlorides. With the exception of the Chicago Sanitary & Ship Canal (CSSC), the Board
adopted a chloride water quality standard of 500 mg/L from May 1t through November 30%, and
the same standard for the remainder of the year, effective three years after the effective date of
those rules. The intent of the three-year delay was “to allow time for the work group to develop
a proposal to address chloride and a water body wide variance.” (Final Notice Opinion and Order
of the Board, R80-9, p 32.)

The focus of the various work groups has been on developing and implementing Best
Management Practices (BMPs) to reduce the application of highway de-icing salts, the principal
cause of elevated chlorides during the winter (and spring) months in the receiving streams.
Elevated chlorides are not unique to the CAWS and LDPR during the winter months; elevated
chloride concentrations occur on all urban streams in lllinois. The General Use Water Quality
Standard for chlorides, as found in 302.208(g), is 500 mg/L, identical to what the Board has
adopted for the CAWS and LDPR, excluding the CSSC.

! Jackson, J.K. and Funk, D.H. Temperature affects acute mayfly responses to elevated salinity implication for toxicity
of road de-icing salts. Phil. Trans. R. Soc. B 374: 20180081.
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More efficient application of sodium chloride for highway de-icing is being implemented.
However, as the 500 mg/L standard is a not-to-exceed standard, the question is: can BMPs
achieve the necessary reduction under the worst storm events? For example, on the North
Branch of the Chicago River, data from 2004 to 2014 reveal a maximum chloride concentration
of 1,134 mg/L, necessitating a reduction of 55 percent in salt application during the worst events.
(Huff, October 2015.2) It is appropriate to question whether simply implementing BMPs can
consistently achieve this type of reduction. For smaller streams, the required reductions can be
even greater. For example, Hickory Creek at Vine Street reached 1,476 mg/L in 2014,
necessitating a reduction of 66 percent in salt application during the worst storm events to
achieve 500 mg/L. (Huff, Feb 2015.3) Despite these elevated winter concentrations some of the
impacted waterways still host aquatic communities who score at the upper end of the
moderately impaired category of the state aquatic life scale. This observation supports the
position that elevated winter concentrations are less destructive to aquatic communities than
elevated warm weather concentrations.

While focusing on efficient utilization of de-icing salts is appropriate, there are concerns that
implemented alone, BMPs will not achieve the target of 500 mg/L for these worst storm events.
These concerns were the basis behind assembling a group of municipalities and sanitary districts,
industries, The Salt Institute, a watershed group, and the lllinois Tollway to fund additional
research on cold-temperature toxicity of chlorides. The results from these additional toxicity
tests form the basis behind this Rulemaking request, as the findings show chlorides are less toxic
at colder temperatures, thereby justifying a relaxed chloride standard during the colder months.
Illinois already utilizes a similar approach for ammonia for which there are less stringent winter
standards, so there is precedent for such an approach. In addition, the Board adopted higher
winter chloride standards for the CSSC in R08-9 (Subdocket D).

Given the current water quality violations, chlorides are or should be identified as a cause of
impairment for nearly all urban streams in lllinois. The ones not identified as impaired due to
chlorides are likely due to the lack of sufficient monitoring. The impact of chlorides being
identified as a cause of impairment is a serious impediment to future growth of any kind in the
urban areas of Illinois. If increased pavement, housing, or parking lots are planned, then the
required de-icing salts will need to be more than offset within the watershed. Finding these
offsets is becoming more difficult. BMPs are being implemented as part of the watershed
variances currently before the Board, and these same BMPs cannot be used as offsets for new
growth. Alternativesto chloride de-icing are not technically feasible on a region-wide basis, when
considering safety and mobility. This has been demonstrated by the Connecticut Department of

2 Huff, J.E., The Science Behind the Chloride Water Quality Standard, Presentation at the Chicago Area Waterways
Chloride Workshop, MWRDGC Stickney Plant, October 29, 2015.

3 Huff, J.E., Chloride Regulatory Update, Presentation at the Hickory Creek Watershed Planning Group, New Lenox,
IL February, 19, 2015.
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Transportation, that for a seven-year period used a mixture of sand-salt (7:2) and compared the
accidents to a seven-year period with just salt and found a 19 percent increase in nonfatal injuries
and a 33 percent increase in accidents with the sand-salt mixture compared to just salt.* So while
a reduction in salt usage is an achievable goal, it is technically infeasible to reduce its use for de-
icing practices sufficiently to consistently meet the 500 mg/L water quality standard.

Another consideration would simply shut down the highway system during snow events
where there would be a potential to exceed the water quality standard. From the information
generated in the Technical Support Document, this would vary from an average one storm per
year to over five storm events, and the duration of each shut down would last for multiple days.
Nationwide, a one-day shutdown of the snowbelt states would yield a loss of $2.6 billion per day,
and a loss of retail of $870 million per day.> Not only would this be economically unreasonable,
the social impacts would not be acceptable to the citizens of Illinois.

I History and background to the present proceeding

The 500 mg/L lllinois general use water quality standard for chloride was adopted by the
Board in 1972 in R71-14, based on the testimony of a “recognized expert in fish biology,” that
500 mg/L would be a safe limit. (Opinion of the Board, March 7, 1972.) This lllinois General Use
Water Quality Standard has remained in effect for the past 45 years.

U.S. EPA in 1988 published the Ambient Water Quality Criteria for Chloride-1988 (EPA 440/5-
88-001, February 1988) that recommended a four-day limit of 230 mg/L and a one-hour average
limit of 860 mg/L that should not be exceeded more than once every three years on the average.

In January 2009, C. Stephan of the USEPA issued a draft update deriving chloride toxicity,
factoring in hardness and sulfate concentrations, and utilizing a normalized hardness of 300 mg/L
and normalized sulfate concentration of 65 mg/L. Temperature was not a factor in the Stephan
document, with data generated at the USEPA guideline temperatures, 25°C for most species.
Much of the more recent literature on chloride toxicity relates to the impact of sulfate and
hardness concentration on the toxicity.

As nearly all of the toxicity data derived for chlorides have been generated at summer-type
temperatures, the results do not accurately reflect the toxicity of chlorides at winter
temperatures. This proposal sets forth the findings of both a literature search and toxicity testing
with the four sensitive aquatic species (Fingernail clams, mayflies, Amphipod, and C. dubia) at
10°C and 25°C. Due to limited funding, hardness and sulfate were not varied as part of the
testing, just temperature.

4 Mahoney, JU. D.S. Larsen, and E. Jackson. Reduction in nonfatal injury crashes after implementation of anti-icing
technology. Transportation Research Record: Journal of the Transportation Research Board, No. 2613.
Transportation Research Board of the National Academies, Washington, D.C., 2017, pp. 77-86. See Attachment 4

5 Benefit-Cost of Various Winter Maintenance Strategies, Project 99006/CR13-03, Western Transportation Institute,
September 2015. See Attachment 5.
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The original Petition called for a winter chloride standard during the months of December
through April. It was clear from the first hearing that a standard based upon actual stream
temperature at the time of sampling was a preferred approach, and this Amended Petition has
made this change. Factoring in sulfate and hardness in the derivation of chloride water quality
standards was suggested during the hearing as well. The proposed language incorporates this
request, assuming the same relationship for hardness and sulfate that was derived at
temperature at 25°C applies at 10°C. This also seems like a reasonable approach until such time
as further research is completed, so in a sense, the proposed standard herein can be viewed as
interim water quality standard. Given that the hardness and sulfate relationship for aquatic
species was based on one species, utilizing the temperature data from Jackson and Funk,
combined with our data to establish a temperature relationship, is appropriate.

A. Purpose and Effect of Regulatory Proposal

The Board’s existing 500 mg/L General Use Standard for chlorides is exceeded in all urban
streams during snow melt periods in Illinois. For the CAWS and LDPR, the winter 500 mg/L water
quality limit goes into effect on December 1, 2019. Most of the urban watersheds in lllinois are
working on seeking watershed variances from the 500 mg/L standard. As noted in the
introduction, the compliance plans are centered around BMPs for de-icing practices. This is a
sound and necessary approach that will reduce chloride concentrations in our waterways.
However, it is not likely to consistently achieve the not-to-exceed 500 mg/L standard in many of
the urban streams.

This work was undertaken to improve the understanding of chloride toxicity under winter
temperatures. The results show that chlorides are less toxic at colder temperatures, and
therefore higher water quality standards can be derived for the winter months. The recent
publication referenced earlier by Jackson and Funk (2019) demonstrated that the temperature
effect on chloride toxicity is a linear relationship, which allowed us to use our data derived at two
different temperatures to develop a mathematical relationship, combined with the Jackson and
Funk data. If the proposed chloride water quality standards are adopted, it is expected that
many smaller streams will be able to achieve the water quality standards through the
implementation of BMPs. On larger streams, due to the duration of the chloride spikes, achieving
the proposed chronic standard during snow melt periods will prove difficult.

Specifically, the proposed standard consists of the following amendments.

1. Remove Chloride from Section 302.208(g), Numeric Standards for Chemical
Constituents, Single-Value Standards: Based on the difference in chloride toxicity at
colder temperatures, it is appropriate to draft a new section to include chloride
standards.
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g) Single-value standards apply at the following concentrations for these substances:
Constituent Unit Standard
Chloride {total} maft 500

2. Add Section 302.214 Chlorides

a. Acute chloride standard (Clac):

Clac = (1+(0.045)(25-T))* NFAV*(Hardness/300)%2%7%7 *(Sulfate/65) %-074>2

Where NFAV is the Normalized Acute Value of 518 mg/L.
Hardness (as CaCOs in mg/L), Sulfate (as SO4in mg/L), and Temperature
(°C) are the stream results at the time the sample was collected.

b. Chronic chloride standard (Clcy):

Clev = (1+(0.045)(25-T))* CCC*(Hardness/300)%205797 *(Sylfate/65) 007452

Where CCC is the Normalized Criteria Continuous Concentration of 300

mg/L.

Hardness (as CaCOs in mg/L), Sulfate (as SO4in mg/L), and Temperature
(°C) are the stream results at the time the sample was collected.

To calculate the attainment status of chronic standards, the
concentration of the chloride result is divided by the calculated water
quality standard for the sample to determine a quotient. The water
quality standard is attained if the mean of the sample quotient is less
than or equal to one for the duration of the averaging period.

The Clcyv shall not be exceeded more than once every three years by the
arithmetic average of at least four consecutive samples collected over
any period of four days.

3. Amend Section 302.407 Chemical Constituents as follows:
g. Numeric Water Quality Standards for Other Constituents

Z)F%m%uﬂmwlyﬂgés—meieuewmg—eeneen%mmﬁw
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Constituent Unit Standard
Chleride mgtk 500
Where:

L = il "

Add Section 407(g)(2) Chlorides

a. Acute chloride standard (Clac):

Clac = (1+(0.045)(25-T))* NFAV*(Hardness/300)%2%7% *(Sulfate/65) %-974>2

Where NFAV is the Normalized Acute Value of 518 mg/L.
Hardness (as CaCOs in mg/L), Sulfate (as SO4in mg/L), and Temperature
(°C) are the stream results at the time the sample was collected.

b. achronic chloride standard:

Clev = (1+(0.045)(25-T))* CCC*(Hardness/300)%205797 *(Sylfate/65) 007452

Where CCC is the Normalized Criteria Continuous Concentration of
300 mg/L.

Hardness (as CaCOs in mg/L), Sulfate (as SO4in mg/L), and Temperature
(°C) are the stream results at the time the sample was collected.

To calculate the attainment status of chronic standards, the
concentration of the chloride result is divided by the calculated water
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quality standard for the sample to determine a quotient. The water
quality standard is attained if the mean of the sample quotient is less
than or equal to one for the duration of the averaging period.

The Clcv shall not be exceeded more than once every three years by the
arithmetic average of at least four consecutive samples collected over
any period of four days.

Technical Feasibility and Economic Justification

The Board and the Agency have always supported science-based standards, and this
proposed regulatory rule change is consistent with this approach. New research, financially
supported by the consortium that was assembled to examine the chloride standards, forms
the basis for the proposed changes. This work was undertaken because the current chloride
water quality standard is neither technically feasible to achieve nor ecologically or
economically justified. The Agency has promoted a pathway forward of watershed variances,
relying on Best Management Practices to achieve a 500 mg/L, while at the same time USEPA
is promoting even more restrictive water quality standards. However, there was no
testimony in the CAWS proceedings that achieving the 500 mg/L winter chloride standard
was technically feasible, economically reasonable, or ecologically justified. Proceeding with
the Agency’s watershed approach will require the regulated community to continue striving
to achieve an unachievable standard until someone comes up with an alternative approach,
which is exactly what this proposal is intended to do.

The temperatures in the waters in lllinois are colder in the winter months. Yet, nearly all of
the aquatic toxicity testing conducted prior to the testing contained in this Petition is at
temperatures experienced during the summer months, with the majority of studies being
conducted at what would be considered near maximum temperatures experienced in lllinois
streams (25°C).

In summary, the expectation is that if the proposed winter water quality standards are
adopted, the watershed approach based on implementing BMPs will become technically
feasible and economically reasonable for many urban streams in lllinois, as supported by the
stream data presented in the Technical Support Document (Attachment 2).

Facts in Support

The original Petition included several Attachments in support of the proposed changes and

are not resubmitted herein. A supplement to the Technical Support Document has been
prepared with additional supporting information regarding the proposed water quality standards
proposed herein.
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V. Conclusion

The current general use chloride water quality standard is unattainable in many urban
streams in lllinois during the winter months. Cold temperature toxicity testing of chlorides
developed in support of this Petition has demonstrated that at colder temperatures chlorides are
less toxic to aquatic organisms. The recent work by Jackson and Funk has established that a linear
relationship exists between temperature and chloride toxicity, that has been used with the
research we conducted to develop mathematically derived water quality standards based on
temperature. Based on these findings, a new chloride standard is proposed for General Use
waters, derived using the USEPA protocol for developing water quality standards.

This Amended Petition, along with the original Petition, satisfies the requirements of Section
102.202 of the Board’s rules because the Petition:

e Details the language of the proposed rule change;

e Presents the facts that support the proposal including the environmental, technical,
and economic justification;

e Includes a statement of the purpose and effect of the proposal;

e Includes a synopsis of the expected testimony;

e Describes the results of the current knowledge on cold temperature toxicity of
chlorides and the findings of the research associated with the request;

e Demonstrated the proposed rule change is consistent with federal law.

WHEREFORE, Petitioner, Huff & Huff, Inc. respectfully requests that the lllinois Pollution
Control Board adopt revised chloride water quality standards for the winter months, as proposed
herein.

HUFF & HUFF, INC.

Dated: March 14, 2019 By:
James E. Huff, P.E.

James E. Huff, P.E.

Huff & Huff, Inc., a Subsidiary of GZA, Inc.
915 Harger Road

Oak Brook, IL 60523
James.Huff@gza.com
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Dated: March 14, 2019 By:
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TECHNICAL SUPPORT DOCUMENT
SUPPLEMENT FOR
A WINTER WATER QUALITY STANDARD

March 2019
By

James E. Huff, P.E.
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1. INTRODUCTION

The Illinois Pollution Control Board’s General Use Water Quality Standard for chlorides has been
500 mg/L since the early 1970s. Since the adoption of this water quality standard, sales of de-
icing salts in the United States have doubled, with a similar increase in chloride concentrations in
the receiving streams (Kelly et al., 2012). In Docket R8-09 (Subdocket D), the Board expanded
the 500 mg/L chloride water quality standard to include the Chicago Area Waterways (CAWS)
and Lower DesPlaines River, excluding the Chicago Sanitary & Ship Canal (CSSC), where site-
specific standards were adopted. However, the Board provided three years before the chloride
water quality standard would apply during the winter months to the CAWS and Lower DesPlaines
River, in recognition of the current water quality exceedances of this 500 mg/L level. Chloride
concentrations above the 500 mg/L level are not unique to these two waterways but occur during
snow melt periods in nearly all urban streams within Illinois.

The current focus in Illinois to address these chloride exceedances is in pursuing variances from
the Board, with a commitment to developing and implementing Best Management Practices
(BMPs) to reduce the application of highway de-icing salt. While implementing BMPs is a
worthwhile activity, the potential to achieve a not-to-exceed limit of 500 mg/L in urban streams
under the worst storm conditions is not realistic. As USEPA has also proposed a more restrictive
chloride water quality criterion, the 500 mg/L standard has a potential to be significantly reduced
at some future date.

Toxicity testing for chlorides has consistently demonstrated the need for restrictive water quality
standards. However, this laboratory testing has been conducted at water temperatures between 23
and 25°C, basically near peak summer temperatures. Winter temperature toxicity studies on
chlorides are limited. We know that growth and reproduction for most aquatic organisms are
limited at colder water temperatures, which raises the question of the appropriateness of the many
chronic concerns during the winter months.

In addition, some species are absent from the water column during the winter months. As part of
the justification for the site-specific water quality standards in R8-09, Citgo presented data on its
collection of Cladocera (water fleas, including Ceriodaphnia) from the CSSC. Cladocera
population peaked in the summer and steadily declined as the water temperatures cooled. By
October 29, no Cladocera were collected within the CSSC. This finding is not surprising when
one considers the life cycle of zooplankton.

Based on the work funded by Citgo as part of R8-09, questions were raised about the impact
temperature has on the toxicity of chlorides. Huff & Huff, Inc. solicited funding from a cross
section of salt users to fund additional research on cold temperature toxicity of chlorides. The
actual toxicity testing for three species (the amphipod Hyalella azteca, the fingernail clam
Sphaerium simile, and mayfly Neocloeon triangulifer) was conducted by Dr. David Soucek and
Amy Dickinson at the Illinois Natural History Survey (INHS), and the daphnia test (Ceriodaphnia
dubia) was conducted by the New England Bioassay (NEB) Laboratory in Manchester,
Connecticut. The INHS is recognized as the leading research laboratory on aquatic toxicity of
chlorides and sulfates.
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Presented herein are the findings from this research, which include more recent literature and cold
temperature toxicity testing on four of the most sensitive species to chlorides. Also included herein
is an analysis of the duration of exposure to elevated chlorides and derivation of suggested winter
water quality standards for chlorides. The proposed water quality standards are then derived,
incorporating temperature into the equation.
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2. SUMMARY OF MORE RECENT LITERATURE

The literature survey on the toxicity of chlorides was completed in late 2017, with a focus on
temperature effects on this toxicity. There has been minimal research on the effect of temperature
on the toxicity of chlorides. Chloride toxicity in general has focused on some of the most sensitive
aquatic species, including C. dubia, N. triangulifer, H. azteca and S. simile, the same organisms
that were studied under the current work. Since completion, there have been additional studies
published that are relevant to these proceedings.

Jackson and Funk (2019) of the Stroud Water Research Center presented salinity toxicity data on
four species of mayflies representing three different families tested at winter and summer
temperatures, using sodium chloride during 96-hour static tests at temperatures ranging from 5 to
25°C. The four mayflies were Neocloeon triangulifer, Leptophlebia cupida, Maccafertium
modesum, and Procloeon fragile. The mayflies were tolerant of high chloride values at low
temperature and were less tolerant as temperature increased. For the four species of mayflies, the
LCso for chlorides increased with decreasing temperatures, at rates ranging from 201 to 305 mg/L
chlorides for every degree C drop in temperature. Taking the least temperature sensitive mayfly
species, when the stream temperature declines from 20°C to 10°C, the LCsoincreases by over 2,000
mg/L as chlorides. The correlation the authors found extended from 5 to 25°C.

Hardness and sulfates have both been recognized as having an impact on the toxicity of chlorides,
with the following equation generally recognized today as reflecting this relationship:

Acute Water Quality Std = Normalized Acute Value*(Hardness/300)%2%7%7 (Sulfates/65)74%2

This relationship was based on the two studies of one species (C. dubia), as explained by Stephan
(2009). Stephan further explained that any covariance analysis would yield similar exponents.
This equation was utilized by Stephan (2009) in his derivation of chloride water quality standards,
as well as Pennsylvania and Iowa.

Jackson and Funk (2018) found a linear inverse relationship between temperature and chloride
acute toxicity. They utilized actual stream water from White Clay Creek, with a mean hardness of
97 mg/L and sulfate of 17.3 mg/L. Without any adjustments to a normalized hardness and sulfate,
they evaluated four species of Mayflies the LCso for chlorides increased with decreasing
temperatures, at rates ranging from 201 to 305 mg/L chlorides for every degree C drop in
temperature. The relationship held for temperatures ranging from 5 to 25°C. An additional key
finding from Jackson and Funk is the linear relationship between temperature and toxicity.
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3. DERIVATION OF A TEMPERATURE RELATIONSHIP

Based on the Jackson and Funk study, a linear relationship exists between temperature and chloride
toxicity. This is a key finding, as our study evaluated two different temperatures (10°C and 25°C)
from which a linear relationship can be derived. Our research found the following changes:

Species
C. dubia

S. simile
N. triangulifer
H. azteca

Change in Acute Toxicity
-68.8 mg/L/degree C
-83.1 mg/L/degree C
-31.2 mg/L/degree C
-30.1 mg/L/degree C

Combining our data with the Jackson and Funk (2018) data yields the following:

Species (Common Name) Change in Acute Toxicity, mg/L C1/°C
C. dubia (Cladoceran) -68.6

S. Simile (Fingernail clam) -83.1

N. triangulifer (Mayfly) -31.2

H. azteca (Amphipod) -30.1

N. triangulifer (Mayfly) -305.2

P. fragile (Mayfly) -237.4

L. cupida (Mayfly) -243.7

M. Modestum (Mayfly) -201.1

Normalizing the change in toxicity based on the LCso results yields a change of 4.5 percent per
degree C decrease in temperature. Note that Jackson and Funk found a five-fold greater impact
from temperature, which may be attributable at least to the use of actual stream water, as compared
to the use of laboratory synthetic dilution water. Also, Jackson and Funk cultured its mayflies at
20°C, versus Soucek’s culturing temperature of 25°C, and this may have impacted the sensitivity

to temperatures.

This leads to the following equation for the acute water quality standard:

Acute Water Quality Std =

[NFAV+1.045NFAV(25-T)]*(Hardness/300)%2%57%7 (Sulfates/65) 0742

Chronic Water Quality Std=

[1+(0.045)(25-T)]*[CCC*(Hardness/300)%2%57%7 (Sulfates/65)074%?]

Where NFAYV is the Normalized Final Acute Value and CCC is the Criterion Continuous

Concentration at 300 mg/L hardness, 65 mg/L sulfate and 25°C.

These equations would be valid for all seasons, based upon the temperature, hardness, and sulfate

in the stream at the time of sampling for chlorides.
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4. DURATION OF ELEVATED CHLORIDES IN RECEIVING STREAMS

Elevated chlorides in Illinois streams are episodic events. The levels reached and the duration are
functions of the amount of salt applied in response to a storm event, the subsequent temperatures,
the base flow in the receiving streams, and antecedent period from the previous snow event (which
determines the background chloride concentration before the storm runoff). The smaller the
drainage area, the flashier the chloride response will be, typically with spikes of chlorides above
500 mg/L lasting one-to-two days. As the stream size increases, the duration where the chlorides
will remain above 500 mg/L can last a week or more. However, these longer durations typically
have a return interval longer than three years on most urban streams.

Three data sources for spikes in chlorides or surrogate measurements (conductivity or Total
Dissolved Solids or TDS) were used to look at the duration of snow melt events. First, the Citgo
Lemont Refinery has measured the chlorides concentration on the CSSC for over a decade.
Second, the Metropolitan Water Reclamation District of Greater Chicago (MWRD) has monitored
conductivity on many Chicago Area Waterways, each with an individually-derived chloride
concentration. The third data source is from the DuPage River/Salt Creek Workgroup (DRSCW),
which also has monitored conductivity, with correlation to chlorides. Each of these three datasets
provides information on the duration to chlorides spikes on a variety of stream sizes. Each of the
three is discussed below.

4.1 Lemont Refinery Chloride Monitoring on the Chicago Sanitary & Ship Canal

Presented in the original Technical Support Document, Appendix C, is the Lemont Refinery’s
chloride data table for the winter months. The average concentration each winter ranged from a
low of 128 mg/L (based on limited data in 2012) to 393 mg/L in 2014. More relevant to our
analysis is the duration of elevated chlorides when such events occur. The CSSC represents the
largest stream segment, especially associated with urban runoff, so the durations of elevated
chlorides would be expected to be longer on this waterbody than all others in Illinois. The chronic
water quality standard on the CSSC is 620 mg/L, so using this value, the following table was
constructed:

CSSC at Romeoville

# of days 4-day running Maximum Chloride
Event average above 620 mg/L Concentration Recorded,
Chlorides, days mg/L
2017 0 568
2016 0 660
2015 0 904
2014 5 720
2013 2 711
2012 0 145
2011 4 1,099
2010 1 870
2009 1 881
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CSSC at Romeoville

# of days 4-day running Maximum Chloride
Event average above 620 mg/L Concentration Recorded,
Chlorides, days mg/L
2008 7 896
2007 4 998
2006 0 454
2005 1 835

*Note the duration in days is an extrapolation; typically, samples were collected two days per week.

There were 25 events over the 12-year period, with exceedances of the four-day 620 mg/L chronic
standard, or an average of two events per year. The average duration of these exceedances was
approximately 5 days. Three events had durations greater than 7 days, or a frequency of occurring
once per 3.6 winter seasons. The acute standard on the CSSC is 990 mg/L, and documented
exceedances occurred twice over the 11-year period, a recurrence frequency of once every 5.5
years.

4.2 MWRD Conductivity Monitoring on the Chicago Area Waterways

The MWRD has a series of conductivity probes throughout the CAWS, and data from 2007
through April 2017 were available for analysis. Using the MWRD conversion from conductivity
to chlorides allows for more accurate estimates of duration. The results for the CSSC at Cicero,
just above the discharge from the Stickney treatment plant, are summarized below:

CSSC at Cicero

# of days 4-day running Maximum Chloride

Event average above 620 mg/L Concentration Recorded,

Chlorides, days mg/L
Thru April 30,2017 0 500
2016 0 465
2/15/2015 8 812
1/14/2014 9 916
3/6/2013 7 918
2/12/2013 3 822
2/19/2011 2 719
2010 0 612
12/26/2009 0 634
3/3/2008 0 690
2/12/2008 9 1,241
12/17/2007 11 860
3/1/2007 6 1,008

Over the eleven years on the CSSC at Cicero Avenue, the number of four-day periods when the
existing chronic standard of 620 mg/L was exceeded was 55 days, or an average of five days per
year. The acute standard (990 mg/L) was exceeded twice over this period, or a recurrence interval
of approximately every five years. Durations above the chronic standard longer than seven days
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occurred four times over the period of record, or a recurrence interval of once every 2.7 years.
These results are similar to the Lemont Refinery’s data presented above.

On the North Branch of the Chicago River, Kinzie Street is just above the confluence with the
Main Stem Chicago River. This station has been monitored by the MWRD from 2007 to 2013.
Using 640 mg/L for the chronic winter threshold from the original proposal, and 1,010 mg/L for
the acute threshold, also from the original proposal, yields the following on the North Branch of
the Chicago River.

North Branch at Kinzie Street

# of days 4-day running Maximum Chloride

Event average above 640 mg/L Concentration Recorded,

Chlorides, days mg/L
3/8/2013 1 876
3/1/2013 4 1,075
2012 0 644
2011 0 718
2010 0 699
2009 0 690
2/9/2008 11 1,160
12/13/2007 3 914
2/27/2007 8 1,092

Over the seven years, the number of days when the chronic winter level of 640 mg/L was exceeded
was 27 days, or an average of four days per year. An acute value of 1,010 mg/L was exceeded in
three events over this seven-year period, or a recurrence interval of approximately every 2.3 years.
Durations above the chronic standard longer than seven days occurred twice over the period of
record, or a recurrence interval of once every 3.5 years.

For the Cal-Sag Channel, the MWRD has robust records at Cicero Avenue, from 2007 to 2017 for

conductivity. Like the North Branch, this station is downstream of one of the major water
reclamation facilities.

Cal-Sag at Cicero

# of days 4-day running Maximum Chloride
Event average above 640 mg/L Concentration Recorded,
Chlorides, days mg/L
2017 0 341
2016 0 454
2015 0 646
2014 0 387
2011 0 551
2/25/2010 2 723
2009 0 568
2008 0 668
2007 0 622

|



Electronic Filing: Received, Clerk's Office 3/14/2019

Over the nine years, the number of days when the chronic winter level of 640 mg/L was exceeded
was 2 days, or an average of once every 4.5 years. An acute value of 1,010 mg/L has not been
exceeded on the Cal-Sag at Cicero over the nine-year period of record, with a maximum estimated
chloride of 723 mg/L that occurred on February 25, 2010.

A summary of the MWRD data on the Chicago Area Waterways indicates that most elevated
chloride periods last less than seven days, with the peak duration above some chronic level of 11

days.

4.3 DuPage River and Salt Creek Conductivity Data

The DuPage River/Salt Creek Workgroup (DRSCW) has monitored conductivity and chlorides on
its waterways since 2007, and their data provide an excellent picture of intermediate-sized streams
in urban areas. Salt Creek at Wolf River reflects closer to the downstream end, and below the
Fullersburg Woods Dam, so the chloride spikes are dampened to a minor degree at this location.
This stream also receives considerable wastewater effluents from the municipalities along the
waterway. The following table summarizes the winter days above 640 mg/L and the maximum
estimated chlorides.

Salt Creek at Wolf Road

Estimated Duration above Max1mupl Chloride
Event . Concentration Recorded,

640 mg/L Chlorides, days

mg/L

2016 0 591
3/25/2015 5 771
3/12/2015 13 861
2/9/2015 9 874
3/13/2014 10 1,028
1/11/2014 5+ 931
12/21/2013 2 742
3/7/2013 14 1,178
2/13/2013 1 645
2/8/2013 5 811
2/27/2011 6 815
2/16/2011 4+ 990
1/19/2011 1+ 1,353
2/23/2010 21 1,146
2/11/2010 7 894
2/10/2009 2 670
3/1/2008 11 984
2/9/2008 26 1,193
2/12/2007 4 877
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The durations at this station are longer than at the other stations tabulated, and this may be due
to the dam immediately upstream, retarding the flushing of the chlorides. However, the dam
would also dampen the peak chloride concentrations. Overall, there appears to be a declining
trend in both peak chlorides and in the durations. However, some of this recent improvement
may be attributed to the milder winters over the last two years. Figure 1 clearly depicts this trend,
including in the winter average chloride concentrations.

Figure 1: ANNUAL CHLORIDE CONCENTRATION - WINTER MONTHS (2007-2016)
SALT CREEK AT WOLF ROAD
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DRSCW also monitored the East Branch of the DuPage River at Hobson Road (HR) in
Woodridge and Unincorporated DuPage County, Illinois from 2008 to 2015. The results are
presented in the following table.

East Branch DuPage River at Hobson Road

Estimated 4-Day Duration

Maximum Chloride

Event above 640 mg/L Chlorides, Concentration Recorded,
days mg/L

2/9/2015 4 819

3/22/2014 8 859

2/20/2014 2 987
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2/20/2013 6 1,097
2012 0 788
1/19/2011 3 980
2/23/2010 8 1,172
2/11/2010 3 782
2009 0 513
2/5/2008 17 1,017

The peak recorded chloride was 1,172 mg/L at Hobson Road, and the longest duration above 640
mg/L was 17 consecutive days, back in 2008. Since 2008, eight consecutive days is the longest

duration above 640 mg/L.

On the West Branch of the DuPage River, the DRSCW has monitored at Arlington Drive (AD) in
Hanover Park, DuPage County, Illinois from 2007 to 2015, with the following chloride winter

spikes.
West Branch DuPage River at Arlington Drive
Event Estimated 4-Day Duration Maximum Chloride
above 640 mg/L Chlorides, Concentration Recorded,
days mg/L
2015 0 589
3/8/2014 1 696
2/19/2014 2 812
3/8/2013 3 758
2012 0 612
1/29/2011 3 731
2010 0 719
2009 0 750
2/9/2008 6 826
2007 0 599

The West Branch is the furthest west, and the least urbanized compared to the East Branch and
Salt Creek. The peak chloride over the nine years was 826 mg/L, so no exceedances of the
proposed acute standard of 1,010 mg/L. Five events exceeded 640 mg/L for a 4-day period, or less

than one event annually.

10
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5. DERIVATION OF WATER QUALITY STANDARDS

Under federal regulation, 40CFR131.5(c), one of the minimum requirements for water quality
standards is that the criteria be sufficient to protect the designated uses. In 1985, the United States
Environmental Protection Agency (USEPA) published Guidelines for Deriving Numerical
National Water Quality Criteria for the Protection of Aquatic Organisms and Their Uses (Stephan,
etal., 1985). This document outlines the methodology for deriving water quality criteria, and notes
for the chronic criteria, that a four-day averaging period is appropriate, and that a 20 to 30-day
period is unacceptable. The four-day period was intended to “prevent increased adverse effects on
sensitive life stages by limiting the durations and magnitudes of exceedances of the CCC.” (CCC
is the Criterion Continuous Concentration, or chronic criteria.) (pg. 5.)

Stephan, et al., goes on to note that, “most bodies of water could tolerate exceedances once every
three years on the average. In situations in which exceedances are grouped, several exceedances
might occur in one or two years, but then there will be, for example, 10 to 20 years during which
no exceedances will occur.” (pg 6). This is consistent with the data presented in the previous
section, where there are years with no exceedances and other years when exceedances are more
frequent. This USEPA document notes that, “Whenever adequately justified, a national criterion
may be replaced by a site-specific criterion,” (pg 6).

Stephan (2009) updated the chloride database and derived a Criterion Maximum Concentration
(CMC) of 602.4 mg/L. Since that time, there have been additional toxicity tests. Adding to
Stephan’s (2009) database, Table 1 was prepared. The data in Table 1 are limited to studies where
hardness and sulfate data are presented. In the case of Jackson and Funk (2019), the LCso results
for all temperature tests were normalized to 25°C using the slopes presented for each species in
the paper, and a geometric mean was utilized for the normalized LCso.

Table 1 presents the data utilized with the normalized acute values (NAV), the species mean acute
values (SMAYV), and genus mean acute values (GMAYV), again starting with Stephan’s (2009) list
and adding to it the more recent results, including our results (INHS 2018 and NEB 2018).

Table 2 presents the USEPA protocol for deriving acute standards, by ranking the GMAVs, and
utilizing the four most sensitive species to compute the normalized CMC. The CMC is computed
to be 518.3 mg/L at 25°C, 300 mg/L hardness, and 65 mg/L sulfate.

Table 3 presents the acute water quality standard at various temperatures, hardness, and sulfate
levels, based upon the normalized CMC, the linear relationship with temperature normalized to
4.5 percent per degree decline from 25°C, and the accepted hardness and sulfate correlations. This
is provided just as an example of the typical water quality standards.

Table 4 presents the derivation of the Acute:Chronic Ratio (ACR) for both invertebrates and
vertebrates, and includes the results from Dr. Soucek’s work, as well as the New England Bioassay
work. A separate ACR is then applied to the vertebrates and invertebrates based on the data where
both test results are reported. A Final ACR (FACR) of 3.45 is calculated as the geometric mean of
the available Species Mean ACRs (SMACR) for invertebrates and an FACR of 7.33 is calculated
for vertebrates as the geometric mean of the two available SMACRs. The chronic values are then

11
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derived following the USEPA Guidelines and Stephan’s 2009 "Derivation of Alternative Chronic
Value" method from "Calculation of Aquatic Life Criteria for Chloride" and placed in the second
part of Table 4 in ascending order of sensitivity. The four most sensitive species are presented,
and the Criterion Continuous Concentration (CCC) of 300.5 mg/L is computed based on the
normalized values of 25°C, 300 mg/L hardness, and 65 mg/L sulfate. Three mayflies and the
fingernail clam are the most sensitive species based on Table 4, with the mayfly data dominated
by the Stroud 2015 study.

Table 5 presents examples of the chronic water quality standard based on varying temperature,
hardness, and sulfate levels, again simply for illustrative purposes.

17
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6. COMPARISON OF PROPOSED WINTER STANDARDS TO RESEARCH
RESULTS

Four species were selected for chloride toxicity evaluation at winter temperature, and the results
were presented in Section 5 of the original Technical Support Document.

As described in Section 5, extended exposure tests were conducted. The C. dubia test, where the
organisms were exposed to elevated chlorides for 35 days, yielded a No Observable Effects
Concentration (NOEC) of 782 mg/L chlorides at 10°C, above the range of computed chronic water
quality standards presented in Table 5. The laboratory testing of C. dubia demonstrates that this
sensitive species would readily be protected if the proposed criterion was adopted.

For the Fingernail clam toxicity testing, run for 28 days of exposure to various chloride
concentrations, no chronic effects were detected with concentrations of 1,000 mg/L chlorides at
10°C. This result also demonstrates that a chronic water quality standard illustrated in Table 5
would be protective of this sensitive species.

The third sensitive species, the Mayfly Neocloeon triangulifer, showed no chronic effects found
in chloride concentrations up to 750 mg/L. At the highest dose of exposure, 1,500 mg/L chlorides,
no chronic effects were observed, but survival declined to 55 percent (compared to 0 percent
survival at 25°C). Again, the chronic standards illustrated in Table 5 would be protective of this
sensitive species.

The final species evaluated, the amphipod Hyalella azteca (Burlington strain) did not survive well
at 10°C, with only about a 50% survival rate at 7 to 10 days, independent of the chloride
concentration. However, based on the acute testing at the two temperatures, at 25°C the 96-hour
LCsowas 1,733 mg/L versus 2,185 mg/L at 10°C, or a ratio of 1.26. Applying this same ratio to
the 28-day chronic test at 25°C result of 516 mg/L yields an estimated chronic value at 10°C of
650 mg/L from 28 days of exposure to chlorides. Again, this sensitive species will be protected
with a 4-day chronic water quality standard illustrated in Table 5.

In summary, using the acute-to-chronic ratio, as described in the previous section, results in a
conservative chronic water quality criterion, which will be protective of the most sensitive species.

13
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Table 1
SMAV and GMAV in mg/L Chloride for Updated and Complete Literature Values for Chloride Criteria (Aquatic Life)
SMAVs and GMAVSs are normalized to hardness of 300 mg/L, sulfate of 65 mg/L, and temperature of 25 °C

Normalized to 25 °C
Hardness = 300 mg/L

Temperature of Sulfate = 65 mg/L

Toxicity Testing, Hardness, Sulfate,  Acute Value Normalized
Genus Species Common Name °c Reference mg/L mg/L (LC50) Acute Value SMAV GMAV
Anguilla rostrata American eel 227 Hinton, Eversole 1978 42.7 40.7 11,880 17,343.4 17,343.4 17,343
Cambarus sp. Crayfish 25 Clemens, Jones 1954 22 15 10,557 16,203.2 16,203.2 16,203
Fundulus kansae Plains kiliefish 25 Clemens, Jones 1954 22 15 9,706 14,897.1 14,897.1 14,897
Libellulidae spp. Dragonfly 25 Clemens, Jones 1954 22 15 9,671 14,843.4 14,843.4 14,843
Gasterosteus aculeatus Threespine stickleback 25 Garibay, Hall 2004 84.8 81.4 10,200 13,452.6 13,452.6 13,453
Gambusia affinis Mosquitofish 25 Clemens, Jones 1954 22 15 6,472 9,933.4 9,933.4 9,933
Lepomis cyanellus Green sunfish 25 Clemens, Jones 1954 22 15 6,499 9,974.9 9,974.9 9,157
Lepomis macrochirus Bluegill 25 Birge et al. 1985; et al. 1954-1968 - - - - 8,406.5 ---
Lepomis macrochirus Bluegill 25 Birge et al. 1985 84.8 81.4 5,840 7,702.3 - -
Lepomis macrochirus Bluegill 25 Acad of Nat Sci 1960; Patrick 1968; Trama 1954 443 15.5 7,853 10,461.6
Notropis lutrensis Red shiner 25 Clemens, Jones 1954 - - - - 8971.12 8,971
Notropis lutrensis Red shiner 25 Clemens, Jones 1954 22 15 5,771 8,857.5 - -
Notropis lutrensis Red shiner 25 Clemens, Jones 1954 22 15 5,920 9,086.2 - -
Oncorhynchus mykiss Rainbow trout 25 Spehar 1986-1986; Elphick et al. 2011 40 58.5 - - 8,921.0 8,921
Oncorhynchus mykiss Rainbow trout 127 Spehar 1986-1987 46 3.9 6,743 8,786.8 - -
Oncorhynchus mykiss Rainbow trout 25 Elphick et al. 2011 40 58.5 6,030 9,057.2 - -
Ameiurus melas Black bullhead 25 Clemens, Jones 1954 22 15 4,849 7,442.4 7,442.4 7,442
Pimephales promelas Fathead minnow 25 USEPA 1991, Birge 1985, Elphick 2011 - - - - 4,994.5 4,995
Pimephales promelas Fathead minnow 25 USEPA 1991 39.2 39.2 2,790 3,481.7 - ---
Pimephales promelas Fathead minnow 25 USEPA 1991 39.2 39.2 2,123 2,649.3 - ---
Pimephales promelas Fathead minnow 25 USEPA 1991 339.0 325.4 2,244 2,467.3 - -
Pimephales promelas Fathead minnow 25 Birge et al. 1985 84.8 81.4 6,570 8,665.1 - -
Pimephales promelas Fathead minnow 25 Clemens, Jones 1954 22 15 5,288 8,116.2 --- ---
Pimephales promelas Fathead minnow 25 Clemens, Jones 1954 22 15 5,431 8,335.7 --- ---
Pimephales promelas Fathead minnow 25 Mount et al. 1997 84.8 81.4 3,876 5,112.0 --- ---
Pimephales promelas Fathead minnow 25 WISLOH 2007 84.8 81.4 4,167 5,495.8 --- ---
Pimephales promelas Fathead minnow 25 WISLOH 2007 169.5 162.7 4,127 4,970.0 --- ---
Pimephales promelas Fathead minnow 25 Elphick et al. 2011 90 58.5 4,079 5,185.0 - -
Tubifex tubifex Tubificid worm 25 GLEC, INHS 2007; Elphick 2011 6,523.7 6,524
Tubifex tubifex Tubificid worm 25 GLEC, INHS 2008 52 57.9 4,278 6,083.2 - ---
Tubifex tubifex Tubificid worm 25 GLEC, INHS 2008 220 58.9 6,008 6,357.1 - ---
Tubifex tubifex Tubificid worm 25 Elphick et al. 2011 90 58.5 5,648 7,179.5 - -
Hyalella azteca Amphipod 25 INHS and Lasier et al (1997) 96.36 69.57 - - 2,684.7 2,685
Hyalella azteca Amphipod 25 Lasier et al. 1997 102.5 98.4 3,947 5,077.7 --- ---
Hyalella azteca Amphipod 25 Elphick et al. 2011 90 58.5 1,382 1,756.7 --- ---
Hyalella azteca Amphipod 25 IHNS 2017 97 58.5 1,733 2,169.2
1J:\81.0220523.00 Chloride Toxicity Evaluation\Calculations\WQ Equation Temperature effect_JEH 23 7 2019.xIsx Page 10of 4
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Table 1

SMAV and GMAV in mg/L Chloride for Updated and Complete Literature Values for Chloride Criteria (Aquatic Life)
SMAVs and GMAVSs are normalized to hardness of 300 mg/L, sulfate of 65 mg/L, and temperature of 25 °C

Temperature of

Normalized to 25 °C
Hardness = 300 mg/L
Sulfate = 65 mg/L

Toxicity Testing, Hardness, Sulfate,  Acute Value Normalized
Genus Species Common Name °c Reference mg/L mg/L (LC50) Acute Value SMAV GMAV
Pseudacris sp. Chorus frog 25 Garibay, Hall 2004 84.8 81.4 3,553 4,686.0 4,686.0 4,686
Diaptomus clavipes Copepod 25 Clemens, Jones 1954 22 15 2,571 3,946.1 3,946.1 3,946
Lirceus fontinalis Isopod 25 Birge et al. 1985 84.8 81.4 2,950 3,890.7 3,890.7 3,891
Gyraulus parvus Snail 25 GLEC, INHS 2008 3,727.7 3,728
Gyraulus parvus Snail 25 GLEC, INHS 2008 56 60.9 3,078 4,326.9 --- ---
Gyraulus parvus Snail 25 GLEC, INHS 2008 212 59.7 3,009 3,211.4 --- ---
Physa gyrina Snail 25 Birge et al. 1985 84.8 81.4 2,540 3,350.0 3,350.0 3,350
Villosa delumbis Mussel 25 Bringolf et al. 2007 169.5 162.7 3,173 3,821.1 3,821.1 3,086
Villosa iris Mussel 25 Wang 2007 169.5 162.7 2,069 2,491.6 2,491.6
Lampsilis fasciola Mussel 25 Bringolf et al. 2007; Gillis 2011 874.3 1,419
Lampsilis fasciola Mussel 25 Bringolf et al. 2007 169.5 162.7 2,414 2,907.1 --- ---
Lampsilis fasciola Mussel 21 Gillis 2011 95 58.5 113 383.4 -- --
Lampsilis fasciola Mussel 21 Gillis 2011 95 58.5 285 599.6 -- --
Lampsilis siliquoidea Mussel 25 Wang et al. 2018; Bringolf et al. 2007 2,302.3
Lampsilis siliquoidea Mussel 25 Bringolf et al. 2007 169.5 162.7 1,905 2,294.1 --- ---
Lampsilis siliquoidea Mussel 25 Wang 2007 169.5 162.7 2,766 3,331.0 --- ---
Lampsilis siliquoidea Mussel 25 Wang et al. 2018 299 67 1,597 1,597.0 --- ---
Daphnia ambigua Cladoceran 25 Harmon et al. 2003 67.1 64.4 1,213 1,649.7 1,649.7 2,327
Daphnia magna Cladoceran 25 USEPA, Wisloh, Davies, Seymour, Elphick et al. 3,779.7
Daphnia magna Cladoceran 25 Hoke et al. 1992 39.2 4.6 3,038 3,791.1 --- ---
Daphnia magna Cladoceran 25 Hoke et al. 1992 39.2 4.6 2,726 3,401.8 --- ---
Daphnia magna Cladoceran 25 Hoke et al. 1992 39.2 4.6 2,053 2,561.9 --- ---
Daphnia magna Cladoceran 25 Dowden & Bennett 1965 41.5 31.2 3,563 5,068.2 --- ---
Daphnia magna Cladoceran 25 Seymour et al. 1997 169.5 162.7 - 3,906.7 --- ---
Daphnia magna Cladoceran 25 USEPA 1991 46 3.9 1,880 2,242.3
Daphnia magna Cladoceran 25 WISLOH 2007 169.5 162.7 3,944 4,749.6 --- ---
Daphnia magna Cladoceran 25 Valenti et al. 2007 84.8 81.4 3,009 3,968.5 --- ---
Daphnia magna Cladoceran 25 Davies & Hall 2007 106 102 3,136 4,017.4 --- ---
Daphnia magna Cladoceran 25 Davies & Hall 2007 106 102 3,222 4,127.5 --- ---
Daphnia magna Cladoceran 25 Davies & Hall 2007 106 102 3,137 4,018.6 --- ---
Daphnia magna Cladoceran 25 Elphick et al. 2011 90 58.5 3,630 4,614.3 --- ---
Daphnia pulex Cladoceran 25 Birge et al. 1985, Palmer et al. 2004 - - - - 2,020.5 ---
Daphnia pulex Cladoceran 25 Birge et al. 1985 84.8 81.4 1,470 1,938.8 --- ---
Daphnia pulex Cladoceran 25 Palmer et al. 2004 84.8 81.4 1,159 1,528.6 --- ---
Daphnia pulex Cladoceran 25 Palmer et al. 2004 84.8 81.4 1,775 2,341.0 --- ---
Daphnia pulex Cladoceran 25 Palmer et al. 2004 84.8 81.4 1,805 2,380.6 --- ---
Daphnia pulex Cladoceran 25 Palmer et al. 2004 84.8 81.4 2,242 2,956.9 --- ---
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SMAV and GMAV in mg/L Chloride for Updated and Complete Literature Values for Chloride Criteria (Aquatic Life)

SMAVs and GMAVSs are normalized to hardness of 300 mg/L, sulfate of 65 mg/L, and temperature of 25 °C

Temperature of

Normalized to 25 °C
Hardness = 300 mg/L
Sulfate = 65 mg/L

Toxicity Testing, Hardness, Sulfate,  Acute Value Normalized

Genus Species Common Name °C Reference mg/L mg/L (LC50) Acute Value SMAV GMAV

Ceriodaphnia dubia Cladoceran 25 GLEC, INHS 2008; NEB 2018; Elphick 2011 1,567.9 1,568
Ceriodaphnia dubia Cladoceran 25 Mount et al. 1997 84.8 81.4 1,189 1,568.2 -- --
Ceriodaphnia dubia Cladoceran 25 Mount et al. 1997 84.8 81.4 1,042 1,374.3 -- --
Ceriodaphnia dubia Cladoceran 25 USEPA 1991 39.2 4.6 1,395 1,740.8 -- --
Ceriodaphnia dubia Cladoceran 25 USEPA 1991 39.2 4.6 1,638 2,044.1 -- --
Ceriodaphnia dubia Cladoceran 25 USEPA 1991 39.2 4.6 1,274 1,589.8 -- --
Ceriodaphnia dubia Cladoceran 25 USEPA 1991 39.2 4.6 1,395 1,740.8 -- --
Ceriodaphnia dubia Cladoceran 25 USEPA 1991 339 325.4 1,698 1,867.0 -- --
Ceriodaphnia dubia Cladoceran 25 WISLOH 2007 84.8 81.4 1,677 2,211.8 -- --
Ceriodaphnia dubia Cladoceran 25 WISLOH 2007 169.5 162.7 1,499 1,805.2 -- --
Ceriodaphnia dubia Cladoceran 25 Valenti et al. 2007 84.8 81.4 1,413 1,863.6 -- --
Ceriodaphnia dubia Cladoceran 25 Harmon et al. 2003 67.1 64.4 964 1,311.1 -- --
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 30 78.7 947 1,542.9
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 44 75.9 955 1,434.1
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 96 73.7 1,130 1,442.1
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 180 67.7 1,609 1,792.8
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 400 78.7 1,491 1,425.5
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 570 76.2 1,907 1,690.9
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 800 75.5 1,764 1,457.7
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 25 69.9 1,007 1,688.4
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 49 67.8 767 1,117.1
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 95 70.3 1,369 1,744.7
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 194 69.9 1,195 1,314.3
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 375 68.9 1,687 1,618.3
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 560 68.3 1,652 1,458.2
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 792 70.9 1,909 1,573.5
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 280 28.1 1,400 1,334.0
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 280 59.6 1,720 1,733.4
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 280 117 1,394 1,477.2
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 280 239 1,500 1,676.5
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 280 482 1,109 1,306.0
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 280 729 1,206 1,464.7
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 279 22.9 1,311 1,231.2
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 276 49.7 1,258 1,254.4
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 283 107 1,240 1,302.5
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 281 229 1,214 1,351.5
Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 290 461 1,199 1,397.2
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SMAV and GMAV in mg/L Chloride for Updated and Complete Literature Values for Chloride Criteria (Aquatic Life)
SMAVs and GMAVSs are normalized to hardness of 300 mg/L, sulfate of 65 mg/L, and temperature of 25 °C

Temperature of

Normalized to 25 °C
Hardness = 300 mg/L

Sulfate = 65 mg/L

Toxicity Testing, Hardness, Sulfate,  Acute Value Normalized

Genus Species Common Name °c Reference mg/L mg/L (LC50) Acute Value SMAV GMAV

Ceriodaphnia dubia Cladoceran 25 GLEC & INHS 2008 278 694 1,179 1,428.8

Ceriodaphnia dubia Cladoceran 25 Elphick et al. 2011 90 58.5 1,068 1,357.6 - -

Ceriodaphnia dubia Cladoceran 25 Mount et al. 2016 84.4 81 2,004 2,644.7 - -

Ceriodaphnia dubia Cladoceran 25 NEB 2018 90 58.5 1,920 2,440.6 - -
Sphaerium simile Fingernail clam 25 GLEC, INHS 2009 1,386.3 1,386

Sphaerium simile Fingernail clam 25 GLEC, INHS 2009 51 59.9 740 1,059.2

Sphaerium simile Fingernail clam 25 GLEC, INHS 2009 192 61.7 1,100 1,201.1

Sphaerium simile Fingernail clam 25 INHS 2017 97 58.5 1,673 2,094.1 - -
Procloeon fragile Mayfly 25 Jackson and Funk 2018 97 17.3 763 872.2 872.2 872
Leptophlebia cupida Mayfly 25 Jackson and Funk 2018 97 17.3 1,949 2,227.8 2,227.8 2,228
Maccaffertium modesum Mayfly 25 Jackson and Funk 2018 97 17.3 1,004 1,147.6 1,147.6 1,148
Cyprinella leedsi Bannerfin shiner 25 Environ 2009; CCME 2011 296 - 6,070 6,111.0 6,111.0 6,111
Rana catesbeiana Bullfrong (tadpole) 25 Environ 2009; CCME 2011 300 - 5,846 5,897.0 5,897.0 5,897
Nephelopsis obscura Leech 25 Environ 2009; CCME 2011 290 - 4,310 4,369.0 4,369.0 4,369
Lumbriculus variegatus Blackworm 25 Elphick et al. 2011 20 58.5 3,100 3,940.6 3,940.6 3,941
Chironomus dilutus Midge 25 Elphick et al. 2011 20 58.5 5,867 7,457.8 7,457.8 7,458
Brachionus calyciflorus Planktonic rotifer 25 Elphick et al. 2011 20 58.5 1,645 2,091.0 2,091.0 2,091
Neocloeon triangulifer Mayfly 25 INHS (2015 & 2017); Jackson/Funk 2018 1,293.7 1,294

Neocloeon triangulifer Mayfly 25 INHS 2017 97 58.5 1,359 1,701.1

Neocloeon triangulifer Mayfly 25 Soucek, Mount, Dickinson, Hockett 2017 90 58.5 837 1,064.0

Neocloeon triangulifer Mayfly 25 Soucek, Mount, Dickinson, Hockett 2017 205 58.5 1,116 1,197.5

Neocloeon triangulifer Mayfly 25 INHS 2015 93 58.5 910 1,149.0

Neocloeon triangulifer Mayfly 25 INHS 2015 93 58.5 1,140 1,439.4

Neocloeon triangulifer Mayfly 25 INHS 2015 93 58.5 1,153 1,455.8

Neocloeon triangulifer Mayfly 25 Jackson and Funk 2018 97 17.3 1,017 1,162.5

*/ SMAV was recalculated for the temperature adjustment to 25 °C, using the following equation: [AV + (25 - T)*48]*[(300/Hardness)o‘msm]*[(65/Sulfate)'°'°7452].

*New SMAVs were calculated as the geometric mean of the Normalized Acute Values (NAV) for the italicized genus/species using NAVs taken from "Summary of Data Concerning the Acute Toxicity of Sodium Chloride To Aquatic Animals " (Stephan, 2009).
Bold cells signify data added from additional studies to accompany Stephan 2009 data.
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Table 2
Ranked GMAYV in mg CI/L
Calculation of Final Acute Value (FAV) and Criterion Maximum Concentration (CMC)

SMAVs and GMAVs are normalized to hardness of 300 mg/L, sulfate of 65 mg/L, and temperature of 25 °C

Cumulative
Rank GMAV Genus Species Common Name SMAV Probability, P
33 17,343 Anguilla rostrata American eel 17,343.43 0.971
32 16,203 Cambarus sp. Crayfish 16,203.20 0.941
31 14,897 Fundulus kansae Plains kiliefish 14,897.10 0.912
30 14,843 Libellulidae spp. Dragonfly 14,843.40 0.882
29 13,453 Gasterosteus aculeatus Threespine stickleback 13,452.60 0.853
28 9,933 Gambusia affinis Mosquitofish 9,933.40 0.824
27 9,157 Lepomis cyanellus Green sunfish 9,974.90 0.794
Lepomis macrochirus Bluegill 8,406.50
26 8,971 Notropis lutrensis Red shiner 8,971.12 0.765
25 8,921 Oncorhynchus mykiss Rainbow trout 8,920.97 0.735
24 7,458 Chironomus dilutus Midge 7,457.84 0.706
23 7,442 Ameiurus melas Black bullhead 7,442.40 0.676
22 6,524 Tubifex tubifex Tubificid worm 6,523.70 0.647
21 6,111 Cyprinella leedsi Bannerfin shiner 6,111.00 0.618
20 5,897 Rana catesbeiana Bullfrong (tadpole) 5,897.00 0.588
19 4,995 Pimephales promelas Fathead minnow 4,994.52 0.559
18 4,686 Pseudacris sp. Chorus frog 4,686.00 0.529
17 4,369 Nephelopsis obscura Leech 4,369.00 0.500
16 3,946 Diaptomus clavipes Copepod 3,946.10 0.471
15 3,941 Lumbriculus variegatus Blackworm 3,940.57 0.441
14 3,891 Lirceus fontinalis Isopod 3,890.70 0.412
13 3,728 Gyraulus parvus Snail 3,727.65 0.382
12 3,350 Physa gyrina Snail 3,350.00 0.353
11 3,086 Villosa delumbis Mussel 3,821.10 0.324
- --- Villosa iris Mussel 2,491.60 ---
10 2,685 Hyalella azteca Amphipod 2,684.67 0.294
9 2,327 Daphnia ambigua Cladoceran 1,649.70 0.265
Daphnia magna Cladoceran 3,779.70
- - Daphnia pulex Cladoceran 2,020.50 -
8 2,228 Leptophlebia cupida Mayfly 2,227.85 0.235
7 2,091 Brachionus calyciflorus Planktonic rotifer 2,091.04 0.206
6 1,568 Ceriodaphnia dubia Cladoceran 1,567.92 0.176
5 1,419 Lampsilis fasciola Mussel 874.32 0.147
Lampsilis siliquoidea Mussel 2,302.31
4 1,386 Sphaerium simile Fingernail clam 1,386.28 0.118
3 1,294 Neocloeon triangulifer Mayfly 1,293.73 0.088
2 1,148 Maccaffertium modesum Mayfly 1,147.64 0.059
1 872 Procloeon fragile Mayfly 872.16 0.029
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Table 2
Ranked GMAYV in mg CI/L

Calculation of Final Acute Value (FAV) and Criterion Maximum Concentration (CMC)
SMAVs and GMAVs are normalized to hardness of 300 mg/L, sulfate of 65 mg/L, and temperature of 25 °C

Cumulative

Rank GMAV Type, Genus species (Common Name) Probability, P Ln(GMAV)Z Ln(GMAV) pl/2
4 1,386 Sphaerium simile (Fingernail clam) 0.118 52.34 7.234 0.343
3 1,294 Neocloeon triangulifer (Mayfly) 0.088 51.34 7.165 0.297
2 1,148 Maccaffertium modesum (Mayfly) 0.059 49.64 7.045 0.243
1 872 Procloeon fragile (Mayfly) 0.029 45.85 6.771 0.171
P % (In(GMAV)?) % In(GMAV) 5 p1/2
0.294 199.16 28.216 1.054
(ZIn(GMAV))Y/a  (:PY*)Y/a
199.037 0.278

s2=[5(In(GMAV)?) - (£ In(GMAV))>/4 ] /[£P- (2 P"*)}/4]

§2= [199.162-199.037]/[0.294-0.278 ]
§2= 7.652
S= 2.766

L=[ZIn(GMAV)-S*(z P} /4
L= [28.216-2.766*1.054]/ 4
L= 6325

A=5%(0.05)"2+1L
A= 2.766*0.05°(1/2) + 6.325
A=  6.944

FAV = e" = exp(A)
FAV = exp(6.944)
FAV = 1,037

Criterion Max Concentration (CMC) = FAV/2=518.3 mg/L
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Table 3
Calculation of Acute Water Quality Standard for Chloride at
Varying Water Temperature, Hardness, and Sulfate

Equation: Acute Water Quality Standard (WQS) for Chloride:

Acute WQS = [CMC + 1.045*CMC*(25 - T)]*(Hardness/300)%%"® * (Sulfate/65) >%"**
From Table 2, the Criterion Max Concentration (CMC) = 518.3 mg/L
which simplifies to:
Acute WQS = [1+(0.045)(25-T)]*[518.3*(Hardness/300)***7*” * (sulfate/65) **"**]
where Acute WQS is in mg CI/L, T is in °C, Hardness is in mg/L as CaCO,, and Sulfate is in mg 5042'/L

Temperature Hardness Sulfate Acute WQS
°C mg/L mg/L mg/L
25 300 65 518
25 287 65 514
25 250 65 499
25 200 65 477
25 150 65 449
20 300 65 635
20 287 65 629
20 250 65 612
20 200 65 584
20 150 65 551
15 300 65 752
15 287 65 745
15 250 65 724
15 200 65 691
15 150 65 652
10 300 65 868
10 287 65 860
10 250 65 836
10 200 65 799
10 150 65 753
5 300 65 985
5 287 65 976
5 250 65 949
5 200 65 906
5 150 65 854

J:\81.0220523.00 Chloride Toxicity Evaluation\Calculations\WQ Equation Temperature effect_JEH 23 7 2019.xlsx Page 1 of 2



Electronic Filing: Received, Clerk's Office 3/14/2019

Table 3 (continued)
Calculation of Acute Water Quality Standard for Chloride at
Varying Water Temperature, Hardness, and Sulfate

Equation: Acute Water Quality Standard (WQS) for Chloride:

Acute WQS = [CMC + 1.045*CMC*(25 - T)]*(Hardness/300)**%"" * (Sulfate/65) **"**?
From Table 2, the Criterion Max Concentration (CMC) = 518.3 mg/L
which simplifies to:
Acute WQS = [1+(0.045)(25-T)]*[518.3*(Hardness/300)***"*” * (sulfate/65) >*"**?]
where Acute WQS is in mg CI/L, T is in °C, Hardness is in mg/L as CaCO,, and Sulfate is in mg 5042’/L

Temperature Hardness Sulfate Acute WQS
°C mg/L mg/L mg/L
25 300 86.8 507
25 287 86.8 503
25 250 86.8 489
25 200 86.8 467
25 150 86.8 440
20 300 86.8 621
20 287 86.8 616
20 250 86.8 598
20 200 86.8 572
20 150 86.8 539
15 300 86.8 736
15 287 86.8 729
15 250 86.8 708
15 200 86.8 677
15 150 86.8 638
10 300 86.8 850
10 287 86.8 842
10 250 86.8 818
10 200 86.8 782
10 150 86.8 737
5 300 86.8 964
5 287 86.8 955
5 250 86.8 928
5 200 86.8 887
5 150 86.8 836

J:\81.0220523.00 Chloride Toxicity Evaluation\Calculations\WQ Equation Temperature effect_JEH 23 7 2019.xlsx Page 2 of 2



Electronic Filing: Received, Clerk's Office 3/14/2019

Table 4

Ranked Predicted Genus Mean Chronic Values (pGMCV) in mg CI/L
Calculation of Final Acute Chronic Ratio (FACR) and Final Chronic Value (FCV), or Criterion Continuous Concentration (CCC)

Using Stephan 2009 "Derivation of Alternative Chronic Value" method from "Calculation of Aquatic Life Criteria for Chloride ", Soucek/Dickinson (INHS,
2015), and the sources listed, the available ACRs are:

Genus
Oncorhynchus
Pimephales
Daphnia
Daphnia
Daphnia
Ceriodaphnia
Neocloeon
Anafroptilum
Procloeon
Lumbriculus
Tubifex
Chironomus
Hyalella
Brachionus
Sphaerium

NOTES:

Species
mykiss
promelas
ambigua
magna
pulex
dubia
triangulifer
semirufum
fragile
variegatus
tubifex
dilutus
azteca
calyciflorus
simile

Common Name
Rainbow trout
Fathead minnow
Cladoceran
Cladoceran
Cladoceran
Cladoceran
Mayfly

Mayfly

Mayfly
Blackworm
Tubificid worm
Midge
amphipod
Planktonic rotifer
fingernail clam

Type
Vertebrate
Vertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate
Invertebrate

Vertebrate
Invertebrate

SMACR
6.99
7.69
4.73
4.12
3.95
2.40
4.79
8.30
6.10
3.76
9.31
2.27
2.07
1.09
1.22

FACR
7.33
3.45

Source

Stephan 2007 & 2009; Elphick 2011

Birge et al 1985; Elphick 2011
Stephan 2009; Harmon 2003
Stephan 2009; Elphick 2011

Stephan 2009

Stephan 2007; NEB 2018; Elphick 2011
Soucek/Dickinson 2015 & Stroud 2015

Stroud 2015
Stroud 2015
Elphick et al. 2011
Elphick et al. 2011
Elphick et al. 2011

Soucek 2018; Elphick 2011

Elphick et al. 2011
Soucek 2018

1 The SMACR for N. triangulifer is the geometric mean from (Soucek, Dickinson / INHS; 2015) and (Stroud 2015), which represents four ACRs between the lower and upper chronic

limits for the chloride testing from INHS and one ACR from Stroud (8.4).

2 The SMACR for Oncorhynchus mykiss is the geometric mean from (Stephan 2007 and 2009) and (Elphick 2011), which represents three ACRs for the species (7.308, 9.1, and

5.14).

3 The SMACR for Pimephales promelas is the geometric mean from (Birge et al 1985) and (Elphick 2011), which represents two ACRs for the species (10.2 and 5.80).
4 The SMACR for Daphnia amigua is the geometric mean from (Stephan2009) and (Harmon et al 2003), which represents two ACRs for the species (4.148 and 5.4).
5 The SMACR for Daphnia magna is the geometric mean from (Stephan2009) and (Elphick 2011), which represents two ACRs for the species (1.97 and 8.62).

6 The SMACR for Hyalella azteca is the geometric mean from (Soucek 2018) and (Elphick 2011), which represents two ACRs for the species (3.65 and 1.17).

7 The FACR for invertebrates is the geometric mean of the SMACRs for invertebrates. Per the "Guidelines for Deriving Numerical National Water Quality Criteria for the Protection
of Aquatic Organisms and Their Uses ", the SMACRs for invertebrates do not vary more than a factor of ten and therefore the FACR calculated as the geometric mean of the
SMACRSs is appropriate.

8 The calculated FACRs for vertebrates and invertebrates are used to calculate the pPGMCVs in the below table, as: pGMCV = GMAV/FACR.
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Table 4

Ranked Predicted Genus Mean Chronic Values (pGMCV) in mg CI/L
Calculation of Final Acute Chronic Ratio (FACR) and Final Chronic Value (FCV), or Criterion Continuous Concentration (CCC)

Cumulative
Rank pGMCV GMAV Genus Species Common Name Type Probability, P
33 5,028.06 17,343 Anguilla rostrata American eel invertebrate 0.971
32 4,697.43 16,203 Cambarus sp. Crayfish invertebrate 0.941
31 4,303.15 14,843 Libellulidae spp. Dragonfly invertebrate 0.912
30 2,162.11 7,458 Chironomus dilutus Midge invertebrate 0.882
29 2,031.38 14,897 Fundulus kansae Plains kiliefish vertebrate 0.853
28 1,891.30 6,524 Tubifex tubifex Tubificid worm invertebrate 0.824
27 1,834.47 13,453 Gasterosteus aculeatus Threespine stickleback vertebrate 0.794
26 1,354.48 9,933 Gambusia affinis Mosquitofish vertebrate 0.765
25 1,266.62 4,369 Nephelopsis obscura Leech invertebrate 0.735
24 1,248.69 9,157 Lepomis cyanellus Green sunfish vertebrate 0.706
- - - Lepomis macrochirus Bluegill vertebrate --
23 1,223.32 8,971 Notropis lutrensis Red shiner vertebrate 0.676
22 1,216.48 8,921 Oncorhynchus mykiss Rainbow trout vertebrate 0.647
21 1,143.99 3,946 Diaptomus clavipes Copepod invertebrate 0.618
20 1,142.42 3,941 Lumbriculus variegatus Blackworm invertebrate 0.588
19 1,128.04 3,891 Lirceus fontinalis Isopod invertebrate 0.559
18 1,080.69 3,728 Gyraulus parvus Snail invertebrate 0.529
17 1,014.80 7,442 Ameiurus melas Black bullhead vertebrate 0.500
16 971.20 3,350 Physa gyrina Snail invertebrate 0.471
15 894.54 3,086 Villosa delumbis Mussel invertebrate 0.441
--- --- --- Villosa iris Mussel invertebrate -
14 833.31 6,111 Cyprinella leedsi Bannerfin shiner vertebrate 0.412
13 804.13 5,897 Rana catesbeiana Bullfrong (tadpole) vertebrate 0.382
12 778.32 2,685 Hyalella azteca Amphipod invertebrate 0.353
11 681.06 4,995 Pimephales promelas Fathead minnow vertebrate 0.324
10 674.59 2,327 Daphnia ambigua Cladoceran invertebrate 0.294
- - - Daphnia magna Cladoceran invertebrate --
- - - Daphnia pulex Cladoceran invertebrate --
9 645.88 2,228 Leptophlebia cupida Mayfly invertebrate 0.265
8 638.99 4,686 Pseudacris sp. Chorus frog vertebrate 0.235
7 606.22 2,091 Brachionus calyciflorus Planktonic rotifer invertebrate 0.206
6 454.56 1,568 Ceriodaphnia dubia Cladoceran invertebrate 0.176
5 411.32 1,419 Lampsilis fasciola Mussel invertebrate 0.147
- - - Lampsilis siliquoidea Mussel invertebrate --
4 401.90 1,386 Sphaerium simile Fingernail clam invertebrate 0.118
3 375.07 1,294 Neocloeon triangulifer Mayfly invertebrate 0.088
2 332.71 1,148 Maccaffertium modesum Mayfly invertebrate 0.059
1 252.85 872 Procloeon fragile Mayfly invertebrate 0.029
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Table 4

Ranked Predicted Genus Mean Chronic Values (pGMCV) in mg CI/L

Calculation of Final Acute Chronic Ratio (FACR) and Final Chronic Value (FCV), or Criterion Continuous Concentration (CCC)

Rank GMCV Type, Genus species (Common Name) Cumul.a.tlve Ln(GMCV)* Ln(GMCV) pl/2
Probability, P
4 402 Sphaerium simile (Fingernail clam) 0.118 35.95 5.996 0.343
3 375 Neocloeon triangulifer (Mayfly) 0.088 35.13 5.927 0.297
2 333 Maccaffertium modesum (Mayfly) 0.059 33.72 5.807 0.243
1 253 Procloeon fragile (Mayfly) 0.029 30.61 5.533 0.171
ip 2 (In(GMCV)?) ZIn(GMCV) ip'?
0.294 135.42 23.263 1.054
(ZIn(GMCV))Y/a  (2PY%)Y/a
135.296 0.278

S2=[2(In(GMCV)?) - (2 In(GMCV))*/a1/[2P- (2 PY?)*/a]
2= [135.421-135.296]/[0.294-0.278]

?=  7.652

S= 2.766

L=[£In(GMCV) - S*(s P¥?) 1/ 4
L= [23.263-2.766*1.054]/4

L= 5.087

A=5%(0.05)"2+1L
A= 2.766*0.05M(1/2) + 5.087

A= 5.705

FCv=e"= exp(A)

FCV = exp(5.705)

FCV= 300

Criterion Continuous Concentration (CCC) = FCV = 300.5 mg/L

1:\81.0220523.00 Chloride Toxicity Evaluation\Calculations\WQ Equation Temperature effect_JEH 23 7 2019.xIsx
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Table 5
Calculation of Chronic Water Quality Standard for Chloride at
Varying Water Temperature, Hardness, and Sulfate

Equation: Chronic Water Quality Standard (WQS) for Chloride:

Chronic WQS =[1+(0.045)(25-T)]*[CCC*(Hardness/300)°2%"® * (Sulfate/65) ®*"**]
From Table 4, the Criterion Continuous Concentration (CCC) = 300.5 mg/L
which simplifies to:

Chronic WQS = [1+(0.045)(25-T)]*[300.5*(Hardness/300)°%’® * (Sulfate/65)****]
where Chronic WQS is in mg CI/L, T is in °C, Hardness is in mg/L as CaCOj, and Sulfate is in mg 5042’/L

Temperature Hardness Sulfate Chronic WQS
°C mg/L mg/L mg/L
25 300 65 301
25 287 65 298
25 250 65 289
25 200 65 276
25 150 65 261
20 300 65 368
20 287 65 365
20 250 65 355
20 200 65 339
20 150 65 319
15 300 65 436
15 287 65 432
15 250 65 420
15 200 65 401
15 150 65 378
10 300 65 503
10 287 65 499
10 250 65 485
10 200 65 463
10 150 65 436
5 300 65 571
5 287 65 566
5 250 65 550
5 200 65 525
5 150 65 495

J:\81.0220523.00 Chloride Toxicity Evaluation\Calculations\WQ Equation Temperature effect_JEH 23 7 2019.xlsx Page 1 of 2
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Table 5 (continued)
Calculation of Chronic Water Quality Standard for Chloride at
Varying Water Temperature, Hardness, and Sulfate

Equation: Chronic Water Quality Standard (WQS) for Chloride:

Chronic WQS =[1+(0.045)(25-T)]*[CCC*(Hardness/300)°2%"® * (Sulfate/65) *%"**]
From Table 4, the Criterion Continuous Concentration (CCC) = 300.5 mg/L
which simplifies to:

Chronic WQS = [1+(0.045)(25-T)]*[300.5*(Hardness/300) %’ * (Sulfate/65) *"***]
where Chronic WQS is in mg CI/L, T is in °C, Hardness is in mg/L as CaCO,, and Sulfate is in mg 5042'/L

Temperature Hardness Sulfate Chronic WQS
°C mg/L mg/L mg/L
25 300 86.8 294
25 287 86.8 291
25 250 86.8 283
25 200 86.8 271
25 150 86.8 255
20 300 86.8 360
20 287 86.8 357
20 250 86.8 347
20 200 86.8 331
20 150 86.8 312
15 300 86.8 426
15 287 86.8 423
15 250 86.8 411
15 200 86.8 392
15 150 86.8 370
10 300 86.8 493
10 287 86.8 488
10 250 86.8 474
10 200 86.8 453
10 150 86.8 427
5 300 86.8 559
5 287 86.8 554
5 250 86.8 538
5 200 86.8 514
5 150 86.8 484

J:\81.0220523.00 Chloride Toxicity Evaluation\Calculations\WQ Equation Temperature effect_JEH 23 7 2019.xlsx Page 2 of 2
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Fingernail clams:
-Collected ~300 adult clams in April 2017 from Spring Creek, near Loda, IL, Iroquois County.
-Juvenile clams released in laboratory were acclimated to reconstituted water and appropriate test
temperature (25 and 10 °C).
-For each temperature, the test system provided for two water volume additions per day for the
duration of the test to ensure sufficient dissolved oxygen and minimized ammonia.
-Because of limited juveniles for testing, acute and chronic tests were conducted concurrently with

mortality data from day 4 used to estimate median lethal concentrations (LC50s).

Progress update 12/04/17

-Overall average % measured Cl/nominal Cl for both tests combined was 96.5 (min = 90.6; max = 101.4)

-25 °Ctest:
Fingernail clam (Sphaerium simile) sodium chloride acute and chronic data (25 C)
nominal Cl | measured Cl acute | measured Cl chronic % surv. acute| % surv. chron. | dry weight chron. (mg) | 96-h LC50 (mg Cl/L) | 28-d LC50 (mg CI/L)
27.56 27 26 100 100 10.048 1673 1672
100 98 98 100 100 9.928 (unreliable) (unreliable)
300 292 290 100 100 9.480
600 573 581 100 100 8.700
1000 989 988 100 100 8.692
3000 2831 2831 0 0

-For the chronic dry weight data, ANOVA detected a significant difference among treatments, but post-
hoc pair-wise comparisons failed to detected significant differences from the control. In addition weight
did not decrease relative to controls sufficiently in Cl treatments to permit calculation of a 20% effect

concentration (EC20).
-10 °C test:
Fingernail clam (Sphaerium simile) sodium chloride acute and chronic data (10 C)
nominal Cl | measured Cl acute | measured Cl chronic |% surv. acute| % surv. chron. | dry weight chron. (mg) | 96-h LC50 (mg Cl/L) | 28-d LC50 (mg CI/L)
27.56 27 26 100 100 9.240 >2920 1664
100 99 97 100 100 9.160 (unreliable)
300 289 290 100 100 8.476
600 568 572 100 100 9.656
1000 978 970 100 100 9.488
3000 2920 2855 100 0

-Controls grew less at 10 °C than at 25 °C, and no dose dependent response was observed for weight.

-While temperature appeared to affect the acute response of S. simile to NaCl, we were unable to detect
an influence of temperature on chronic response.

Mayflies:
-Conducted acute and chronic (14-d) tests at both temperatures (25 and 10 °C).

- For acute tests, overall average % measured Cl/nominal Cl for both tests combined was 99.65 (min =
92.2; max = 104.2)

-- For chronic tests, overall average % measured Cl/nominal Cl for both tests combined was 99.0 (min =
94.2; max = 110.6)
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-Acute data:
Mayfly (Neocloeon triangulifer) sodium chloride acute data (25 C)
nominal Cl | measured Cl acute # dead (of 20) 96-h LC50 (mg CI/L) 95% C.L.
27.6 27.7 0 1359 1249 - 1478
560 543 0
750 783 0
1053 1063 2
1492 1503 14
2120 2140 20
Mayfly (Neocloeon triangulifer) sodium chloride acute data (10 C)
nominal Cl | measured Cl acute # dead (of 20) 96-h LC50 (mg CI/L) 95% C.L.
27.6 25.8 1 1960 1640 - 2343
276 268 0
524 533 1
1021 1029 1
2014 2003 9
4000 4071 20

Chronic data:

Mayfly (Neocloeon triangulifer) sodium chloride chronic data (25 C)
nominal Cl | measured Clacute | % survival | dry weight/ind (mg) weight std. dev 14-d LC50 (mg CI/L)
27.6 27 95 0.069 0.037 998
100 100 100 0.09 0.034 (905 - 1101)
200 202 100 0.095 0.039 weight EC20 (mg CI/L)
400 395 95 0.049 0.022 326
750 732 95 0.03 0.017 (201 - 529)
1500 1484 0 na
Mayfly (Neocloeon triangulifer) sodium chloride chronic data (10 C)
nominal Cl | measured Clacute | % survival | dry weight/ind (mg) weight std. dev 14-d LC50 (mg CI/L)
27.6 27 100 0.004 nc >1466
100 99 89 0.006 nc
200 198 75 0.080 nc weight EC20 (mg CI/L)
400 391 95 0.010 nc nc
750 723 90 0.010 nc
1500 1466 55 0.046
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Amphipods:

-We culture two genetically distinct “strains” of Hyalella azteca. Most ecotox labs culture and test “US
Lab” strain. This is a southern species, and it did not do well at 10 °C in initial experiments. A
couple of labs in Canada culture and test with the “Burlington” strain. This is a northern species.

-We conducted control tests with Burlington strain at 10 °C and they survived well (but see below).
Acute and chronic testing were/will be conducted with the Burlington strain for this project.

-We used 23 °C as the upper temperature for Hyalella because that is the typical acute test temperature
for this species.

-Both acute tests have been completed (data below).

- For acute tests, overall average % measured Cl/nominal Cl for both tests combined was 102.3 (min =
96.9; max = 113.1)

-Acute data:

Amphipod (Hyalella azteca ( Burlington strain)) sodium chloride acute data (23 C)

nominal Cl | measured Cl acute | # dead (of 20) | 96-h LC50 (mg CI/L) 95% C.L.
27.6 29.0 1 1733 1592 - 1887
741 785 1
1047 1098 0
1484 1550 5
2108 2173 18
3000 3084 20

Amphipod (Hyalella azteca ( Burlington strain)) sodium chloride acute data (10 C)

nominal Cl | measured Cl acute | # dead (of 20) | 96-h LC50 (mg CI/L) 95% C.L.
27.6 27.0 0 2185 2013 - 2372
741 745 0
1047 1055 0
1484 1492 1
2108 2100 7
3000 3008 20

-Chronic data:

-We have conducted a 28-d chronic at 23 °C.

-For the chronic tests at 23°C, overall average % measured Cl/nominal Cl was 96.5% (min = 91.7; max =
109.2)

-Data for 23 °C test are below.

-We have been having difficulty with control survival for Hyalella at 10 °C. Two tests we have started

have had ~50% survival within 7-10 days. Therefore we will attempt to use older organisms (~14-d) to

start a test to allow young amphipods to grow stronger prior to acclimation to cold temperature and

testing.
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Amphipod (Hyalella azteca) sodium chloride chronic data (23 C)
nominal Cl| measured Cl | % survival | dry weight/ind (mg) 28-d LC50 (mg Cl/L)

27.56 26 82 0.204 949 (829 - 1087)

187 177 76 0.167 28-d EC20 (survival; mg ClI/L)
375 364 82 0.185 744 (617 - 897)

750 745 63 0.079 28-d EC20 weight mg CI/L)
1500 1480 6 0.038 516 (357 - 745)

2000 1956 0 na
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Elridge et. al. 2010
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1. Inh‘oduction

The Environmental Quality Board of Pennsylvania on July 7, 2012 proposed amending 25 Pennsylvania
Code Chapter 93.7 relating to the water quality standard for chloride. The Board proposed adopting the
jowa equation-based aquatic life criteria for chloride based on the best available sound science (PA
Bulletin 12-1292). This review is in response to the proposed standard for chloride in surface waters and
builds on a previous report (Stroud Water Research Center 2010} that evaluated the water quality
standard for chloride proposed by the EQB in'2010." '~

hloride criteria for aquatic organisms are:needed.in Pennsylvania to protect aquatic life in our surface
waters. Chloride can enter surface water via. r ., following brine application for dust
suppression, or following deicer appllcatlon or's igh wastewater or other industrial
discharge. In 2010, the EQB of Pennsylvania propose fadoptlﬁg_the recommended criteria from the US
EPA (EPA 1988) for Aquatic Life Uses for Cold Water Fishes (CWF), Warm Water Fishes (WWF),
Migratory Fishes {MF), and Trout Stockmg (TSF). Those criteria were an acute criterion of 860 mg
chloride/L and a chronic criterion of 230 mg chlg :

We found a number of faults with the criteria proposed in-2010 and the conclusions of the previous
report are attached as Appendix 1 at the end of this document. The changes proposed in 2010 were not
adopted by the EQB, in part because they did not incorporate the latest available science. Some of the
concerns identified by us in 2010 have been addressed by:the proposed lowa equation based criteria.
However, the lowa equation based criteria do not adequ tely address some critical scientific gaps which
we feel will-leave some species at risk of harm In thns o ment, we suggest some options that the EQB
may consider. Due to the large amount’ of uncertalnty that remains, one option that may be rapidly
incorporated would be to re-derive the chronit:criterion-and apply a safety factor to provide an
enhanced level of protection.

The acute and chronic criteria equation§ bi‘(»)\pds'é"cl%g{/fhé EQﬁ%:f'P‘ennsylvania are based on reports by
Stephan (2009 a,b,c,d,e,f,g,h). We will use these reports as the basis of our review and critique.

2. Strengths of the propbsed"st‘and:ii‘d'

2.1.EPA has not officially adopted new national criteria since 1988 (EPA 1988). The derivation of the
2009 lowa criteria incorporated data from recent chloride toxicity studies.

2.2.The most significant development with the 2009 lowa Criteria is an acknowledgement that the
toxicity of chloride to aquatic organisms varies depending upon the other ions present.
Specifically, the criteria use equations to account for changes in toxicity due to water hardness
(i.e., cation content [primarily calcium and magnesium, but could also include iron and
manganese] of water) and sulfate concentrations.

2.3.The 2009 lowa criteria also clarified rules of data inclusion or exclusion. The 2009 criteria
included static tests that were excluded in 1988 (Stephan 2009a). The approach was to include
a test unless there was an obvious reason to exclude it (Stephan 2009a).
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3. Weaknesses and concerns resulting from implementing the
proposed standard

3.1.These proposed criteria are based on toxicity studies of dissolved chloride that has dissociated
from sodium chloride (NaCl), although chlorides dissociated from calcium chloride (CaCl,),
magnesium chloride (MgCl,)}, or potassium chloride (KCI) may be present in surface water and
can be more toxic to aquatic organisms (e.g., Mount et al. 1997).

3.1.1. In 1988, the EPA noted that “the chlorides of potassium, calcium, and magnesium are
generally more toxic to freshwater species than sodium chloride” (EPA 1988 p. 7), but
there was insufficient data on the toxicity of the chlorides of calcium, magnesium, or
potassium to derive criteria.

3.1.2. The relationship between the toxicity of the chloride of sodium and the toxicity of the
chlorides of potassium, calcium and magnesium has held over time. Below are the ratios of
the LCso concentrations for the chloride of calcium {Ca), magnesium (Mg), or potassium (K)
to the LCso concentration for the chloride of sodium (Na) for the same species and test
water (Stephan 2009a p. 10): :

e Ca/Na {n=5): 0.57-0.98
e Mg/Na (n=3): 0.34-0.55
¢ K/Na(n=5):0.11-0.25

Note: a ratio <1 indicates that the chlorides dissociated from calcium, magnesium, or
potassium caused mortality at a lower concentration.

3.1.3. The chlorides of calcium, magnesium, or potassium may be present in the environment in
such a way that they threaten surface waters.

e Potassium, magnesium, or calcium chlorides are used as deicers (Salt Institute 2004,
Chang 2009).

e Potassium chloride can be present in the effluent from hydraulic fracturing for natural
gas extraction (URS Corporation 2011), and is also commonly used as a water softener.

e Use of liquid brine salts as dust suppressants on roadways and at construction sites
(Piechota et al. 2002)

3.2.The proposed chronic criteria may be above the level that causes adverse impacts to aquatic
organisms in Pennsylvania.

3.2.1.The proposed criteria are based solely on studies of animals and do not consider toxicity to
aquatic plants. Stephan (2009a, 2009b, 2009c¢, 2009d, 2009g) did not indicate why plants
were not considered in the derivation of the lowa Criteria. In 1988, the EPA noted that the
alga Spirogyra setiformis was extremely sensitive to the effects of chloride (71 mg/L;
growth, chlorophyll, C* fixation; 10d; Shitole and Joshi 1984) as was the desmid Netrium
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digitus (200 mg/L; growth inhibition; 21d; Hosiaisluoma 1976). However, the 1988 criteria
did not include plant species in the derivation because “a Final Plant Value, as defined in
the Guidelines, cannot be obtained because no test.in which the concentrations of
chloride were measured and the endpoint was biologically important has been conducted
with an important aquatic plant species” (EPA 1988). These concentrations for plants are
below the SMCV observed for vertebrate and invertebrate animals (Table 1) suggesting
that plants may be'more sensitive to chloride than are animals.

3.2.2.Recent research with freshwater mussels suggests that the glochidia of some species may
be more sensitive ta'chloride thanthe curreént suite of aquatic organisms for which data is
available {Gillis 2011, Pandolfo et al. 2012). Stephan included data from juvenile
freshwater mussels or freshwater mussels that do not have a glochidia stage (i.e., Villosa
delumbis and Lampsilis fsciola; Bringolf et al; 2007 Villosa iris and Lampsilis siliquoid,
Wang 2007; Sphaerium simile; GLEC and INHS 2008) but Stephan excluded-all studies with
glochidia because of their unique life-history which requires that they-attach to a fish host
in order to survive (Stephan 2009a p. 7[d]}. The unique life history of most freshwater
musselspeciesimakes it difficultto desigh toxicology studies with them. However,

“ freshwaternitsselsare drong the most imperiled orgarisms in Pennsylvania (PNHP 2012),
therefore itiis important that water quality ¢riteria be protectlve of them. One “very
important guestion'is ‘What species-spécific toxlc1ty-test duration is ecologlcally relevant
for glochidia?’” (Stephan 2009a p. 7{d]).

3.3.The proposed chronic criterion is not robust.

3.3.1. The genus mean chronic values (GMCV) should not have been calculated directly from the
speaes mean chronlc values (SMCV) W|thout flrst correctlng for hardness and sulfate.

3 3 1 1 The SMCV from differen't.experiments werenot normalized for hardness and
sulfate (Stephan 2009c). As a result, the SMCV are not directly comparable because
the toxicity -of chloride varies depending upon the chemical composition of the water
in which the test was done (e.g., Mount et-al. 1997, Soucek 2007, Elphick et al. 2011).
Therefore, calculating the GMCV as the geometric mean of the SMCV for a given
species is:not appropriate. It should be noted that the species mean acute values
(SMAV) were corrected for hardness and sulfate before calculating the GMAV
(Stephan 2009g).: s .. e i

3.3.2.Thereis inconsistency in -the meaning of the species mean chronic value (SMCV). The
SMCV determined by Stephen (2009¢) refer to different levels of impairment for different
species.

3.3.2.1. Stephen (2009c¢) used the geometric mean of the no observed effect
concentration (NOEC) and lowest observed effect concentration (LOEC) to determine
the SMCV: The NOECand:-LOEC referto test concentrations used in the experiments,
~but the:amount of impairment-at the NOEC and LOEC varied among experiments
+1(Table1): Therefore:the SMCV determined by Stephen (2009c) refer to different
- levels of |mpa|rment for dlfferent speaes
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3.3.3.Different researchers analyzing the same data have arrived at different results and
different conclusions.

3.3.3.1. The guidelines that different researchers have used to determine which studies
should be included and the interpretation of the EPA 1985 guidelines differ between
researchers (e.g., EPA 1988, Stephan 2009a). As a result the rules to determine the
appropriate studies and data to use to derive chloride criteria are not interpreted in
a consistent manner and researchers have differed in the tests they included or
excluded. For examplé, Stephan (2009c, 2009¢e) excluded an acute and chronic study
of Rana sylvatica by Sanzo and Hecnar (2006} because they used technical grade
sodium chloride, but Elphick et al. {(2011) included this study when deriving a chronic
criterion.

3.4.The proposed chronic criterion does not account for uncertainty in data and methods.

3.4.1.The proposed chronic criterion equation may allow for chloride concentrations in surface
waters of Pennsylvania above the concentration shown to cause harm to aquatic
organisms during laboratory experiments. For example, the SMCV for some species in
Table 1 are near or exceed the normalized chronic criterion of 389 mg chloride/L which
lowa adopted for surface waters where sulfate and hardness are not known. The SMCV in
Table 1 would need to be corrected for hardness and sulfate to confirm that the chronic
criterion would exceed the SMCV. In 1988, the EPA affirmed that the proposed chronic
criterion was below the three SMCV available at that time (EPA 1988). Stephan in 2009 did
not affirm that the proposed chronic equation was below the level shown in laboratory
experiments to impair aquatic organisms.

3.4.2.The proposed chronic criterion equation includes a correction for hardness and sulfate
although the exponents for hardness and sulfate are based on studies in two labs (GLEC
and INHS 2008, p29 & 36) of only one species (C. dubia} under acute conditions (Stephan
2009f). Stephan (2009f) presents evidence that “supports the concept” that “the sulfate
exponent might be more negative than indicated by the GLEC and INHS (2008) data”
(Stephan 2009f p. 4). A negative exponent for sulfate means that a higher sulfate
concentration lowers the LCso for chloride. Thus, reliance on the 2009 lowa equations may
not offer the intended level of protection to aquatic organisms in Pennsylvania.

3.4.3.The endpoints of chronic tests conducted under laboratory conditions (e.g., survival,
reproduction) may not reflect the most sensitive response in nature. In nature, a stress
response may occur at lower concentrations than what are observed under controlied
laboratory settings. A similar pattern is seen with behavioral responses such as avoidance,
coughing or rapid breathing by fish, or increased activity {(Atchison et al. 1987, Scott and
Sloman 2004, Hellou 2011). Behavioral responses have been poorly documented or not
measured in most laboratory experiments of chloride toxicity, therefore it is unknown how
the behavior of aquatic organisms in nature would be affected by elevated chloride.

3.4.4.There has been no attempt to account for the fact that the available data represents only a
small percentage of the species found in Pennsylvania. Including studies conducted since
the 2009 lowa criteria were derived results in a different acute-to-chronic ratio (ACR) and
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acute and chronic criteria (e:g.; Elphick et'al. 2011). ' It'is to be expected that additional
data may change the criteria, such as occurred between the derivation of the 1988 criteria
and the 2009 criteria {e.g., ACR= 7.594, EPA 1988; ACR = 3.187, Stephan 2008h; ACR =
3.50, Elphick et al: 2011) Focusmg on spec:es found in Pennsylvanla may also alter the
crltena : ;

3.4.5.Different methods to derive the chronic critérion may result in different criterion. Stephan
(2009¢, 2009h)-used the ACR whereas Elphick et al. (2011} derived a chronic criterion
directly from chronié¢studiés. (chronic criterion = 307'mg/L, Elphick et al. 2011; chronic
criterion =428 mig/L, Stephan 2009h). 1t should also be noted that other factors, such as if
how hardness and stlfate were accounted for, could also account for dlfferences in the
criterion.

3.4.6.The lack of robustnessiin the derivation of the chronic criterion‘is'further evidence of
uncertainty.

Table 1¢ bata: USed o derwe theSpecies meanichronic values (SMEV) by Stephan (2009¢). The'SMCV is the
geometric.mean:of the NOEC and-the LQEC. A-subset: of this:data was used:to calculate the'genus:mean chronic
values and-the acute-to=chronic ratio,-which was used to derive the proposed-chronic.criterion.

| Category Species . . NOQEC {mg/L). .- LOEC (mg/L) .. .SMCV(mg/L) Reference

Fish ~ non-salmonid Fathead minnow "'352°(9% reductlon) 533 (15% reduction} 4331~ (Birge etal. 1985)

Fish - salmonid Rainbow trout ? { © .:£683 (4% reduction) 1324{46% reduction) 1922.7 .+ ‘Spehar:1987" -

Cladoceran Ceriodaphnia dubja - 7-9d; Reproduc ion ,?,2‘3 " ? (EC50) . . 925 (Cowegill.and Milazzo 1990)
Cladoceran Ceriodaphnia dubia 7d;? - o R 235 (Diamond et al. 1992)
Cladoceran Ceriodaphnia dubia. 6-7d; Repro_ductppnf N/‘A"“ o . 4422 (1C25) <442.2 WISLOH 20607 {mod. Hard water)
Cladoceran Ceriodaphnia dubia 6-7d; Reproduction N/A ’ 385.2 (IC25) <385.2 WISLOH 2007 (Hard water)
Claduceran Ceriodaphnia dubia 7d; Reproduction N/A =TT T340 (1625) <340 Lasier etall 2004°

Cladoceran Ceriodaphnia dubia 7d; Reproduction (12 studies) <152-303 346-685 (IC50) <322 (Aragdo and Pereira 2003)
Cladoceran Cerioddaphnia dubia 7d; Survival 1092 1456 N/C5 (Cooney et al. 1992)

Ry : 7d; Reproduction . 17 %455:819 455-1092 <629’ 3
Cladoceran Ceriodaphnia dubia 7d; Repro .. . L NMA ) 370.6 (EC20) 370.6 (Harmon et al. 2003)
“ladocéran Daphnia ambigua” " 10d; Repo n" N/A © O 292.4{EC20) 7 2924 {Harmon et al. 2003)
Cladoceran Daphnia magna ~. 10d; Reproduétion 2184 + 2587{EC50) 2382 ‘(Cowgill-and Mifazzo 1990)
Cladoceran Daphnia pulex 21d; Reproduction 314 (0% reduction) . 441 {27% reduction) - 372 (Birge et al. 1985)

Frog Rana sylvatica 90d; Survival " - N/A 625{62% reduction] <625 {Sanzo and Hecnar 2006)

! Unpublished memorandum sent directly.to-C. Stephan from R. L. Spehar on June 24, 1987. Data is not available
on-line {scholar.google.com, search “chloride author:Spehar", Aug. 3, 2012).
? Data not presented in Stephan (2009¢) and document not available for download (Aug. 3, 2012)

Ste’phan (2009¢) did not use the NOEC to calculate the SMCV.

“ WISLOH 2007 refers to an unpubhshed study that could not be found on the Wisconsin State Laboratory of
Hygiene webpage (http://www.slh. wrsc edu[ search ”chlonde” Aug. 3, 2012). IDNR (2007) presents results from
the WISLOH lab covering the per|od 2000-2007, however the results in that report (Table 4: C. Dubia chronic
toxicity 703'mg Cl'/L; Table 7: C. dubia chronlc toxicity:427 mg ¢l /L ) do not match those presented by Stephan
(2009¢). Corsi et al: (2010) present resuits from the WISLOH iab over the same time period; but the studies do not
appear to be the same as the ones reviewed by Stephan (2009c) because the Corsi study focused on surface
waters receiving road'run-off. R

® Data was presented in a poster at the SETAC- meeting and is not available on-line (Aug. 3, 2012)

® The geometric mean for C. dubia survival-in‘the study by Cooney et al. (1992) was not calculated by Stephan
{2009c) because reproduction was more sensitive.
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4. Point of Clarification

4.1. As written in PA Bulietin 12-1292 it appears that Pennsylvania will adopt the lowa criteria in
toto, including lowa’s criteria for waterbodies where sulfate and hardness are not known. lowa
defined normalized acute and chronic criteria to be applied to waterbodies where sulfate and
hardness are not known that were based on the statewide background values for hardness (2060
mg/L) and sulfate (63 mg/L). Average hardness and sulfate concentrations may be different in
PA and therefore the normalized acute and chronic criteria for lowa may not be appropriate for
PA.

5. Summary and Recommendations

5.1.The chloride criteria proposed by the EQB on July 7, 2012 are an improvement over the criteria
that were proposed in 2010. Specifically, the proposed criteria incorporate characteristics of
the receiving waters that affect chloride toxicity. However, as was highlighted in our previous
review, the newly proposed criteria based on the lowa standard may not be protective of
aquatic life in Commonwealth streams, rivers, and lakes. Examples of uncertainty are:

5.1.1.The proposed chronic criterion may allow for ambient chloride concentrations in surface
waters in Pennsylvania above the concentrations shown to cause harm to aquatic
organisms in laboratory experiments.

5.1.2.The criteria are based only on the chloride of sodium although the chlorides of calcium,
magnesium or potassium may enter surface waters of Pennsylvania and are more toxic to
aquatic organisms.

5.1.3.The proposed criteria are derived from only a few species found in Pennsylvania.

5.1.4.There are only seven species (6 after excluding the frog, Rana sylvatica which Stephan
[2009g] excluded because the sodium chloride used in the experiment was technical
grade) for which there are acceptable chronic data (Table 1).

5.1.5.Glochidia and plants were not included in the derivation of the acute or chronic criteria.

5.1.6.The proposed criteria may not be protective of our more sensitive stream dwelling
invertebrate species, particularly early life history stages (e.g., glochidia of mussels or early
life stages of other invertebrates).

5.1.7.Exponents for hardness and sulfate in the acute and chronic criteria equations may be
under-protective.

5.1.8.The species mean chronic values {SMCV’s) were not corrected for hardness and sulfate
concentrations.

5.1.9.The SMCV refer to different levels of impairment for the different experiments and
species.

5.1.10. The SMCV are not corrected for hardness or sulfate.

5.1.11. The endpoints of laboratory toxicity studies do not include behavioral responses.
Behavior may be affected at lower chloride concentrations than are survival, reproduction
or growth.

5.2. Following are some recommendations on how the EQB may address uncertainty.
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5.2.1.Include a safety factor in the derivation of the chronic criterion. At a minimum, that safety
factor should be sufficient to ensure that the chronic criterion is below the SMCV or
GMCV. Following are some reasons that a safety factor should be used:

5.2.1.1. “Safety factors are used to provide an extra margin of safety beyond the known
or estimated sensitivities of aquatic organisms” (EPA 1985 p 36).

5.2.1.2. The acute cnterlon lncorporates a safety factor (i.e., 2) but the chronic criterion
does not. The 1985 EPA guidelines indicate that a safety factor of 2 is always to be
used when calculating the acute criterion (called the criterion maximum
concentration in EPA 1985, p 54, item XI.B.) but does not give a rationale for this
using this safety factor. Although the EPA did not include a safety factor when . ,
deriving the chronic criterionin 1988, the chronic value was below the level shown
to cause harm to the three species for which data were available at that time (EPA

N _1988) Itis unclear if the proposed chronic crlterlon is below the level shown to

_cause harm because the SMCV in Table 1 have not been corrected for hardness or

SL'Z;i 3. The acUt‘é and chronic criteria are based solely on studiés using the chloride of
sodium, but the chlorides of potassnum magnesium or calcium may be present in
surface waters of Pennsylvanla and are more toxic to aquatic organisms than'is the
chloride of sodium.

5.2.1.4. Enwronmental |mpacts (mcludmg avoidance) may occur at Iower concentrations
‘then those that affect growth or survival.
, 5.2._1 5. British Col" mbla ( aépal et al 2003) used a safety factor of 5in the derlvatlon
of the chron. gu:dehne Thelr Justrflcatlon for this safety factor was as follows:
e Chronic data available from the Ilterature were scant;

“elna recent study, Diamond et al. (1992) found a LOEC/NOEC ratio for
reproductlon of 3. 75in C. dub:a exposed to NaCl for 7 days. Also, LCso/LCo of 3
and LCi00/LC, of 4 were obtalned by Hughes (1973), whereas the DeGreave et
al. (1991) data yielded LCso/NOEC ratios that ranged from about 1.0 to 6.9;

* Additional protection may be required for those species that are more sensitive
‘but have not yet been tested in the literature.

5.2.2.A new review of chloride toxicity studies should be conducted to generate a more
compiete and up-to-date list of species and genus mean acute and chronic values. The
references sited at the end of this comment include a few studnes that have been
published since 2009. A new review should:

52.2.1. Resolve the controversy regardmg aquatic plants and glochidia.

5.2.2.2. Clearly define rules to include or exclude a study and document the rationale for
studies that are excluded;

5.2.2.3. The species mean acute values and species mean chronic values should be
calculated using a consistent and biologically meaningful endpoint. For example,
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Elphick et al. (2011) used probit regression to determine an endpoint that was
consistent among species (e.g., the 1C10).

5.2.2.4, Derive species mean chronic values normalized for hardness and sulfate;

5.2.2.5. Explore the possibility of deriving chronic criterion directly from the data rather
than using the ACR (e.g., Elphick et al. 2011);

5.2.2.6. Include in the review toxicity studies with the chlorides of potassium,

magnesium or calcium. Although conducting additional experiments with species
found in Pennsylvania is the preferred approach, it may be appropriate to use the
ratios cited above (3.1.2) to derive the SMAV or SMCV. For example, the chloride of

potassium appears to be 4-10x more toxic to aquatic organisms than is the chloride
of sodium.
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Appendix 1: from Stroud Water Research Center 2010. Rulemaking by
the Pennsylvania Environmental Quality Board [25 PA. CODE CH. 93] for
Ambient Water Quality Criterion; Chloride (Ch) [40 Pa.B. 2264]
[Saturday, May 1 2010]. Stroud Contribution No. 2010004.

Conclusions

After reviewing four different approaches for deriving water quality chloride criteria to protect aquatic
life {Stephan et al. 1985, Evans and Frick 2001, Nagpal et al. 2003, lowa DNR 2009) and the data
underpinning PA’s proposed criteria (EPA 1988) and the lowa criteria (Stephan 2009a,b,¢), it is clear
that:

1) All approaches set chloride criteria that are at least several times greater than natural baseline
chloride concentrations, and therefore represent a measurable and significant change in the
chemical composition of freshwater ecosystems in the NE United States. The question that the
current evidence is unable to answer is: will these criteria result in significant biological change?
There is limited evidence of the biological impact of previous elevated chloride levels in aquatic
ecosystems in the U.S. or Canada. Past monitoring efforts (see introduction) suggest that some
streams regularly reach the acute criterion, but there has not been a noted change in biota
following these pulses, largely because of a dearth of biological data following these episodic
events. One study has demonstrated that macroinvertebrate drift increases in response to
pulsed chloride input (Blasius and Merritt 2002). Another study has demonstrated losses of
species in stream fish communities with small changes in chloride levels across a regional-scale
analysis (Meador and Carlisle 2007), and the composition of algal species has been observed to :
change when chloride concentrations increase (Evans and Frick 2001). Nonetheless, there are ' g
limited data on biological changes accompanying changing chloride concentrations in the ]
natural environment. We could not find any studies evaluating the influence of chloride on vital 5
stream functions such as primary production, stream metabolism, or nutrient uptake or
processing, all of which are important indicators of water quality for aquatic ecosystems.

2) Ali of these criteria are based on data for invertebrate and fish species that are not a random
subset of stream invertebrate and fish species. Rather, most of the species with chloride data
are known to be not especially sensitive to changes in environmental condition, which is one
reason they survived well in the laboratory and became standards in laboratory bioassay
protocols. The most recent iteration of the taxa that qualify based on EPA standards (in Stephan
2009a,b,c) doesn’t include any classically sensitive stream invertebrate species such as
stoneflies, mayflies, and caddisflies, all of which are important indicators of stream condition
and are integra! in the regulatory definition of stream impairment. Our concern is that criteria
intended to protect most (e.g., 90% or 95%) of the species with chloride data might actually
protect a much smaller proportion of all species that occur in a natural community because the
natural community includes many species known to be sensitive to environmental change while
the laboratory studies are biased toward species known to be at least moderately tolerant of
environmental change. This is one reason to approach the acute and chronic criteria with a
strong safety factor.
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3)

Data available are primarily.from acute toxicity studies, but:the chronic criterion may be more

. important for Iong -term structuring stream communltles and maintaining desagnated use for

aquatic life. For example, fish tendto be’ moderately ‘tolerant of acute chloride stress relative to
macroinvertebrates, but-they are one of the ‘more sensitive taxa to chronic chloride stress. For
example, fat head minnows (Blrge et al. 1985) experlenced the greatest mortality between days
9 and 21 and therefore had one of the highest acute-to=chronic ratios examined. The dearth of
chronic studies on both invertebrates and fish is troubling. It is likely that, like some amphibians
{e.g., spotted salamander), embryonic and early life stages of some fish will:be ‘moré ‘sensitive
than.is currently.recognized. ' :

The majorlty of chlorlde crlterla developed to date are llmlted to or dommated by data on NaCl
chloride toxicity, the least toxic salt. This point is routinely Justrfred by the fact that NaCl is the
most anthropogenically abundant of these four salts. However, no special guidance is given for

..permitting salt applications -or.industrial. effluents known, to include _significant amounts of

) ,chlonde derlved from the more toxnc non-sodlum salts,

method adopted by Brntrsh Colur A
. approaches. BC.invoked a precautionary, principle that acknowledged both the uncertainty of
-the avarlable data :and. analys

,mcludlng Marcellus Shale wastewater.

DNR 2009) and have compared the range. fvalues W|th the proposed PA values (Table 3). The

range of acute: values is 564 — 830. mg/l CI- and the range of the chronlc values is 91 — 428 mg/|
, Cl-. This comparison.: ellmmates the variz

|_l_|ty in_the. choices each of the authors have made
with.regard to studies mcluded or. excluded We note that the PA proposed acute value is the

. least protective cnterlon prlmarlly because itis not, based on more. recent acute. toxicity studies.

cute criterion that is. reflectlve of these new. data. The
abia; is the most protectlve of aquatlc life.among these

We recommend that PA adopt.,

portance of protecting their aquatic life. Since BC
adopted their criteria, only new. acute datasets have become available and the values in Table 3
utilize those data but use the BC approach to arrive at a final value (i.e., lowest SMAV/2[safety
factor]) The BC use of a safety factor of 2 for the acute criteria was also consistent with what

. the EPA had done. However, BC was the only:entity to apply a safety.factor for the chronic
“criterion (5). We feel.that the use ofa safety factor.for chronic criteria derived from the use of
an ACR is.clearly Justuﬁed given .the very. I|m|ted number of chronic toxicity studles and the

...desire to protect species that may,'\,be, more sensitive than those used in the standard laboratory

bioassays. We recommend that PADEP,adopt‘v.-the same methodology. that BC has used for

calculating both acute and chronic data. We feel that this is particularly important for the
- chronic criteria, -as there is the potential for permitted discharges :(particularly from the

Marcellus. Shale gas dnll'ng industry) to raise chloride concentrations in streams to near the

_Chronic criteria level. Given the paucity.of .data determining thresholds for chronic effects, this

approach is. warranted. At the\.\rery‘k'least,,_a safety factor should be applied to any of the other
methods producing a chronic criterion. v

We have a number of c'oncern)s'thayt are spec1ﬁc to the ,\actrions‘and optibns available for PADEP:

6)

Protecting CWFs.and TSFs based on ACRs that included more chloride-tolerant Daphnia is not
justified when it may expose rainbow trout to chloride concentrations approaching their chronic
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7)

8)

9)

levels (1,324 mg/i Cl" killed 46% of individuals in an early life stage test and at 643 mg/I Cl" killed
<4%). Trout are an integral component in the definition of these two aquatic life uses. The
proposed chronic value of 230 mg/l is potentially a concern for biotic assemblages in
Pennsylvania. For example, Meador (2007) suggests that optimum CI" values are low (3-35 mg/l)
and we infer that if those CI' concentrations are exceeded it may result in changes in fish
community structure. Similarly, not having a temperature component also seems to invite
season-specific impairments of macroinvertebrates in TSFs and WWHFs based on the recent
findings of Silver et al. (2009), based on the seasonal movement of organisms into and out of
various life history stages, and based on variation in their metabolic rates in response to
seasonal changes in water temperature. Adding a temperature component to the chloride
criteria would require further research on temperature effects.

The Evans and Frick (2001) method has the benefit of being reproducible and open to
interpretation. Their use of nearly all of the valid acute LCso data in Fig. 7-2 (Evans and Frick
2001), and the calculation of a sigmoid curve function (including 95% confidence intervals) that
describes the percent of genera affected versus chloride concentration, is readily digestible by
the public. However, the sigmoid curve function can be generated using various numbers of
terms (parameters) in the equation and/or various equations (e.g., sigmoid, logistic, Weibull}.
The result of choosing a slightly different function can result in differences in acute and chronic
values. To use this approach requires a valid justification for the choices made in fitting the
curve to these data. Furthermore, these data still represented a small subset of aquatic species,
and were biased towards lab friendly species that are easiest to culture (e.g., Daphnia). Since
the selection of taxa was not a random subset of the aquatic species at large, most criteria
based on the animals selected are primarily protective of those species tested (e.g., being
protective of 95% of those taxa might only be protective of 50% of all species). This point is not
limited to Evans and Frick but is valid for all of the approaches we have reviewed. This is the
primary reason that the application of a safety factor is needed. The Evans and Frick (2001)
study did not apply a safety factor to either their acute LCso relationship or the derived chronic
relationship.

More data is generally better, but there is a need for more consideration of how data gets
incorporated. The Stephan (2009a,b,c) approach of calculating a predicted genus mean chronic
value from the species mean acute values does not seem justified in this case. The GMCVs are
not much better than guesses, and there is no attempt to correct for this inherent uncertainty.
Adding GMCV values above the lowest four gives the false sense of increased precision of the
true distribution of the GMCV, which has the result of increasing the final chronic value (FCV).
We feel it would be appropriate to apply a safety factor to the chronic criteria to acknowledge
the uncertainty in the FCV.

The use of hardness and sulfate equations {lowa DNR 2009) in PA will improve protections and
application of the chloride criteria only to a limited extent since the range of criteria in PA would
be narrow (based on EMAP site values for hardness and sulfate in PA). Secondly, the hardness
and sulfate exponents in the lowa criteria were based on data from an acute toxicity study of
only one species (C. dubia), although four species were studied and three were sensitive to
hardness. No data were available on the relationship between hardness or sulfate and chronic
toxicity. In the end, lowa uses a default value for hardness and sulfate if no other data are
available. This is akin to setting a fixed criterion value but allowing site-specific deviations if one
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gathers™the -appropriate -data. Clearly, more species-specific. data are ‘needed .to better
understand the relationship-between-chloride toxicity and hardness or sulfate:

10) As noted above, previous reviews ‘of chioride considered only NaCl and considered: road sait to
bethe most likely source.of chloride. We feel that the current: proposed standard should
explicitly acknowledged- that these.criteria ‘are specific to NaCl derived chloride, and guidance
should be given to address cases when significant -chloride is derived from: salts {i.e:, KCl, MgCl,

. and CaCIz) that have proven:to be more toxic sources of .chloridé. ' I

Our review of four approaches (Stephan et al. 1985, Evans and Frick 2001, Nagpal.et al. 2003, lowa DNR

2009) for deriving chloride criteria to: protect aquatic life-identified a number of weaknesses:in the

available data and the analyses used to derive criteria. We were especially concerned with (1) the near

absenceofimportant stream-inhabitingiand stream-classifying species such' as ‘mayflies, stoneflies, and

caddisflies, (2) the dependenceon relatively few chronic studies; and (3) the choiceof ‘excluding some

studies that were'very important:(é.g., fat head minnow Birge:et-al. 1985);We believe thesé weaknesses

justify usinga very conservative approachitoiassigning criteria.sAll four:appfoaches toiset:acute:and

c¢hronic criteriaswouldwresultin chlorideiconcentrations at least:several tirﬁ:es;gr_ea_teffthéh? baseflow
cohesntrations.commonly observed:in Pennsylvania stréamsinitheirmost natural:condition (i.e:

Exceptional Value:and High Quality waters).:The lowest criteria‘for chloride:were derived:by the’

Canadian:Province of British Columbia:(Nagpal-et al. 2003)~ they acknowledged the weaknesses in

available data, and applied safety factors of 2 for the acute criterion and 5 for:the chromnic:criterion.

Given the limits'in the available'data;:and the potential that treated wastewaters from Marcellus Shale

drilling may result in near-criterion chloride concentrations 356 days per year {versus the:30 days of a

standard chronic bioassay), we believe thie British Columbia criteria {either the originally adopted criteria

or-our re-calculated-criteria.inTable 2) would be the'most protective of aquaticlife for Pennsylvania

streams; éspecially-for:the trout:andmany-poliution-sensitive macromvertebrate speaes that H
characterize Cold Water Flshes streams. o T I TR TS IR A RPNt
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Abstract—Toxicity tests using nine freshwater species (Ceriodaphnia dubia, Daphnia magna, Oncorhynchus mykiss, Pimephales
promelas, Lumbriculus variegatus, Tubifex tubifex, Chironomus dilutus, Hyallela azteca, and Brachionus calyciflorus) were conducted
to evaluate their sensitivity to chloride. Acute-to-chronic ratios (ACRs) from these tests indicate the ACR of 7.59 employed by the
United States Environmental Protection Agency (U.S. EPA) in deriving its water quality guideline for chloride may be conservative; a
revised ACR of 3.50 is presented here. The endpoints used to calculate the ACR included 24-h to 96-h median lethal concentrations
(LCS50s) for acute tests, and 48-h to 54-d inhibition concentration (ICx) values for growth or reproduction for chronic exposures. Data
from the present chronic toxicity tests, and other investigators, were used to propose a water quality guideline for long-term exposure to
chloride using a species sensitivity distribution (SSD) approach. The 5th percentile from the SSD was calculated as 307 mg/L and
proposed as the water quality guideline. Cladocerans were the most sensitive species in the dataset. Ceriodaphnia dubia was used to
evaluate the relationship between water hardness and sensitivity to chloride. A strong relationship was observed and was used to
establish a hardness-related equation to modify the proposed water quality guideline on the basis of water hardness, resulting in values
ranging from 64 mg/L chloride at 10 mg/L hardness to 388 mg/L chloride at 160 mg/L hardness (as CaCOs3). These data suggest that
current water quality guidelines for chloride may be overly conservative in water with moderate-to-high hardness, and may not be

sufficiently protective under soft-water conditions. Environ. Toxicol. Chem. 2011;30:239-246. © 2010 SETAC

Keywords—Chloride Aquatic toxicology

INTRODUCTION

Chloride is ubiquitous in natural waters and is essential in a
wide range of biological functions, including facilitating a
variety of ion-exchange mechanisms through trans-membrane
chloride channels. It forms salts with each of the major cations
(Na, K, Ca, and Mg), but is highly soluble and exists primarily
in the environment as a dissociated monovalent anion.

Freshwater organisms are generally hyperosmotic in their
internal fluids relative to the external environment and maintain
an active gradient of chloride across membranes through use of
active pumps and/or bicarbonate exchange mechanisms at
exterior surfaces such as the gill [1,2]. Increasing concentrations
of chloride in the external environment may decrease this
gradient and associated energy requirements; however, chloride
can exhibit toxicity at elevated concentrations once homeostatic
mechanisms are overwhelmed. Toxicity may result from
osmotic stress related to overall ionic strength or disruption
of individual cellular processes in which chloride plays a role
[2].

The toxicity of chloride is of interest in aquatic environments
as a result of its tendency to occur at elevated concentrations in
effluents from industrial operations that involve subsurface
mining (including coal, potash, metal, and diamond mines)
[3-5], and oil and gas extraction [6]. In addition, chloride salts
are widely used in road salts and, consequently, stormwater and
snow-melt runoff often contain high concentrations of chloride
in areas of application [7].

* To whom correspondence may be addressed
(kdbergh@gmail.com).
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The EKATI Diamond Mine, operated by BHP Billiton
Diamonds, is located in the southern Arctic ecoregion,
300 km northeast of Yellowknife in the Northwest Territories,
Canada. The receiving environment at this mine is comprised of
a series of low ionic-strength lakes. Chloride concentrations
have increased in the receiving environment as a result of
contributions primarily from groundwater and to a lesser extent
from dissolution of solids from crushed kimberlite, and use of
chloride-containing settling agents. Concentrations have
increased from less than detection (<0.5mg/L) to, in some
cases, greater than 150 mg/L in receiving water bodies. Model-
ing of the discharge and receiving environment water, through
the remainder of the mine life and into the closure period, has
indicated the potential for the concentrations to continue to
increase. Consequently, establishing water quality objectives
for chloride for application at this site is a matter of interest.

Water quality guidelines for chloride are typically derived
on the basis of toxicity tests using sodium chloride, because this
cationic counter-ion contributes less toxicity than other major
cations, such as K, Mg, and Ca [8]. Thus, the Na salt provides
the most accurate measure for the toxicity of chloride itself by
minimizing the toxicity contributed by the counter cation. The
United States Environmental Protection Agency (U.S. EPA)
published water quality criteria for chloride based on data for
sodium chloride in 1988. The final acute value for chloride was
1,720 mg/L. and the chronic criterion was 230 mg/L [9]. The
chronic toxicity test data available were insufficient to calculate
a chronic criterion directly and, consequently, the chronic value
was calculated by dividing the final acute value by an acute-to-
chronic ratio (ACR) of 7.594. This ACR was calculated as the
geometric mean of ACR values from tests with three species:
rainbow trout (7.308), fathead minnows (15.17), and Daphnia
pulex (3.951). These individual estimates varied by more than
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fourfold, resulting in uncertainty in the final ACR estimate,
particularly considering the small number of datapoints on
which it was based.

No Canadian water quality guidelines for chloride presently
exist; however, an evaluation conducted by Environment Can-
ada has calculated a concentration of 212.6 mg/L chloride that is
expected to be protective of at least 95% of species in long-term
exposures [10]. This estimate was made using a species sensi-
tivity distribution (SSD) approach using acute toxicity data,
divided by the ACR value reported by U.S. EPA [9], and was
performed as part of an evaluation of risk associated with
application of road salts for control of snow and ice [7,10].

Considerable data are available on the acute toxicity of
sodium chloride to aquatic organisms [7,9]; however, a general
lack of chronic toxicity data exists for this anion. Consequently,
guideline derivation and risk assessments for chloride have
estimated effects thresholds for long-term exposure by applying
an ACR to results from acute toxicity tests to derive a long-term
exposure guideline [7,9,10]. However, this approach relies
heavily on the accuracy of the ACR employed. The objectives
of the present study were to develop additional acute and
chronic toxicity data to derive a more robust estimate of the
ACR, as well as obtain sufficient chronic data to calculate a
chronic guideline directly. In addition, because increasing
concentrations of chloride at EKATI are associated with
increases in concentrations of other major ions, such as Ca,
Mg, K, carbonate, and sulfate, the present study was also
designed to evaluate whether increases in ionic strength modify
the toxicity of chloride. Water hardness was used as a proxy for
increased concentrations of other ions.

The present study was designed to provide information
necessary to establish safe levels of chloride in the receiving
environment at EKATI. However, the results of the testing
conducted here are broadly applicable.

METHODS

Test species were chosen on the basis of providing a suitable
representation of invertebrate and fish species for which both
acute and chronic exposures could be conducted in the labo-
ratory following standardized procedures. Additional consid-
erations for species selection were: inclusion of organisms that
have previously been shown to be sensitive to chloride (e.g.,
cladocerans and fathead minnows [9]); selection of species that
the laboratory had previous experience working with and that
were available; selection of invertebrate species that would
occur in planktonic (e.g., cladocerans and rotifers) and benthic
habitats (e.g., amphipods, chironomids, and oligochates); and
selection of species that were either resident, or were suitable
surrogates for species that occur in subarctic lakes. Algal
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species were not tested because toxicity test data were already
available for a number of these species, and they had generally
exhibited a low degree of sensitivity to this anion [10].

Acute and chronic toxicity tests were conducted using two
cladocerans (Ceriodaphnia dubia and Daphnia magna), two
oligochaetes (Lumbriculus variegatus and Tubifex tubifex), a
chironomid (Chironomus dilutus), an amphipod (Hyalella
azteca), a rotifer (Brachionus calyciflorus), and two fish (rain-
bow trout, Oncorhynchus mykiss, and fathead minnows, Pime-
phales promelas). The tests followed standardized methods
published by the U.S. EPA [11-13], Environment Canada
[14,15], American Society for Testing Materials (ASTM)
[16-19], or American Public Health Association (APHA)
Standard Methods [20], with the exception of the test using
Lumbriculus variegatus, which was adapted from a U.S. EPA
method designed for evaluation of bioaccumulation with this
species [13] to incorporate a growth (biomass) endpoint. Test
durations, endpoints, and references to the methods followed
are provided in Table 1.

Exposures were conducted in constant environment rooms
that maintained temperature within 1°C of the target temper-
ature. Water used in the tests was prepared by supplementing
deionized water with reagent grade salts according to proce-
dures specified by U.S. EPA [12], to achieve a hardness of
between 80 and 100 mg/L, as CaCOs, with the exception of the
rainbow trout tests which were conducted using dechlorinated
municipal tapwater, supplemented with salts in the ratios
specified by U.S. EPA [12] for hardness adjustment, to a
hardness of approximately 40 mg/L, as CaCOj3. Test solutions
incorporated five concentrations, in addition to the control,
following a 0.5-fold dilution series, and were prepared by
addition of sodium chloride. The highest test concentration
in the tests was 16 g/L as NaCl for acute tests and 8 g/L. as NaCl
for chronic tests, with the exception of chronic tests using
C. dubia, D. magna, and B. calyciflorus which used 3, 15,
and 16 mg/L NaCl, respectively, as the highest test concen-
tration.

Chloride concentrations were measured on subsamples from
the test solutions. Subsamples were collected at the beginning
and end of each of the tests, with the exception of tests using
B. calyciflorus, which was only subsampled at test initiation, as
well as at intermediate intervals during the longer-term chronic
toxicity tests, typically at weekly intervals. Concentrations of
chloride were averaged for each test solution and the mean
measured chloride concentration was used for calculation of the
test endpoints.

Chronic toxicity tests using Tubifex, Lumbriculus, Hyalella,
and Chironomus were performed using clean sediment com-
prised of a beach-collected sand that was rinsed with laboratory
control water and supplemented with peat at a rate of 2% by

Table 1. Duration and endpoints of toxicity tests used to determine acute to chronic ratios for chloride

Acute test Chronic test

Species Common name duration Method duration Method Chronic test endpoints
Ceriodaphnia dubia Water flea 48 h [12] 7+£1d [14] Survival, reproduction
Daphnia magna Water flea 48 h [12] 21d [19] Survival, reproduction
Oncorhynchus mykiss Rainbow trout 96 h [12] 54d [15] Survival, development, biomass
Pimephales promelas Fathead minnow 96 h [12] 33d [11] Survival, development, biomass
Lumbriculus variegatus California blackworm 96 h [16] 28 d [13] Survival, reproduction
Tubifex tubifex Sludge worm 96 h [16] 28 d [18] Survival, reproduction
Chironomus dilutus® Midge 96 h [16] 20d [13] Survival, biomass
Hyallela azteca Amphipod 96 h [16] 28 d [13] Survival, weight
Brachionus calyciflorus Rotifer 24 h [17] 48 h [20] Survival, reproduction

*Formerly Chironomus tentans.
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weight. Test solutions were renewed daily three times a week
throughout exposure with freshly prepared chloride-spiked
water, at which time Tetramin (for Chironomus, Lumbriculus,
and Tubifex) or digested yeast, cerophyll, and trout chow (YCT)
(for Hyalella) was added as food. These tests were conducted
using four replicates per concentration in glass jars containing
100 ml of sediment and filled to 275 ml with the test solutions.
The exposures were conducted at 23 & 1°C with a 16:8 h light:-
dark photoperiod. Lumbriculus and Tubifex tests were con-
ducted using 5 test organisms per replicate, whereas Hyalella
and Chrionomus tests used 10 and 12 organisms per replicate,
respectively. Hyalella tests were initiated with 7- to 8-d-old
amphipods, Chironomus tests with <24-h posthatch organisms;
both of these test species were obtained from Aquatic Bio-
systems. Tubifex and Lumbriculus tests were initiated with
adults obtained from Aquatic Research Organisms.

Chronic toxicity tests using Ceriodaphnia were conduced in
10-ml volumes in 15-ml glass test tubes. Each concentration
comprised 10 replicates, each containing a single <24-h-old
daphnid obtained from in-house cultures. Solutions were
renewed daily, at which time they were fed with a mixture
of Pseudokirchneriella cells and YCT. Exposures were con-
ducted at 25°C under a 16:8 h light:dark photoperiod. Survival
and reproductive output were recorded daily for the three brood,
7 + 1-d test. Tests with this species were performed regularly as
a reference toxicant test and, consequently, the long-term geo-
metric mean (and 2 SD range) from 20 separate tests was used
for this water type, because this reflects a more robust approach
than using a single test, although these reference toxicant tests
did not have analytical confirmation of chloride concentrations.

Daphnia magna tests were conducted in 100-ml volumes in
250-ml glass beakers. Exposures were initiated with <24-h-old
organisms obtained from in-house cultures, with one daphnid in
each of 10 replicates. Solutions were renewed three times per
week, at which time the organisms were fed with a mixture of
Pseudokirchneriella cells and YCT. Exposures were conducted at
20°C under a 16:8 h light:dark photoperiod. Survival and repro-
ductive output recorded daily for the 21-d duration of the test.

Brachionus calyciflorus were exposed for 48h in a culture
plate using a 0.5-ml exposure volume and eight replicates per
concentration, each containing one rotifer. The test was initiated
with organisms that were <4-h posthatch, and the solutions
were supplemented with Pseudokirchneriella as food at test
initiation. Exposures were conducted at 25°C in the dark. This
test was considered to be a chronic test despite its relatively
short duration because of the short life-history of this organism
and the fact that the method incorporated a reproductive
endpoint within this timeframe. Rotifer cysts were supplied
by Micro Bio Tests, and were hatched in control water prior to
test initiation.

Chronic toxicity tests with rainbow trout and fathead min-
nows were initiated with embryo-stage fish; rainbow trout
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gametes were obtained from Trout Lodge and dry fertilized
in the laboratory prior to initiation of exposure, and fathead
minnow embryos were obtained from Aquatic Biosystems. In
the case of rainbow trout, the exposures were initiated within
30 min, and for fathead minnows, within 36 h of fertilization.
Rainbow trout were exposed at 14°C using four replicates of 30
organisms in 500-ml volumes. Once the fish reached the swim-
up stage, the number of fish was thinned to 10 per replicate, the
exposure volume was increased to 2 L, and the fish were fed
daily with Artemia nauplii. Fathead minnows were exposed at
25°C using five replicates with 15 organisms per replicate and
using 100-ml exposure volumes for the first week, 250-ml for
the next two weeks, and 500-ml for the remainder of the
exposure period. Fathead minnows were fed twice daily with
Artemia following hatch.

In general, acute toxicity tests were conducted under the
same exposure regime and initiated with the same lifestage as
described for the chronic tests, with the exception of the
following: Acute tests on sediment-dwelling species were
conducted in the absence of sediment; acute tests with Cer-
iodaphnia and Daphnia were conducted using five organisms
per replicate; and acute tests using rainbow trout and fathead
minnows were initiated using juvenile fish. Acute toxicity tests
were conducted using four replicates and were performed under
static conditions for 96h, with the exception of tests using
Daphnia and Ceriodaphnia, which were exposed for 48 h, and
Brachionus which was exposed for 24h. Acute tests were
conducted without feeding, with the exception of the Hyalella
test, which was fed with YCT after 48 h of exposure.

In addition, a series of toxicity tests were conducted using
C. dubia to evaluate the relationship between water hardness
and chloride toxicity using 7-d survival and reproduction tests.
In advance of the tests, the organisms were cultured in water
with hardnesses of 10, 20, 40, 80, 160, and 320 mg/L, as CaCOs3,
for a minimum of two generations (more than two weeks) in
order for the cladocerans to acclimate to the water hardness.
Test water was prepared by addition of reagent grade salts to
deionized water to achieve the target hardnesses; characteristics
of the water types are summarized in Table 2. After the
acclimation period, toxicity tests using sodium chloride were
conducted with waters at each hardness using the organisms
acclimated to the corresponding hardness (i.e., 10, 20, 40, 80,
160, and 320 mg/L). The tests were conducted according to the
procedures outlined previously for chronic toxicity tests with
chloride-spiked water using this species. Ceriodaphnia dubia
was selected for this evaluation because this species was among
the most sensitive to chloride, and could be acclimated to the
range of required water hardnesses, and because of its relatively
short test duration (~7 d) which enabled acclimation and testing
within a reasonable period.

Statistical analyses were conducted using Comprehensive
Environmental Toxicity Information System (CETIS) statistical

Table 2. Characteristics of waters used to evaluate the effect of hardness on toxicity of chloride to Ceriodaphnia dubia®

Hardness Chloride Sulfate Sodium Potassium Calcium Magnesium
(mg/L as CaCO3) pH (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
10 6.8 0.2 11.3 33 0.3 2.2 1.5

20 7.0 0.5 22.6 6.6 0.5 4.4 3.0

40 7.2 1.0 45.1 13.1 1.0 8.8 6.1

80 7.8 1.9 90.2 26.3 2.1 17.6 12.1
160 8.2 3.8 180.5 52.6 42 353 242
320 8.3 7.6 360.9 105.1 8.4 70.6 48.5

* Concentrations are nominal, based on the quantities of salts added.
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software package (Tidepool Scientific Software) on the basis of
measured concentrations of chloride. Analyses followed pro-
cedures recommended by U.S. EPA for statistical analyses of
toxicological data [11,12]. Median lethal concentration (LC50)
estimates were calculated using Probit regression or, if assump-
tions for this method were not met, with Trimmed Spearman—
Karber. Inhibition concentration values (ICx) associated with
10, 25, and 50% responses from chronic toxicity tests were
calculated using linear interpolation. ACR values were calcu-
lated by dividing the IC25 from the chronic test by the LC50
from the acute test with the same species.

An SSD was calculated for chloride according to procedures
specified by Environment Canada [21]. This procedure involves
calculating toxicological thresholds for available data, and
plotting a cumulative distribution of the dataset. No-
observed-effect concentration (NOEC) values have often been
used in constructing SSDs [22]; however, these values are
subject to constraints associated with statistical power of the
tests and use of these endpoints has been criticized [23]. Thus,
consistent with Environment Canada guidelines [21], toxico-
logical thresholds were defined as the most appropriate ICx
value reflecting the threshold for toxicity in the test. Ideally, the
IC10 was considered to be the toxicological threshold; however,
if the IC10 value was lower than the NOEC, the test was not
considered to be sufficiently robust to provide a reasonable
estimate of the IC10, in which case, the IC25 was used as the
toxicological threshold. In the event that suitable point esti-
mates were not available for a given test, the next most
appropriate endpoint was selected based on the following
order of preference: maximum-acceptable-toxicant concentra-
tion (MATC) > NOEC > lowest-observed-effect concentration
(LOEC) > median effect concentration (EC50). Only the most
sensitive endpoint from long-term tests (e.g., reproduction,
growth) was included in the distribution. In cases where
multiple endpoints were available from different studies, a
geometric mean of the values was used in the distribution.

Nonlinear regression was conducted using CETIS to model
the distribution and calculate the 5th percentile of the distri-
bution; this value, referred to as the HCS5, is considered by
Environment Canada to be protective of overall ecosystem
health and function [21]. Models tested included normal, log
normal, logistic, log logistic, log Gompertz and Weibull; rel-
ative fit of the models was evaluated on the basis of corrected
second order Akaike information criteria (AIC), and the fit of
individual candidate models with the smallest and similar AIC
values were inspected to select the curve that best described the
distribution, with particular attention to the lower tail of the
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distribution where the HCS is located. Normal distribution of
the dataset was tested using a Shapiro—Wilk test for normality
(p<0.01).

RESULTS AND DISCUSSION

All of the acute and chronic toxicity tests conducted in the
present study met control performance requirements, with the
exception of the chronic test with Hyalella, which had 62.5%
survival and was lower than the control acceptance criterion of
80% survival. Survival in the three lowest test concentrations in
this test was consistent with the control performance, ranging
from 62.5 to 75% and a typical dose—response curve was
obtained with the entire dataset. Consequently, the data from
this test appear to provide useful information, despite not
meeting the control performance specifications of the method.
Interestingly, the chronic test using Hyalella was less sensitive
to chloride than the acute test with this species, suggesting that
the presence of control sediment and peat may ameliorate the
toxicity of chloride; organic carbon influences the toxicity of a
number of metals [24,25], but it is not known if this might
explain decreased toxicity in this case.

Results of the chronic toxicity tests are presented in Table 3,
and acute and chronic toxicity test data and calculated ACR
values for nine species tested in this investigation are summar-
ized in Table 4. The ACRs calculated in the present study
include a second measure of the ACR for each of the three
genera that were previously used in the development of the U.S.
EPA chloride water quality guideline. The values used by U.S.
EPA are also provided in Table 4. The genus mean ACRs were
recalculated for each of these three genera, on the basis of the
geometric mean of the two values. The overall ACR, calculated
as the geometric mean of the ACR values for all nine species,
was 3.50. Thus, the results of these tests suggest that the
estimate for the ACR provided in the U.S. EPA guideline
(7.59) likely overestimated the actual value by approximately
twofold. Since this ACR value was employed by both the U.S.
EPA in deriving the 1988 chronic guideline for chloride and by
Environment Canada in conducting a risk assessment for road
salts, these studies likely resulted in benchmarks that were
unnecessarily conservative to be protective of long-term eco-
system health.

Where sufficient data exist, it is preferable to calculate long-
term exposure guidelines directly on the basis of chronic
toxicity test results, rather than relying on use of an ACR to
calculate this value. As a result of the toxicity testing conducted
here, a number of additional chronic toxicity values are now

Table 3. Results of sublethal toxicity tests®

Species Endpoint Ic1oP 1C25° 1C50° NOEC LOEC
Ceriodaphnia dubia Reproduction NR 454 (251-819)° 697 (540-901)° NC NC
Daphnia magna Reproduction NR 421 (262-825) 1,037 (684-1,491) <506 506
Oncorhynchus mykiss Biomass NR 1,174 (733-1,344) 1,559 (1,362-1,679) 1,104 2,327
Pimephales promelas Biomass NR 704 (486-973) 958 (700-1,582) 558 1,058
Lumbriculus variegatus Biomass NR 825 (549-1,256) 1,366 (1,199-1,541) <366 366
Tubifex tubifex Reproduction 519 (235-529) 606 (391-632) 752 (628-803) 462 964
Chironomus dilutus Biomass 2,316 (NC) 2,590 (2,118-2,590) 3,047 (2,732-3,047) 2,133 3,960
Hyallela azteca Biomass NR 1,705 (440-1,907) 2,298 (1,852-2,937) 2,210 4,237
Brachionus calyciflorus Reproduction 1,241 (211-1,345) 1,505 (540-1,670) 1,945 (1,631-2,263) 1,120 2,330

#NOEC = no-observed-effect concentration; LOEC = lowest-observed-effect concentration; NR = not reported, because the IC10 was lower than the NOEC.
Thus, the test data were not considered sufficiently robust to calculate an IC10; NC = not calculated, since these point estimate data were derived from multiple

tests (i.e., 20).

Y IC = inhibition concentration values (ICx) associated with 10, 25, and 50%.

“Mean (£two standard deviations) for 20 tests conducted as reference toxicant tests.
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Table 4. Results of toxicity tests and acute-to-chronic ratio calculations®

Acute test LC50
(mg/L Cl)

Chronic test IC25

Genus (mg/L Cl)

Acute—chronic ratio
from the
present study

Combined acute—
chronic ratio

Acute—chronic ratio
from U.S. EPA [9]

Ceriodaphnia 1,068 (603-1,533)° 454 (251-819)°

Daphnia 3,630 (3,172-4,154) 421 (262-825)
Oncorhynchus 6,030 (5,916-6,145) 1,174 (733-1,344)
Pimephales 4,079 (3,644-4,565) 704 (486-973)
Lumbriculus 3,100 (2,759-3,483) 825 (549-1,256)
Tubifex 5,648 (5,219-6,111) 606 (391-632)
Chironomus 5,867 (5,452-6,313) 2,590 (2,118-2,590)
Hyalella 1,382 (1,276-1,496) 1,186 (693-1,516)°
Brachionus 1,645 (1,588-1,703) 1,505 (540-1,670)

Geometric mean
acute-to-chronic ratio

2.35 NC 2.35
8.62 3.95 5.84
5.14 7.31 6.13
5.80 15.17 9.38
3.76 NC 3.76
9.31 NC 9.31
2.27 NC 2.27
1.17 NC 1.17
1.09 NC 1.09
3.40 7.59 3.50

#LC50 = median lethal concentration; IC25 =25% inhibition concentration; NC = not calculated by the U.S. EPA [9].

®Mean (2 SD) for 20 tests conducted as reference toxicant tests.

©The chronic test for Hyalella was less sensitive than the acute test and, consequently, for calculation of the acute-to-chronic ratio, the chronic test value was
assumed to be the LC25 (25% lethal concentration) from the acute test. The actual IC25 for biomass of Hyalella was 1,705 mg/L.

available for the toxicity of chloride; these values, combined
with those from the literature, provide sufficient data to calcu-
late a long-term exposure guideline directly using an SSD
approach. Additional data using in the SSD include data that
were reported in the U.S. EPA water quality guideline for
D. pulex [26], P. promelas [26], Nitzschia linearis [27], Chla-
mydomonas reinhardtii [28], and Chlorella emersonii [29], as
well as other data from the literature for Lemna minor [30] and
Stenonema modestum [31]. To meet the recommendations of
Environment Canada [21], point estimates from these studies
(i.e., IC10 or IC25 values) were used where possible; sufficient
data were present in one of these documents to recalculate the
threshold using point estimates, rather than relying on the
hypothesis tests that were reported in that study [26]. The data
used in calculation of the SSD are shown in Table 5.

A subset of data points that were used in the U.S. EPA water
quality guideline development were excluded here. For exam-
ple, data for rainbow trout, attributed to Spehar and cited
by U.S. EPA [9], were not available for review because this
study was apparently not published. In addition, data for the
sensitivity of a number of unicellular freshwater algae were
excluded from the SSD because these papers only reported

tolerance to chloride, rather than evaluating inhibition of growth
compared to control performance [32,33].

Differing opinions have been expressed in the literature on
the number of species required to construct an SSD, with as few
as six [21], and up to 15 to 55 species being considered ideal to
achieve an HCS5 estimate with minimal variance [34]. In
addition, the composition of the species assemblage reflected
in the dataset can alter the outcome, particularly in cases where
the toxicological mode-of-action varies between species, and
the dataset needs to reflect the ecosystem being protected [35].
The dataset shown here has 15 data points, including nine
invertebrates, two fish, two algae, one plant, and one diatom.
The cumulative distribution appears to fit a single distribution,
without any indication of a bimodal distribution (Fig. 1). Fur-
thermore, a Shapiro—Wilk test for normality demonstrated that
the dataset was normally distributed (p = 0.55), indicating that
no unusual patterns in the data occurred. Thus, it appears that
the species reflected in the dataset provide a reasonable dis-
tribution from which to calculate an HCS.

The HCS was calculated using a Weibull distribution to
model the SSD dataset using nonlinear regression. Log logistic
and log normal models produced a similar fit to the Weibull

Table 5. Chronic toxicity test data used for calculation of the species sensitivity distribution®

Species Category Threshold value (mg/L CI) Source
Daphnia pulex Cladoceran Reproduction; 21 d IC10° 368 [26]
Daphnia magna Cladoceran Reproduction; 21 d IC25 421 Present study
Ceriodaphnia dubia Cladoceran Reproduction; 7 d IC25 454 Present study
Tubifex tubifex Oligochaete Reproduction; 28 d IC25 519 Present study
Pimephales promelas Fish (non-salmonid) Survival; 33 d LC10° 598 [26]°
Biomass; 32 d IC25 704 Present study
Geometric mean 649
Lumbriculus variegatus Oligochaete Reproduction; 28 d IC25 825 Present study
Lemna minor Plant Growth; 96 h MATC 1,172 [30]
Oncorhynchus mykiss Fish (salmonid) Biomass; 56 d IC25 1,174 Present study
Nitzschia linearis Diatom Growth; 5 d EC50 1,482 [27]
Brachionus calyciflorus Rotifer Reproduction; 48 h IC25 1,505 Present study
Hyalella azteca Amphipod Growth; 28 d IC25 1,705 Present study
Chironomus dilutus Midge Growth; 20 d IC25 2,316 Present study
Chlamydomonas reinhardtii Alga Growth; 6 d EC~50 3,014 [28]
Stenonema modestum Mayfly Survival; 14 d MATC 3,074 [31]
Chlorella emersonii Alga Growth; 8-14 d MATC 7,000 [29]

#IC =inhibition concentration values (ICx) associated with 10 and 25%; LC10=10% lethal concentration; MATC = maximum acceptable toxicant

concentration; EC50 = median effect concentration.

® Point estimates were calculated using linear interpolation based on original data provided in Birge et al. [26].
¢ Point estimates were calculated using multiple linear estimation (Probit) based on original data provided in Birge et al. [26].
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distribution (i.e., produced similar AIC values); however, the
Weibull model was selected because it provided a closer fit to
the data in the lower tail of the distribution, by inspection. The
HCS5 (and 95% confidence intervals) calculated on this basis
was 307 (217 to 369) mg/L (Fig. 1). This value is lower than all
of the thresholds reported in Table 4 and appears to be appro-
priately protective to apply as a long-term objective for chlor-
ide, at least under moderately hard conditions.

The results of toxicity tests using C. dubia conducted at
various hardnesses are provided in Table 6. A clear decrease in
the toxicity of chloride was observed with increasing hardness
across the range of 10 to 160 mg/L hardness. Lasier et al. [36]
also reported lower chronic toxicity of chloride in higher
hardness water with this species, and Mount et al. [8] reported
decreased acute toxicity of chloride to C. dubia when tested as a
combination of sodium chloride and calcium chloride (resulting
in higher hardness), compared with sodium chloride alone.
Interestingly, these authors also reported that the toxicity of
the combined salts was lower than calcium chloride alone,
which would be even higher in hardness than the mixture.
These data suggest that decreased toxicity corresponding to

Table 6. Results of Ceriodaphnia dubia chronic toxicity tests conducted
across a range of hardnesses”

Hardness

(mg/L as

CaC03) Chloride toxicity endpoints (mg/L Cl)
Ceriodaphnia Ceriodaphnia Ceriodaphnia
reproduction reproduction survival

(IC25 [95% CL]) (IC50 [95% CL]) (LC50 [95% CL])

10 117 (94-169) 161 (126-211) 132 (107-161)

20 264 (104-280) 301 (275-362) 316 (268-373)

40 146 (82-277) 481 (207-541) 540 (460-633)

80 454 (251-819)°  697.4 (540-901)° 1,134 (858-1,410)"

160 580 (210-733) 895 (706-1,177) 1,240 (1,025-1,501)

320 521 (361-588) 700 (613-784) 1,303 (1,019-1,665)

#1C = inhibition concentration values (ICx) associated with 25 and 50%;
CL = confidence limits; LC50 = median lethal concentration.

®Mean and 2 SD range of 20 data points for chronic toxicity tests using
chloride.

increasing hardness may relate to maintenance of a tolerable
balance in molar ratios of cations, rather than a mechanistic
effect of hardness (i.e., Ca or Mg ions) itself. Regardless, the
data presented here demonstrate a clear reduction in toxicity of
sodium chloride in solutions with higher hardness, with water
hardness potentially being a proxy for higher overall ionic
strength or more balanced ionic ratios of major ions.

A logarithmic regression of the data for hardnesses of 10
through 160 mg/L resulted in R? values of 0.95, 0.99, and 0.78
for LC50, IC50, and IC25 values, respectively, indicating a
strong positive relationship between these parameters (Fig. 2).
Above a hardness of 160mg/L, an additional reduction in
toxicity was not as apparent, with generally similar values
for sensitivity to chloride at hardnesses of 160 and 320 mg/L.

The majority of toxicity data used to establish the SSD value
of 307 mg/L were derived from toxicity tests conducted under
moderately hard water conditions (80 to 100 mg/L, as CaCQO3).
Consequently, this value may not be sufficiently conservative
for soft-water conditions, and appears to be unnecessarily
conservative at hardnesses exceeding 100 mg/L. Using the slope
of the hardness toxicity relationship shown in Figure 2, the
results from the SSD can be hardness-adjusted to accommodate
this relationship in a similar manner to water quality guidelines
for metals such as Zn, Cu, Cd, and Ni.

The relationship between IC25 values and hardness across a
range of 10 to 160 mg/L resulted in a logarithmic trendline
described by Equation 1.

Iczs(hardnessx) = [161 : ln(hardnessx)]_281~73 (D

Thus, using the water quality benchmark of 307 derived
from the SSD for a hardness of 80mg/L, and the IC25 for
C. dubia of 423.78 mg/L chloride (calculated from Eqn. 1, for a
hardness of 80 mg/L), the objective can be linked to hardness by
incorporating this equation into Equation 2.

WQO(hardnessx) = [WQO(hardness 80)/IC25(hardness 80)]
- [161 - In(hardness) —281.73] = (307/423.78)
2
- [161 - In(hardness)—281.73] @

= [116.63 - In(hardness)]—204.09
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concentration (LC50) endpoints.

where: WQO hardness vy = Water quality objective for chloride at
hardness (x);

WQO hardness 80y = Water quality objective for chloride at
hardness 80 mg/L (i.e., the HC5 from the SSD); IC25hardness
s0) = Concentration resulting in a 25% reduction in reproduc-
tion of C. dubia at hardness 80 mg/L CaCOs.

Thus, the hardness-specific WQO for chloride across a range
of 10 to 160 mg/L hardness is established as

WQO = [116.63 - In(hardness)]—204.09

Using the water quality benchmarks provided in Table 7should
provide sufficient protection against adverse effects in receiving
environments impacted by chloride.

Although data relating water hardness to the toxicity of
chloride are only available for one species (i.e., C. dubia), it
appears reasonable to assume that a similar response would also

Table 7. Hardness-dependent water quality benchmarks for chloride,
calculated on the basis of application of the relationship between IC25
(inhibition concentration value associated with 25%) for Ceriodaphnia
dubia reproduction and water hardness to the 5th percentile of the species
sensitivity distribution (HC5)

Water hardness
(mg/L CaCOs;)

Water quality objective for chloride
WQO(hurdness Xx) (mg/L)

10 64

20 145

40 226

60 273

80 307

100 333

120 354

140 372

160 388

>160 Not established

occur with other cladocerans, and potentially with other species
as well, although uncertainly exists as to the extent to which that
would be the case. Regardless, the range of water quality
guidelines proposed in Table 7 (i.e., 64 to 388 for hardnesses
ranging from 10 to 160 mg/L) is lower than the threshold for
toxicity to any non-cladoceran species reported in Table 4.
Thus, even if this phenomenon was limited to the cladocera,
incorporation of hardness into a guideline would not appear to
result in risk to other taxa, and takes account of the higher
sensitivity of cladocerans to chloride under low hardness con-
ditions.

The results presented here suggest that current U.S. EPA
water quality guidelines for chloride may not be sufficiently
protective of aquatic life under soft-water conditions. This
finding has particular significance in areas of road salt use,
because snow-melt runoff is very low in hardness and can
contain significant concentrations of chloride. Use of road salt
formulations that combine calcium chloride with sodium chlor-
ide would appear to result in lower risk for adverse effects in the
environment because this would confer an increased hardness to
runoff and, consequently, lower risk of adverse effects. Con-
versely, the data presented here suggest that current water
quality guidelines for chloride may be unnecessarily conserva-
tive in waters with moderate or high hardness.
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Chloride concentrations in surface waters have increased significantly, a rise attributed to road salt use.
In Canada, this may be a concern for endangered freshwater mussels, many with ranges limited to
southern Ontario, Canada’s most road-dense region. The acute toxicity of NaCl was determined for
glochidia, the mussel’s larval stage. The 24 h EC50s of four (including two Canadian endangered) species
ranged from 113—1430 mg CIL ! (reconstituted water, 100 mg CaCO3 L~ !). To determine how mussels
would respond to a chloride pulse, natural river water (hardness 278—322mg CaCO3L™!) was
augmented with salt. Lampsilis fasciola glochidia were significantly less sensitive to salt in natural water
(EC50s 1265—1559 mg C1 L~1) than in reconstituted water (EC50 285 mg L~1). Chloride data from mussel
habitats revealed chloride reaches levels acutely toxic to glochidia (1300 mgL~1). The increased salini-
zation of freshwater could negatively impact freshwater mussels, including numerous species at risk.

Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The increase in the chloride concentration of North American
surface waters over the past 30 years has been correlated with the
increased application of de-icing salts on paved surfaces (Kaushal
et al,, 2005; Jackson and Jobbagy, 2005). Kaushal et al. (2005)
demonstrated that chloride levels in rivers and streams were
correlated with the percentage of impermeable surfaces in the
watershed. This increased salinization of freshwater has implica-
tions for both human and ecosystem health. Chloride concentra-
tions in some drinking water reservoirs now exceed the level for
potable water (Kaushal et al., 2005) and numerous urban streams
frequently exceed the levels considered harmful to aquatic life
(Evans and Frick, 2001; Trowbridge et al., 2010). In addition to the
seasonal influx of salt in snowmelt and runoff, groundwater
(Howard and Haynes, 1993; Kelly et al., 2008; Roy and Bickerton,
2010) and soils (Kincaid and Findlay, 2009) can also act as reser-
voirs releasing chloride throughout the year. Therefore, it is quite
probable that the full impact of freshwater salinization has yet to be
realized, not only because millions of tons of road salt are applied
each year (Environment Canada and Health Canada, 2001), but also
because delayed and longer-term inputs of chloride from contam-
inated soils and groundwater are expected (Kelly et al., 2008;

E-mail address: patty.gillis@ec.gc.ca.

Kincaid and Findlay, 2009). Kaushal et al., (2005) suggested that
baseline salinity in the Northeastern United States is approaching
levels where significant changes in ecological communities and
ecosystem function are expected. Recent studies suggest that such
shifts may in fact already be occurring for some contaminant
sensitive groups. For example, Collins and Russell (2009) concluded
that exposure to road salt affects amphibian community structure
and species richness by excluding salt-sensitive species from high
chloride environments.

Freshwater mussels, one of the most imperiled groups of
organisms (Ricciardi and Rasmussen, 1999; Lydeard et al., 2004),
are also known to be particularly sensitive to some waterborne
contaminants. In fact environmental pollution is considered to be
one of the factors responsible for their decline (Strayer et al., 2004;
Lydeard et al., 2004). Nearly 70% of North American freshwater
mussels are designated as either threatened, endangered, or in
decline (Williams et al., 1993; Neves et al., 1997). Recent studies
have reported that for some contaminants, freshwater mussel
larvae and juveniles are much more sensitive than standard test
organisms, leading to concerns that water quality regulations may
not protect freshwater mussels (Augspurger et al., 2003; Wang
et al., 2007, 2009; March et al., 2007). In Canada, the geographical
distribution of freshwater mussels is thought to be limited by
temperature, either because the mussels themselves or their fish
hosts reach their lower limit of thermal tolerance (Metcalfe-Smith
et al.,, 1998). Many species reach the northern limit of their range in

0269-7491/$ — see front matter Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.
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the lower Great Lakes Basin, with 40 of Canada’s 53 freshwater
mussels species found in this area (Metcalfe-Smith et al., 1998). Of
particular concern is that the range of eight Canadian mussel
species classified as federally endangered are limited to the heavily
populated and road dense southern Ontario. However, it is
unknown whether the contamination of mussel habitats by chlo-
ride will affect the mussels, particularly their sensitive early life
stages. The parasitic larvae of freshwater mussels, called glochidia,
are released from the brooding chambers (marsupia) in the
female’s gills into the water column in order to make contact with
fish hosts. In Canada, most glochidia are released between May and
October, depending upon species specific temperature cues for
release. Fortunately, the typical release period does not coincide
with the seasonal influx of chloride associated with snowmelt
runoff, but the steady increase in baseline chloride levels along
with periodic summer chloride pulses from stormwater runoff and
groundwater upwelling (Howard and Haynes, 1993; Kincaid and
Findlay, 2009) may pose a risk to this imperiled, but ecologically
significant group of animals.

This study examined acute sodium chloride (NaCl) toxicity in
glochidia and compared median effective concentrations (EC50s) to
chloride concentrations in the mussel’s natural habitat. Specifically,
sensitivity was determined for five species of mussels, three of
which are designated as federally endangered in Canada. Toxicity
tests with glochidia and NaCl were conducted in both standard
reconstituted waters and natural waters. Reconstituted water
exposures were used to determine the sensitivity of glochidia to
chloride in relation to other aquatic organisms and the effect of
water hardness on chloride toxicity. Natural water exposures
employed water collected from four southern Ontario rivers that
support diverse mussel populations (9—34 species). The aim of the
natural water exposures was to determine how glochidia would
respond to an episodic pulse of chloride in their habitat.

2. Materials and methods
2.1. Mussel collection and laboratory care

Gravid female mussels were collected from streams and rivers in southern
Ontario. The period of gravidity varied with species such that Lampsilis siliquoidea
(Barnes 1823) (fatmucket) and Lampsilis cardium (Rafinesque 1820) (plain pocket-
book) were collected in May, Lampsilis fasciola (Rafinesque 1820) (wavy-rayed
lampmussel) in mid-July, and Epioblasma torulosa rangiana (Lea 1838) (northern
riffleshell) and Ptychobranchus fasciolaris (Rafinesque 1820) (kidneyshell) in early
September. The endangered L. fasciola, P. fasciolaris and E. torulosa rangiana were
collected under Canadian Species at Risk Permits (SECT 08 SCI 007, SECT 73 SARA
C&A 09-012). Because the availability of gravid females varied each year, toxicity
tests were conducted over two field seasons (2008—2009). In addition, acute chlo-
ride sensitivity of L. siliquoidea glochidia was assessed using gravid females collected
from two different watersheds (one in each of 2008 and 2009) and toxicity tests
with L. fasciola were also conducted in both years but using different gravid females
collected from the same field site. Although mussels for this study were collected in
Ontario, all species examined are also found in the U.S. (Parmalee and Bogan, 1998).

Gravid mussels were held at the University of Guelph’s Aqualab facility and
maintained in a flow-through system with well water held at 10 + 2 °C (to prevent
the glochidia release). Mussels were fed approximately 1.2 x 10'° algae cells per
mussel per day with a commercial shellfish diet (Instant Algae Shellfish Diet 1800®,
Richmond Hill, ON). Glochidia for testing were collected by flushing the marsupia
(i.e., brooding chambers) with a water-filled syringe. The viability of each mussel’s
glochidia was assessed (described below) prior to use. Prior to initiating an expo-
sure, glochidia collected from gravid mussels held at 10°C, were gradually
(over 2—3 h) acclimated to the exposure temperature (21 °C) through dilutions with
room temperature reconstituted water. Glochidia were pooled from a minimum of
three gravid females for each experiment. For the endangered species, glochidia
were only collected from one marsupium gill, and each mussel was returned to the
location from which they were collected to facilitate the release of remaining
glochidia in their natural habitat.

2.2. Toxicity testing

Acute toxicity tests with glochidia were modeled after the American Society for
Testing and Materials’ method for conducting toxicity tests with the early life stages

of freshwater mussels (ASTM, 2006). Briefly, the viability of glochidia were evaluated
after exposure to waterborne contaminants. In order to parasitize fish, glochidia
must be viable, which means they must be able to close their valves and clamp down
on a fish’s gill in order to encyst. Glochidia viability (i.e., ability to close valves) was
assessed prior to exposure and after 24 h of exposure in a sub-sample (100—200) of
the glochidia (500—1000) through the addition of a saturated salt solution (NaCl
240gL~Y). Viability was calculated using the following equation: Percent
Viability = 100 x (Number of closed glochidia after NaCl addition — Number of
closed glochidia before NaCl addition)/(Number of closed glochidia after NaCl
addition + Number of open glochidia after NaCl addition). Results are expressed as
(chloride) effective median concentrations (EC50) rather than median lethal
concentrations (LC50), but as they are obligatory parasites, for practical purposes
non-viable glochidia should be considered ‘dead’ because they would be unable to
attach to a host fish and complete their life cycle.

The ASTM (2006) method indicates that glochidia control survival remain above
90%. Therefore, for toxicity tests conducted in reconstituted water, pre-exposure
(t=0) and post-exposure (t =24 h) control survival (i.e. viability) were determined.
In addition, for toxicity tests conducted in natural waters, 24 h control survival in
each river water (without salt augmentation) was determined.

An aqueous stock made from certified ACS grade (Fisher Scientific) sodium
chloride (NaCl) was used to create exposure solutions. Waters (reconstituted or
field-collected) were spiked with NaCl (nominal, 0—10 g NaCl L~!) and held in the
dark at 4 °C for 48 h before initiation of an exposure. Exposures were conducted in
250 mL glass beakers, under a 16:8 light:dark cycle at 21 +2 °C. Water quality
including dissolved oxygen (DO), pH, alkalinity, dissolved organic carbon (DOC),
water hardness as well as the concentration of major ions (Na, K, Ca) and trace
metals were assessed at exposure initiation. DO, pH and Cl were also measured upon
completion of an exposure. Water analysis was conducted by the Canadian National
Laboratory for Environmental Testing (Environment Canada, Burlington, ON).
Chloride was measured by lon Chromatography (detection limit (DL) 0.02 mg L)
Mean chloride recovery was 100.4% (STD 0.36) using the National Water Research
Institute’s (NWRI) certified reference material ION-915. Metals, including copper,
were measured by ICP-SFMS (copper DL 0.02 ug L~!). Mean copper recovery was
100% (STD 0.16) using the National Research Council of Canada’s certified reference
material SLRS-4. DOC (DL 0.1 mg L") was measured by a UV Persulfate Total Organic
Carbon Analyzer. Mean DOC recovery was 95.5% (STD 0.2) using NWRI's certified
reference material WINN-02. Major ions (e.g. potassium, DL 0.01 mgL ') were
analyzed by Atomic Absorption Spectrometry. Mean potassium recovery was 99.4%
(STD 0.4) using VHG Labs (New Hampshire) certified reference material QWSMIN.
Glassware was acid washed with 10% nitric acid (Reagent Grade, Fisher Scientific)
prior to use and solutions were made with Millipore™ water.

2.3. Chloride sensitivity in reconstituted waters

A series of toxicity tests were conducted with NaCl and reconstituted waters
(ASTM, 2003). For each species studied at least one acute toxicity test was conducted
in moderately-hard reconstituted water (95—115 mg CaCOs; L™1). In addition, a series
of exposures were conducted in reconstituted waters of varying hardness (range
47-322 mg CaCO3 L") using L. siliquoidea glochidia.

2.4. Chloride sensitivity in natural waters

A series of toxicity tests were conducted with water collected from four
significant mussel habitats in southern Ontario (Table 1). River water (10 L) was
collected just below the surface where the water was visibly flowing. Water samples
were held in the dark at 4 °C until used in an exposure (maximum one week). Acute
exposures in NaCl-spiked natural waters were conducted with L. fasciola glochidia as
described above.

In addition to the L. fasciola natural water exposures, another natural water test
was conducted with P. fasciolaris glochidia. Unlike the other species examined which
release free glochidia, P. fasciolaris produces conglutinates. These small packets of
glochidia (100—200) resemble fish prey and serve to enhance infection of host fish.
Two intact conglutinates were used in each replicate test concentration. One
conglutinate was opened (by gently tearing casing with fine forceps) after 24 h and
the other after 48 h of exposure to assess the viability of the encased glochidia (24 h
data shown). Because the number of conglutinates was limited, an exposure with
chloride-spiked natural water was selected as the most ecologically relevant test to
conduct with this endangered species.

2.5. Statistical analysis

Chloride EC50s and EC20s were determined by Probit Analysis (Statistical
Package for the Social Sciences (SPSS)) version 11.0 using measured chloride
concentrations and presented with 95% confidence intervals (CI) (e.g. EC50 (95% CI).
EC50s and EC20s were considered to be significantly different when their 95% CI did
not overlap (Environment Canada, 2005). Linear regression analysis was conducted
(SigmaStat version 3.2) to examine the relationship between water hardness and
chloride toxicity (EC50s). Note: Although EC50s and EC20s are reported with respect
to the chloride component of NaCl, no attempt was made to determine the toxic
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Summary of selected water chemistry® parameters for four Canadian rivers used in acute sodium chloride exposures with Lampsilis fasciola glochidia, along with pre-exposure
(t=0) viability, and post-exposure (t =24 h) reconstituted water and un-spiked river water control survival.

Water source” Chloride Potassium Copper DOC pH Water % Viability, % Viability % Viability
(mgL™") (mgL™) (ngl™M) (mgL™1) hardness t=0 reconstituted river water,
(mg CaCO; L™1) water, t =24 t=24h
Sydenham River 34.1 4.6 6.0 45 8.25 292 91.5 91.7 92.8
Grand River 66.8 33 49 6.2 8.62 278 91.5 91.7 89.1
Maitland River 57.4 5.8 5.6 6.7 8.32 322 91.0 87.1 85.1
Thames River 75.2 4.7 49 4.4 8.29 306 91.0 87.1 78.1

2 Measured chloride, potassium, copper, dissolved organic carbon (DOC), pH, and water hardness values represent background concentrations in un-spiked river water.

b Rivers located in Ontario, Canada.

mode of action of NaCl in glochidia, therefore this study cannot distinguish whether
glochidia are responding to the chloride ion or the sodium ion.

2.6. Chloride concentrations and mussel distribution data in southern Ontario

To assess the potential threat that chloride poses to freshwater mussels, the
chloride levels in key mussel habitats in southern Ontario were examined. In
Ontario, watersheds are managed locally by Conservation Authorities. The Cana-
dian Department of Fisheries and Oceans has produced distribution lists of
endangered mussels and fish species for each Conservation Authority (CA).
Therefore, mussel distribution data and chloride concentrations are presented
according to CA. Four CAs were selected for in-depth analysis of field-measured
chloride levels and laboratory toxicity tests with waters from these habitats. The
CAs selected along with their main mussel habitat (i.e. river) were the Grand River
CA (Grand River), St. Clair Region CA (Sydenham River), Maitland Valley CA
(Maitland River), and Upper Thames River and Lower Thames Valley CAs (Thames
River). For the purposes of this summary, data from the Upper and Lower Thames
CAs were combined. Chloride concentrations measured from 1998 to 2008 at 105
sites across the CAs were determined by the (Ontario) Provincial Water Quality
Monitoring Network (PWQMN) and provided by the Ontario Ministry of the
Environment (PWQMN, 2009).

Individual chloride concentrations at each site were averaged over time. These
‘site averages’ were then averaged to determine an overall mean for each CA,
referred herein to as a “CA Mean". Site averages, rather than individual readings
were used to calculate each CA Mean to prevent skewing of the mean by differ-
ences in sampling frequency or extreme readings. The ‘CA Range’ demonstrates the
maximum and minimum individual chloride concentrations across the CA over the
10 years examined. The number of endangered mussel species reported for each CA
was obtained from Canadian Department of Fisheries and Oceans (DFO) maps
(DFO, 2010).

3. Results
3.1. Chloride sensitivity in reconstituted waters

Glochidia control survival (24 h) for the four mussel species
employed in NaCl exposures with moderately-hard reconstituted
water is presented in Table 2. With one exception (L. siliquoidea,
2008), all tests met the ASTM (2006) requirement of less than
10% drop in control survival. The 24 h chloride EC50s ranged
from 113 mg Cl L' for L. fasciola (2008) to 1430 mg Cl L~ for

Table 2

Pre-exposure (t=0) viability and post-exposure (t=24h) control survival for
freshwater mussel glochidia as well as observed 24 h chloride EC50s (95% confi-
dence intervals) from sodium chloride exposures conducted in reconstituted water.

Mussel species % Viability % Viability =~ EC50 (95% CI)
(t=0) (t=24) (mg CIL™1)
Lampsilis siliquoidea® (2008) 91.3 77.4 168 (135—189)
Lampsilis siliquoidea (2009) 934 93.2 1430 (1350—2953)
Lampsilis cardium 91.1 88.3 817 (770—869)
Lampsilis fasciola® (2008) 91.9 92.2 113 (63—-163)
Lampsilis fasciola (2009) 93.8 914 285 (163—451)
Epioblasma torulosa rangiana ~ 95.2 91.3 244 (230—-260)

@ Gravid L. siliquoidea were collected from different water bodies in 2008 and
2009.
b Gravid L. fasciola were collected from the same site in 2008 and 2009.

L. siliquoidea (2009) (Fig. 1). In addition to interspecific variation,
L. siliquoidea glochidia collected from different water bodies
exhibited significantly different EC50s. Those collected from
Cox Creek (2008) produced an EC50 of 168 (135—-198) mg CI L™,
while those collected from the Maitland River (2009) produced an
EC50 of 1430 (1350—2953) mg Cl L~ In contrast, both tests (2008,
2009) of L. fasciola glochidia from a single field site produced
relatively similar EC50s (113 (63—163), 285 (163—451) mg CI L™,
respectively).

A series of exposures with L. siliquoidea glochidia demonstrated
that chloride sensitivity is influenced by water hardness (Table 3). A
linear relationship between the 24 h chloride EC50s and water
hardness (r*> = 0.97) was observed for water hardness between 47
and 172 mg CaCO5 L™, but no further protection was afforded when
hardness increased to 322 mg CaCO3 L™,

3.2. Chloride sensitivity in natural waters

Control survival of L. fasciola glochidia in the field-collected
waters was more variable (78—93%) than in reconstituted water
(87—92%) (Table 1). The 24 h chloride EC50 values for L. fasciola
glochidia were similar across the natural waters tested
(1265—1559 mg Cl L~ 1) (Table 4), but all were significantly higher
than the EC50 (285 (163—451) mg CI L 1) produced in reconstituted
water with glochidia from the same gravid females. The 24 h
natural water control survival for P. fasciolaris’s conglutinate
encased glochidia was 95% and the EC50 was 3416 (3059—3835)
mg Cl L 1L

Fig. 1. Chloride EC50s (24 h) for glochidia (larvae) of four species of freshwater
mussels. Exposures were conducted in reconstituted moderately-hard water
(95—-115 mg CaCO3 mg L™1). Error bars represent 95% confidence intervals around the
EC50. Asterisks indicate Canadian endangered species. Toxicity tests with Lampsilis
siliquoidea and Lampsilis fasciola were conducted in both 2008 and 20009. L. siliquoidea
were collected from different water bodies. L. fasciola were collected from the same
field site both years.
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Table 3

Concentrations of chloride, potassium, and water hardness for reconstituted waters employed in acute sodium chloride exposures with Lampsilis siliquoidea glochidia as well
the pre-exposure (t = 0) viability, post-exposure (t = 24 h) control survival, and observed 24 h chloride EC50.

Reconstituted water Chloride Potassium Water hardness % Viability % Viability EC50 (95% CI)
(mgL™1) (mgL™1) (mg CaCO; L") (t=0) (t=24) (mg CIL™Y)

Soft 1.8 1.0 47 89.5 87.7 763 (523—1214)

Moderately-hard 2.8 24 99 93.4 93.2 1430 (1350—1518)

Hard 5.5 4.7 172 89.5 86.4 1962 (1447—-2953)

Very hard 8.9 9.4 322 93.4 90.7 1870 (1595—2225)

3.3. Chloride concentrations and mussel distribution in southern
Ontario

A summary of chloride concentrations in four rivers in southern
Ontario, along with the number of mussels species found in each
habitat is presented in Table 4. Water hardness for the selected
rivers ranged from 278 to 322 mg CaCO3; L~ Although the range in
mean chloride concentration was narrow (38—58 mg Cl L™ 1), the
range of individual measured chloride concentrations over the 10
years examined was much broader, covering 2—1300 mg L.

4. Discussion
4.1. Chloride sensitivity in reconstituted waters

Acute toxicity testing in reconstituted water revealed that
glochidia were sensitive to chloride, although significant inter-
specific and in one case intraspecific variation was observed. The
EC50 values for free glochidia of the four mussel species tested
ranged from 113 to 1430 mg Cl L~! (Fig. 1). This 13 fold difference in
chloride sensitivity between mussel species was not unlike the
variation observed by Wang et al. (2007) (12 fold for 9 species) and
Gillis et al. (2008) (5 fold for 8 species) in the acute sensitivity of
glochidia to copper. Although chloride toxicity data for glochidia is
limited, NaCl has been used as a reference toxicant for glochidia
toxicity tests. Bringolf et al. (2007) reported EC50s from 0.55 to
3.3 g NaCl L' (334—-2008 mg CI L™ 1) for five species of mussel
glochidia, Valenti et al. (2007) reported EC50s from 2.68 to 3.08 g
NaCl L~! (1625—1868 mg Cl L !) for three species, and finally Cope
et al. (2008) reported EC50s of 2.0 and 2.7g NaCl L!
(1213-1638 mg Cl L) for L. siliquoidea glochidia. In this study
there also appears to be intraspecific variation in chloride sensi-
tivity. Although L. fasciola collected from the same site (Grand River,
ON) on two different occasions produced somewhat similar EC50s
(113 and 285 mg Cl L™ 1), L. siliquoidea glochidia from two separate

Table 4

water bodies produced EC50s that varied by eight fold (Maitland
River, 1430 mg L~ !; Cox Creek 168 mg L~ !). Perhaps the discrepancy
is simply due to the fact that one batch of glochidia was healthier
(Maitland River, control survival 93.2%) than the other (Cox Creek,
control survival 77.4%) or perhaps prior exposure or even acquired
tolerance may alter the response of glochidia to contaminants. But
regardless, these data indicate that mussels from different water
bodies may respond differently to chloride. While this observation
was only based on the chloride sensitivity of one mussel species
from two watersheds, possible differences in contaminant sensi-
tivity across watersheds should be considered when selecting
gravid females for toxicity testing with glochidia.

Even taking the variability between species into account,
glochidia are still notably more sensitive to chloride than most
previously tested aquatic organisms. While a full review of chloride
toxicity in freshwater organisms is beyond the scope of this paper,
Table 5 illustrates that compared to other groups, freshwater
mussel larvae, were more sensitive to chloride. Particularly inter-
esting is that some species of mussel glochidia (Fig. 1) experience
chloride toxicity at a fraction of the concentration required to kill
Daphnia (Mount et al., 1997; Harmon et al., 2003), a standard test
organism often used to assess the toxicity of chemicals and efflu-
ents. Implications of this sensitivity for natural populations of
freshwater mussels are discussed below.

4.2. Effect of water hardness

Water hardness had a significant effect on the sensitivity of
glochidia to chloride. A two fold increase in the EC50 was observed
when hardness increased from 47 to 99 mg CaCO3 L}, but further
increases in hardness were less effective at protecting glochidia
(Table 3). The ameliorating effect of water hardness on chloride
toxicity has been previously documented, in fact the state of lowa
has recently (2009) updated water quality criteria for chloride to
adjust for water hardness (lowa Department of Natural Resources,

Summary of chloride concentrations in four significant mussel habitats in southern Ontario, the total number of mussel species and species at risk found in each habitat, as well
as the observed 24 h chloride EC50s and EC20s for Lampsilis faciola glochidia in toxicity tests conducted with salt-spiked samples of those waters.

Conservation authority CA mean chloride CA range chloride

Observed EC50

Observed EC20 Total mussel Mussels species

(mgL™) (mgL™) (mgL™1) (mgL™1) species at risk®P
Grand River 53 (1), n—45 2-507 1313 (1239-1394) 432 (365—496) 25¢ 9
St. Clair Region 42 (14),n=9 8-149 1559 (1338—1824) 403 (155-617) 344 12
Maitland Valley 38(29),n=13 7-212 1391 (1308—-1481) 261 (174—-342) 9¢ 2
Upper Thames River & 58 (38), n =38 6-1300 1265 (1167—1372) 153 (34-258) 26 1

LowerThames Valley

Watersheds in Ontario are organized by Conservation Authority (CA). Chloride data provided by the Ontario Ministry of the Environment (2009). Mean chloride values and
ranges are for data collected from 1998 to 2008. Values reported as ‘Mean’ are the average of all site averages (repeated sampling at one site over time) for each CA. The number
of individual site averages used to determine a ‘CA Mean’ (with standard deviation) is reported as n.

2 Endangered species in Canada are designated by the Committee on the Status of Endangered Wildlife in Canada (COSEWIC, 2007).

b Endangered species data, Department of Fisheries and Oceans, 2010.
¢ Metcalfe-Smith et al., 2000.
d Jacques Whitford Environment Limited, 2004.

€ DJ. McGoldrick, ].L. Metcalfe-Smith, Environment Canada, Burlington, ON, Canada, unpublished data.

f Morris and Edwards, 2007.
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Table 5
Acute toxicity of chloride (LC50s or EC50s) to various aquatic organisms illustrating the range of previously reported?® sensitivities for each group.
Taxonomic Species Exposure LC50 (mg CI L™1) Reference
Group duration (h)
Molluscs GlochidiaP (4 species) 24 113-1430 Current study
Glochidia® (5 species) 24 334-2008 Bringolf et al. (2007)
GlochidiaP (3 species) 24 1625—-1868 Valenti et al. (2007)
Glochidia® (1 species) 24 1213-1638 Cope et al. (2008)
Physa sp. (snail) 96 3257 Clemens and Jones (1954)
Cladocerans Daphnia ambigua 48 1213 Harmon et al. (2003)
Daphnia magna 48 2893 Mount et al. (1997)
Amphibians Ambystoma maculatum (larvae) 96 1178 Collins and Russell (2009)
Bufo americanus (larvae) 96 3926 Collins and Russell (2009)
Fish Pimephales promelas 96 3876 Mount et al. (1997)
Fundulus kansae 96 9706 Clemens and Jones (1954)

¢ Data were limited to peer-reviewed publications.
b Free glochidia (i.e. not encased in conglutinates).

2009). The protection provided by hard water is beneficial for the
freshwater mussels of southern Ontario as many key mussel
habitats have very hard water (Table 1).

4.3. Chloride sensitivity in natural waters

L. fasciola glochidia were significantly less sensitive to salt in
natural water than in reconstituted water. Some of the discrepancy
can be explained by difference in water hardness because all of the
natural waters tested were much harder (278—322 mg CaCO3 L™ 1)
than the moderately-hard reconstituted water (100 CaCOs3 L
used in the L. fasciola exposures. However, the four fold difference
in EC50s is much larger than would be expected based solely on the
difference in hardness because the L. siliquoidea exposures with
a similar increase (100—322 mg CaCOz L™!) produced less than
a 30% difference in the chloride EC50. These data suggest that in
addition to the protection provided by elevated water hardness that
other water chemistry factors contributed to the reduced toxicity of
chloride in natural waters.

The EC50 (3416 mg Cl L) of conglutinate encased P. fasciolaris
glochidia exposed to the salt-augmented water of the Grand River is
nearly three times that of L. fasciola glochidia in the same water. This
could simply be another example of intraspecific variation in
glochidia contaminant sensitivity, or it could indicate that the life
history strategy of encasing glochidia in conglutinates not only
facilitates host transfer, but may also provide protection for the
encased glochidia from chloride and potentially other ionic water-
borne contaminants. For the current study it is not possible to
determine the reason for the higher EC50 in conglutinate encased
glochidia, although a previous study demonstrated that P. fasciolaris
conglutinate encased glochidia were four fold less sensitive to copper
than glochidia released from their conglutinate (Gillis et al., 2008).

The advantage of using reconstituted waters in toxicity tests is
that they provide consistency and permit comparison between
studies and between species; the disadvantage is that EC50s
produced in reconstituted water may not necessarily predict how
an organism will respond to that contaminant in its natural envi-
ronment. On the other hand, one disadvantage of natural water
exposures is that other contaminants may be present which can
contribute to toxicity. Perhaps the variable (78—93%) control
survival in the natural waters examined was due to other
contaminants. One such contaminant of concern is potassium
which is much more toxic than chloride. Imlay (1973) observed that
only 2 of 10 rivers in the United States with potassium concentra-
tions greater than 4 mg L~ supported freshwater mussels, whereas
28 of 39 rivers with levels less than 4 mg L~ ! were found to support

mussels. All four natural waters tested were at or near this apparent
threshold (Table 1). Moreover, preliminary data (Gillis unpub-
lished) indicate that glochidia are sensitivity to potassium
(L. fasciola 24h moderately-hard reconstituted water LC50,
10 mg KL™1). The potential effect of elevated potassium on fresh-
water mussel recovery requires further study especially because
potassium chloride is currently being used as an alternative to
sodium chloride for winter road maintenance (Evans and Frick,
2001). There have also been concerns that in some water bodies
copper may be negatively impacting freshwater mussels (March
et al,, 2007; Ward et al., 2007). Background copper levels in the
natural waters tested ranged from 5 to 6 pugL~' (Table 1), but
considering the level of DOC in these waters (>4 mg C L™1) it is
unlikely that copper contributed to the observed toxicity (Gillis
et al., 2010; Wang et al., 2009). Unfortunately no comment can be
made on the potential contribution of organic contaminants (such
as pesticides) to the variation in control survival because these
water samples were not analyzed for organics.

4.4. Implications for native populations of mussels

The rivers and streams of the lower Great Lakes Basin contain
the richest assemblage of freshwater mussels in Canada (Metcalfe-
Smith et al,, 1998). After surveying historic (pre-1960) and more
recent (up to 1996) mussel distribution data for southern Ontario,
Metcalfe-Smith et al. (1998) concluded that significant species
losses (15—30%) had already occurred, thereby verifying that the
freshwater mussel decline documented in the U.S. (Neves et al.,
1997) is also occurring in Canada. Although, many factors from
exotic species to habitat loss (Williams et al., 1993; Bogan, 1993;
Gillis and Mackie, 1994) are thought to have contributed to the
decline of freshwater mussels, the role of waterborne contaminants
remains uncertain. The chloride levels in the mussel habitats
examined along with the heightened sensitivity of glochidia to NaCl
suggest that chloride may in fact be impacting freshwater mussels
in the lower Great Lake Basin. Even though the ‘Mean’ chloride
concentrations (10—50 mg C1 L~ 1) indicate that during the majority
of the year, chloride levels are below the EC50, there are many
documented instances where chloride concentrations would be
toxic to glochidia. Even considering the higher EC50s produced in
field-collected water (1265—1559 mg Cl L~1), some rivers such as
the Thames River, a habitat that supports eleven federally endan-
gered species of mussels can exceed (1300 mg L~!) the level found
to be toxic to 50% of the glochidia.

Based on the results of this study, it is clear that even short-term
spikes in chloride during the period of glochidia release would have
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a negative impact on the successful reproduction of freshwater
mussels. Fortunately for most species, timing appears to be in the
glochidia’s favor, because the largest chloride spikes typically
coincide with snowmelt (PWQMN, 2009), months before glochidia
are released into the water column. However, many mussel species
are referred to as long term brooders. This means that glochidia are
held in the marsupial gills throughout the winter and released the
following spring (Barnhart et al., 2008). Although there is evidence
that brooding glochidia are less sensitive to waterborne copper
than those released to the water column (Jacobson et al., 1997), it is
unknown whether brooding glochidia are affected by the chloride
laden waters their mothers are exposed to in early spring. While
glochidia are only present in the water column during the spring
and summer months, juvenile mussels, which have also been
shown to be sensitive to some waterborne contaminants (Wang
et al., 2007) would be exposed to chloride throughout the year.
Another potential and likely year-round source of chloride is
contaminated groundwater (Kincaid and Findlay, 2009). Juvenile
mussels, because they remain burrowed in the sediment for their
first few years of life, would be most at risk from elevated chloride
from groundwater upwelling. Although the present study exam-
ined the potential risk of chloride toxicity in lotic habitats of
freshwater mussels, urban basin analysis suggests the potential for
chloride toxicity may be even greater in lentic habitats. Chloride
contributes to densimetric stratification of receiving waters
(Marsalek, 2003; Eyles and Meriano, 2010) which results in higher
chloride concentrations just above the sediment-water interface in
static or slow moving water bodies. Such stratification could
exacerbate the risk of acute chloride toxicity for freshwater mussels
living in embayments and lakes subjected to road salt runoff.

5. Conclusion

This study has demonstrated that compared to most other
aquatic organisms that glochidia are very sensitive to chloride. It
has also been demonstrated that increased water hardness and
natural river water offer ‘protection’ from acute chloride toxicity.
But even considering these ameliorating factors, the level of chlo-
ride, likely from road salt runoff, in key mussel habitats in the lower
Great Lakes Basin, may pose a threat to the successful reproduction
and thus recovery of endangered freshwater mussels in this area.
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Salinity in freshwater ecosystems has increased significantly at numerous
locations throughout the world, and this increase often reflects the use or
production of salts from road de-icing, mining/oil and gas drilling activities,
or agricultural production. When related to de-icing salts, highest salinity
often occurs in winter when water temperature is often low relative to mean
annual temperature at a site. Our study examined acute (96 h) responses to
elevated salinity (NaCl) concentrations at five to seven temperature treatments
(5-25°C) for four mayfly species (Baetidae: Neocloeon triangulifer, Procloeon
fragile; Heptageniidae: Maccaffertium modestum; Leptophlebiidae: Leptophlebia
cupida) that are widely distributed across eastern North America. Based on
acute LC50s at 20°C, P. fragile was most sensitive (LC50= 767 mg =
1447 pScm™'), followed by N. triangulifer (2755mgl~", 5104 uScm™Y),
M. modestum (2760 mgl~!, 5118 pScm™') and L. cupida (4588 mgl1 ",
8485 uS cm ). Acute LC50s decreased as temperature increased for all four
species (1 =5-7, R?=0.65-0.88, p = 0.052-0.002). Thus, acute salt toxicity
is strongly temperature dependent for the mayfly species we tested, which
suggests that brief periods of elevated salinity during cold seasons or in
colder locations may be ecologically less toxic than predicted by standard
20 or 25°C laboratory bioassays.

This article is part of the theme issue ‘Salt in freshwaters: causes,
ecological consequences and future prospects’.

1. Introduction

Salinity in fresh waters is naturally variable, primarily reflecting differences
in concentrations of dissolved inorganic cations calcium, magnesium and
sodium, and anions carbonate, sulfate and chloride [1,2]. The differences in
ion concentrations among fresh waters primarily reflect the weathering of soil
and bedrock underlying a watershed, atmospheric deposition, and the
evaporation—precipitation cycle. Sodium is generally less common than cal-
cium and magnesium, and chloride is generally less common than carbonate
or sulfate in natural waters. Elevated Na and Cl concentrations have been
observed in effluents from wastewater treatment plants that reflect use
of water softeners, table salt in the human diet, and disinfection before dis-
charge [3,4], in wastewaters from some industrial, coal mining, and oil and
gas production activities [5-7], in runoff and groundwater associated with
various agricultural practices [8], and in road runoff following applications of
de-icing products such as rock salt and anti-icing brines [9-13]. Recent analyses
of multi-year data have found that sodium and chloride concentrations in sur-
face waters have been increasing over the last two to five decades, at multiple
locations (e.g. [14-18], and more recently [19-21]). This increase in sodium
and chloride is part of a worldwide trend for increasing salinity along
with pH and alkalinity [22-27], which was recently labelled the Freshwater Sal-
inization Syndrome [28,29].

© 2018 The Author(s) Published by the Royal Society. Al rights reserved.
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With these increases in ambient salinity, there has been
renewed interest in the toxicity of salt in our aquatic ecosys-
tems. Building on early toxicity tests [30], researchers have
again begun examining salt toxicity by focusing on specific
ions such as sodium, magnesium, chloride, carbonate, and
sulfate (e.g. delivered as NaCl, MgCl,, Na;SO,) for a variety
of aquatic algae [31], insects and other macroinvertebrates
[32-41], mussels [42-46], zooplankton [47,48], amphibians
[49,50], and fish [32,51-53]. Other researchers have
approached salt toxicity as a function of total salinity (as
salt concentration or electrical conductivity), rather than as
an ion-specific issue (e.g. [54—57]). The challenge in both
cases is general applicability of findings as it is well known
that ion composition is important to overall salt toxicity
[30,58-62]. Additional references can be found in review
articles [63—-69]. Salt toxicity has been found to vary greatly
among aquatic species, with recent data showing that some
mayflies and juvenile mussels are among the most sensitive
species tested [34,52,56,70]. The combination of salt sensitivity
and elevated ambient salinity suggests that, at least at times, salt
may reach levels that may have a negative affect on aquatic
organisms [10,31,71-76].

There are two challenges in understanding the potential
salinity toxicity under field conditions in colder climates
where de-icing salts can increase salinity dramatically
during snow/ice storms. First, most salt toxicity studies
have been conducted at constant 17-25°C, which are the
recommended test temperatures for standard acute and
chronic toxicity tests for many species, [77,78]. However, in
colder climates where de-icing salts are frequently used,
water temperature can vary naturally across seasons, with
winter lows of 0-10°C versus summer highs of 20-30°C
(e.g. figure 1). In addition, there can be significant differences
among years (e.g. an interannual range of 10°C or more;
figure 1). It has been found that temperature can affect tox-
icity of many chemicals [79-86]. For most toxins and
species, the relationship between temperature and toxicity
is positive—increases in temperature result in increased
toxicity (i.e. a lower LC50). Mayer & Ellersieck [80] summar-
ized the relationship as a 10°C increase in temperature results
in a two- to fourfold decrease in the LC50. Second, streams
and rivers that exhibit a long-term increase in Na and CI con-
centrations also often exhibit a strong seasonal cycle that
includes frequent, short-term snow and ice events when sal-
inity can be many times greater than at base flow (figure 2)
[87,88]. This is a sharp contrast to streams with little urbaniz-
ation (e.g. figure 1 and [88]). Unfortunately, the magnitude
and duration of these events are often not well quantified
in the historic data because these data are primarily periodic
grab samples while snow and ice events are better described
with a continuously recording sensor. While the recent
studies of salt toxicity have addressed the range of conditions
needed to set regulatory limits [47,89], they have not included
seasonal temperature variation as part of their analyses.

This paper describes a series of experiments that exam-
ine lethal responses of mayfly (Ephemeroptera) larvae in
acute (96 h) exposures to elevated salinity (i.e. NaCl
added to moderately hard source water) at five to seven
different temperatures. The results show how understand-
ing the experimental relationship between temperature
and salt toxicity can provide important insight into the tox-
icity of ambient salt concentrations, especially those
originating from winter de-icing programmes.

White Clay Creek
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Figure 1. Long-term seasonal variation (date plotted as Julian day) in water
temperature (mean daily from various continuous recorders, 2008—2017) and
chloride concentration (from grab samples, 1969—2017) for White Clay Creek
at the Stroud Water Research Center, 39°51'38.41” N, 75°47'01.96" W.
Values greater than 20 mg Cl 1~ are presumably evidence of local de-icing
efforts during winter. (Online version in colour.)

Water for all tests was collected from White Clay Creek at the
Stroud Water Research Center (39°51'38.41” N, 75°47'01.96" W),
Chester Co. Pennsylvania, a limestone-influenced, headwater
stream that drains a 7 km?, rural (less than 0.5% developed)
watershed and is moderately hard (mean 97 mg CO3™ 171 with
relatively low salinity (143.8 mg 1™, table 1). Seasonal patterns
in temperature and chloride (as an indicator of de-icing salts
affecting background salinity) from long-term data for White
Clay Creek are shown in figure 1. The temperature treatments
(see below) are representative of the range of conditions these
test mayfly populations have experienced for generations in
White Clay Creek. In contrast, the relatively low salinity in the
historic data suggests that these wild mayfly populations from
White Clay Creek have not been exposed to sodium or chloride
concentrations similar to those in our experimental treatments in
the last 50 years. Background concentrations on four dates when
water was collected for laboratory bioassays averaged 6.6 mg 1™’
for sodium and 12.3 mg 17! for chloride (table 1).

To provide context for laboratory results, field data were col-
lected every 5 min (30 Mar 2017-1 May 2018) with a Decagon
CTD-10 (electrical conductivity or specific conductance corrected
to 25°C, temperature, depth) sensor in Rocky Run, First State
National Historic Park, New Castle County, Delaware, USA
(39°49'00.45” N and 75°33/02.84” W), which drains a highly urba-
nized (60% developed), 2 km? watershed about 20 km from the
Stroud Water Research Center. Salinity for Rocky Run was esti-
mated from the conductivity : salinity relationship used in our
experiments with White Clay Creek water, where salinity =
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Figure 2. Seasonal variation (from 30 March 2017 to 1 May 2018) in maximum daily salinity as conductivity (.S cm ") and mg |, and maximum daily temp-
erature (°C) for Rocky Run, First State National Historic Park, New Castle County, Delaware. (Online version in colour.)

Table 1. Chemical characteristics of moderately hard water from White Clay Creek, PA used in acute toxicity tests in 2016. TDS, total dissolved salts.

4 Apr 2016 16 Apr 2016
06.30 07.00
pH 77 82
conductivity (.S cm™") 238 232
i o
hardness (mg €031 ") 9% 93
iy R
Mg*" (mg17") 8.8 8.0
R
Na® (mg1™") 7.1 6.1
G iy o o
02~ (mg 17" 17.0 176
S (mg 1) 139 160

(electrical conductivity — 23.099)/1.844, where salinity is in
mg 17}, and electrical conductivity is in pScm ™! at 25°C.

(b) Study species

Mayflies were chosen for this study because Ephemeroptera are
ecologically significant in most streams and rivers, and they are
considered pollution sensitive and have historically played
important roles in water quality monitoring programmes
[90-92]. We quantified acute responses to short-term (96 h)
chloride exposures for four mayfly species that are common in
White Clay Creek (where test species were collected) and
widely distributed in eastern North America. Neocloeon trianguli-
fer (McDunnough 1931) was until recently called Centroptilum
triangulifer [93] and before that Cloeon triangulifer [94]. It is a

12 May 2016 5 June 2016
08.30 11.45
77 78 79
239 241 238
B S
97 100 97
e
86 82 84
S
6.5 6.5 6.6
D o
17.5 17.2 173
B

parthenogenetic (clonal) mayfly species [95,96] that is most
abundant during summer, when it has a relatively rapid
larval development (egg hatch to adult in 25-30 days at
20°C). We worked with Stroud Water Research Center
(SWRC) Clone WCC-2®, which occurs in low larval numbers
during the winter, with minimal growth below 9.6°C. This
specific clone has also been recently used in a number of
experiments examining the toxic effects of cadmium, mer-
cury, selenium and zinc [97-102], and chloride and sulfate
salts [34,36,38-40]. Procloeon fragile (McDunnough 1923) was
for many years called Centroptilum fragile [94]. It is a sexual
mayfly species that exhibits a life history similar to that of
N. triangulifer except that it has a winter egg diapause. Maccaf-
fertium modestum (Banks, 1910) was long known as Stenonema
modestum, but was recently reclassified [103]. It is a sexual
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species that exhibits a bivoltine or multivoltine life history at
White Clay Creek, with larval development of about 80 days
at 20°C. Leptophlebia cupida (Say 1923) is a sexual mayfly species
that exhibits a univoltine life history that begins with eggs
hatching in mid-June and adult emergence the following April.

(i) Experimental treatments

We quantified acute responses of four mayfly species in short-
term (96 h) exposures to elevated NaCl (A.C.S. reagent; J.T.
Baker 33624-05). NaCl was chosen for these experiments because
it represents 90-98% of the rock salt (halite) used for de-icing
roads [104]. We conducted 100 temperature-specific acute tests
(each test had one replicate of 20 individuals for each salinity
treatment), with 20 newly hatched 1st instar larvae for N. triangu-
lifer, P. fragile, L. cupida or M. modestum placed in a 30 ml beaker
containing 15 ml of treatment solution. Newly hatched larvae
were chosen because younger/smaller individuals are often
more sensitive than older/larger individuals of the same species
[55,105-107].

Each toxicity test had six treatments: a control (0 mg NaCl1™!
added to White Clay water) and five elevated salinity treatments
that represented a 50% dilution series (i.e. 412, 824, 1649, 3297,
6594 mg NaCl1 ! added to White Clay water for N. triangulifer
and P. fragile, and 824, 1649, 3297, 6594, 13188 mg NaCll '
added to White Clay water for L. cupida and M. modestum).
These were static (no renewal) experiments, conducted at five
to seven constant (+0.1°C) temperature treatments (i.e. 10,
12.5, 15, 20, 25°C for all species, with the addition of a 7.5°C treat-
ment for M. modestum and 5 and 7.5°C treatments for
N. triangulifer and L. cupida). A diatom slurry (i.e. ca 20 ul of
biofilm scrapings suspended in White Clay water) was provided
as food in each test vessel for N. triangulifer and P. fragile. Food
was not provided in L. cupida and M. modestum tests. Four repli-
cate tests were run for each temperature treatment. Photoperiod
(light : dark) was 16:8 h during the tests. Temperature in the
rearing system was recorded every 5 min, and calibrated with a
certified thermometer. Salinity across treatments was monitored
with a calibrated conductivity meter.

Mayfly response was reported as survivorship after 96 h,
and summarized as the lethal salinity associated with 50%
mortality (or LC50) estimated using the nonparametric
trimmed-Spearman—Karber method [76,108] of test population
at a specific temperature. The relationship between temperature
and LC50 for each species was assessed with a simple linear
regression of geometric means. Linear regressions were used
because it was a simple assessment of the relationship between
five to seven temperature treatments and salinity toxicity, and
because regression slope was consistent across the temperature
range, which facilitates interpretation and incorporation into
regulatory standards.

3. Results and discussion

(a) Interspecific differences in mayfly sensitivity
to elevated salinity

Control survival was greater than 90% in most of the acute
toxicity tests reported for P. fragile, N. triangulifer and
L. cupida, and those tests with slightly higher control
mortality were still included in these analyses as their dose-
responses were similar to other tests. Survival was less than
90% for many tests with M. modestum (suggesting this species
should be fed during 96 h tests), but the response to tempera-
ture was similar to the other mayfly species and is included in
this report. However, because of low control survival, the
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Figure 3. Relative sensitivities for the mayflies N. triangulifer, P. fragile,
M. modestum, and L. cupida based on LC50s (expressed as mg CI 17", elec-
tronic supplementary material, table S1) for 10 and 20°C (table 2) plotted
with fish, amphibian and invertebrate data included in fig. 3 from [52].

LC50s for M. modestum should be used with caution until
further verification.

Mean LC50s estimated by the nonparametric trimmed-
Spearman-Karber method are expressed as salinity
(mg 1Y) and electrical conductance (uScm™!) in table 2.
We prefer to compare toxicities among mayflies at 20°C
because it appears in some mayfly species we have examined
that 25°C is physiologically stressful, independent of the
chemical stressor being evaluated. Based on acute LC50s at
20°C, P. fragile was most sensitive (LC50 = 767 mg 1~ ", 1447
pScm™ 1Y), followed by N. triangulifer (2755mgl~", 5104
pScem™!) and M. modestum (2760 mg1~!, 5118 pScm™?),
and finally L. cupida (4588 mg 171, 8485 uScem™Y) (table 2).
NaCl toxicity for N. triangulifer has been examined in earlier
studies [34,36,39], but all at 25°C. The acute LC50 for N. trian-
gulifer at 25°C in our study was markedly lower than LC50
we observed at 20°C as well as the LC50s estimated by
Soucek & Dickinson [34], Struewing et al. [36], and Soucek
et al. [39]. Our LC50s for 25°C for all four mayfly species
were not out of line with LC50s from colder temperature
treatments, and the temperature versus LC50 regressions
fitted the data relatively well (see below), so we do not cur-
rently have an explanation for differences observed among
the studies of N. triangulifer. When salinity was expressed
as electrical conductivity (uS cm ™! or mSem™Y), the LC50s
we observed for the baetids P. fragile and N. triangulifer
(1447-5104 S cm™?) were similar to those observed for the
baetid Centroptilum sp. (1.8-5.6 mScm ' in [59], and 10
mScm ™! in [57]), and less than was observed for the baetid
Cloeon sp. (21 mS cm™ ! in [57]).

Mayflies are generally considered pollution sensitive,
and are important contributors to metrics used to assess pol-
lution impacts [90-92]. When we compared the LC50s for
our mayflies at 20°C (expressed as mg Cl 17}, electronic sup-
plementary material, table S1) relative to the acute LC50s
included in fig. 3 of [52], P. fragile was among the most sensi-
tive species, M. modestum and N. triangulifer was moderately
sensitive (ca 25th percentile) and L. cupida was average (45th
percentile) (figure 3). Relative sensitivity for mayflies in our
study would be even higher if we used LC50s from the
common test temperature of 25°C (table 2)—P. fragile, N. tri-
angulifer and M. modestum would be among the most
sensitive, and L. cupida would be moderately sensitive.
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Figure 4. Simple linear regressions describing the relationship between temperature and acute salinity LC50s for the mayflies L. cupida, N. triangulifer, M. modestum

and P. fragile.

Table 3. Simple linear regression results for figure 4 describing the relationship between temperature and acute salinity toxicity expressed as LC50 (geometric

means, mg |~ ").
species N Pr>F
N. triangulifer 7 0.002
P. fragile 5 0.026
L. cupida 7 0.011
M. modestum 6 0.052

Conversely, the mayflies in our study would not be con-
sidered sensitive if we used LC50s from the 10°C test
temperature (figure 3) We saw similar relative sensitivity
when our study mayflies were compared to the mayflies
and other macroinvertebrates presented in Wang et al. [70],
and in the broader global survey of salinity sensitivity for
mayflies and other macroinvertebrates in Kefford et al. [56].

The four mayfly species included in our study were not
selected based on presumed or known pollution sensitivity.
In fact, it is possible there are mayfly species that are as or
more sensitive to elevated salinity than the species we exam-
ined. Our data, in combination with other published
observations such as Wang et al. [70] and Kefford et al. [56],
support the general belief that mayflies as a group are
relatively sensitive to elevated salinity, although the physio-
logical mechanisms surrounding mayfly sensitivity to salt
remain to be determined [109]. Cormier et al. [110] defined
a maximum acute benchmark of 680uScm ! for salinity
derived from field observations of occurrence for 142
stream macroinvertebrate genera and annual chemistry
data. While this hypothetical benchmark might not be
directly comparable with our laboratory studies (Cormier
et al. [110] eliminated several sites with high chloride),
680 uScm ! (=369 mgl ' in our study) would appear to
be over-protective for all species based on the LC50s at 5—
10°C, and protective for N. triangulifer, M. modestum and
L. cupida, and possibly P. fragile, based on the LC50s at 20°C.

R? intercept slope

0.881 12211.2 —503.7
0.850 9616.0 —391.8
0.756 13 8515 —402.2
0.653 104253 —331.9

The benchmark might not be protective for P. fragile and
N. triangulifer based on the LC50s at 25°C.

It is important to note that salinity toxicity is known to vary
among salts and dilution waters tested [30,39,41,47,58—-61], so
our toxicities for elevated salinity that is predominately
NaCl must be used with caution when referring to other
de-icing and anti-icing salts such as MgCl,, CaCl,, KClI or cal-
to the
‘chemical cocktail’ that characterizes the Freshwater Saliniza-
tion Syndrome [29], or to ambient waters with natural
salinities that are markedly lower or higher than in White

cium magnesium acetate (CaMg,(CH;COO)q),

Clay Creek (e.g. a soft-water stream or a limestone stream).

(b) Changes in salinity toxicity in response
to temperature

The relationship between salinity toxicity and temperature is
important because, in regions where de-icing salts are fre-
quently used, water temperature can change significantly
with seasons (figure 1). Moreover, salinity from de-icing
efforts peaks following snow and ice events when stream
temperature is often nearest its lowest level, and well below
the 20 or 25°C temperature used in standard bioassays
(figure 2). We observed a significant or nearly significant
(n=>5-7, R?=0.65-0.88, p = 0.052-0.002) decrease in tox-
icity (i.e. acute LC50s increased) as temperature decreased
for all four species (figure 4 and table 3). Based on the
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Figure 5. Plot showing mean 96 h LC50 for N. triangulifer at 5 and 20°C with seasonal variation (from 30 March 2017 to 1 May 2018) in 96 h running salinity as
conductivity (S an” ") and mg 1=, and 96 h mean running daily temperature (°C) for Rocky Run, First State National Historic Park, New Castle County, Delaware,

USA. (Online version in colour.)

regression slopes, the rate of change was similar for P. fragile,
M. modestum and L. cupida. Their LC50s decreased between
332 and 402 mg 1! for each 1°C increase in temperature. The
response for N. triangulifer was somewhat stronger and
its LC50s decreased 504 mg 17! for each 1°C increase in temp-
erature. The LC50s for L. cupida and M. modestum increased
1.7-1.9-fold for each 10°C decrease in temperature while the
LC50s for N. triangulifer and P. fragile increased 3.5-3.6-fold
for each 10°C decrease. This difference between L. cupida and
M. modestum versus P. fragile reflects the estimated LC50s rela-
tive to the rate of change per °C. The species with lowest LC50
(P. fragile) increased proportionally more per °C than species
with higher LC50s (L. cupida and M. modestum). The higher
proportional change for N. triangulifer reflects a moderately
low LC50 with a higher rate of change per °C. Our results
almost match the summarization by Mayer & Ellersieck [80]
that a 10°C increase in temperature results in a two- to fourfold
decrease in the LC50. There are a few studies where reduced
salt toxicity has been observed at lower versus higher tempera-
ture [73,111,112], but the relationship between acute salt
toxicity and temperature has not been quantified in a manner
that can be applied to water quality criteria (table 3).

To illustrate how the interaction between temperature
and salinity toxicity provides important perspective to under-
standing aquatic ecosystems receiving de-icing salts, we took
the raw data used to generate figure 2 and calculated 96 h
(i.e. the duration of the acute toxicity tests) running mean
values for conductivity, salinity (from conductivity) and
temperature (figure 5). We then added the LC50 for
N. triangulifer at 5°C and 20°C to figure 5. Based on the
LC50 at 20°C, there were 21 dates that were preceded by
96 h with an average salinity that exceeded the LC50 at
20°C. In contrast, based on the LC50 at 5°C (which is more
representative of thermal conditions at the time of elevated
salinity), there were only two dates that were preceded by

96 h with an average salinity that exceeded the LC50 at
5°C. Thus, accounting for lower salt toxicity for an acute
exposure at low temperature can change one’s perspective
on the apparent toxicity of ambient conditions during
winter. However, it is important to note that, even after
accounting for lower toxicity at 5-10°C, salinity in Rocky
Run still appears to have been acutely toxic (i.e. >50%
mortality in a 96h period) for all four mayflies we
examined. This suggests that elevated salinity (e.g. averaging
9500-11500 mg 1~ * for 96 h) during winter when snow and
ice management programmes are being implemented may
contribute to the overall impairment of the macroinvertebrate
assemblage in Rocky Run, and probably other small urban
streams that receive salt-laden runoff from roads, car parks
and pavements. However, this is not to suggest that elevated
(but not peak) salt concentrations during winter are not con-
tributing to overall impairment. These non-peak exposures
are more frequent (i.e. exposure time can be longer), and
based on results for polar marine invertebrates, exposure
time must be considered in the evaluation and interpretation
of potential impact of toxicants at cold temperature [113,114].

As salinization of freshwater ecosystems resulting from de-
icing and anti-icing salts continues, the regulatory and
management challenge for winter road maintenance pro-
grammes will be to balance the need to protect public
safety and reduce the economic costs of winter storms with
the need to protect environmental health and infrastructure
integrity related to excess salt, and to address potential drink-
ing water/public health related to increased dietary intake of
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sodium [4,21,115,116]. Our study found low temperature can
reduce the frequency or intensity of salt-related toxic events
expected based on winter de-icing activities that increase
NaCl concentrations. But it also shows that NaCl concen-
trations during winter can be so high that NaCl-related
toxic events may still occur even after accounting for low
temperature. Our results can also be applied to other activi-
ties that result in acute exposure to elevated salt. For
example, spills or discharges of high salinity wastewaters
such as oil and gas brine [6,7] may have more of an impact
in summer, when both the stored wastewater and receiving
stream water are seasona]ly warmer, than in winter, when
both are cool. The negative relationship between tempera-
ture and salt toxicity we observed highlights the potential
importance in considering water temperature when inter-
preting current environmental conditions or events, or setting

Data are available as electronic supplementary material.
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Abstract: The ions Na™, KT, Ca>", Mg>", C1™, SO,>~, and HCO;~/CO5>~ (referred to in the present study as “major ions™) are present
in all freshwaters and physiologically required by aquatic organisms but can increase to harmful levels from a variety of anthropogenic
activities. It is also known that the toxicities of major ion salts can vary depending on the concentrations of other ions, and understanding
these relationships is key to establishing appropriate environmental limits. The authors present a series of experiments with Ceriodaphnia
dubia to evaluate the acute toxicity of 12 major ion salts and to determine how toxicity of these salts varies as a function of background
water chemistry. All salts except CaSO,4 and CaCO; were acutely toxic below saturation, with the lowest median lethal concentrations
found for K salts. All 10 salts that showed toxicity also showed some degree of reduced toxicity as the ionic content of the background
water increased. Experiments that independently varied Ca:Mg ratio, Na:K ratio, C1:SO, ratio, and alkalinity/pH demonstrated that Ca
concentration was the primary factor influencing the toxicities of Na and Mg salts, whereas the toxicities of K salts were primarily
influenced by the concentration of Na. These experiments also indicated multiple mechanisms of toxicity and suggested important
aspects of dosimetry; the toxicities of K, Mg, and Ca salts were best related to the chemical activity of the cation, whereas the toxicities of
Na salts also reflected an influence of the anions and were well correlated with osmolarity. Understanding these relationships between
major ion toxicity and background water chemistry should aid in the development of sensible risk-assessments and regulatory standards.
Environ Toxicol Chem 2016;35:3039-3057. Published 2016 Wiley Periodicals Inc. on behalf of SETAC. This article is a US government

work and, as such, is in the public domain in the United States of America.

Keywords: Aquatic toxicology Major ions

INTRODUCTION

Inorganic ions generally present at the highest concentrations
in freshwaters are Na®, KT, Ca2+, Mg”, Cl, SO427, and
HCO3’/CO32’ (referred to as “major ions” herein) and are used
to describe the basic chemistry of natural waters [1]. All have
physiological roles and are actively regulated by aquatic orga-
nisms [2] but can also cause toxicity when present in sufficient
excess [3]. Concentrations in natural waters are governed by a
variety of atmospheric, geochemical, and biological processes [1],
but these natural concentrations can be greatly increased by a wide
variety of anthropogenic influences, such as mineral mining, oil
and gas extraction, irrigation, road deicing, water softening, and
wastewaters from various industrial processes.

A variety of studies have shown or implicated major ions as
causes of aquatic toxicity in surface waters, with sources such as
oil and/or gas production [4,5], irrigation return flows [6,7],
mining [8,9], road salt [10], and industrial wastewater [11]. In
fact, toxicity identification studies on industrial and municipal
effluents have shown major ions to be among the more common
causes of effluent toxicity [12]. Field studies in Appalachian
streams have also found associations between changes in
macrobenthic communities and increased major ion concen-
trations from mining activities [13-15].
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Toxicity mechanism Dose-response modeling

Understanding the aquatic hazards posed by increased major
ion concentrations presents a number of challenges. First,
concentrations of major ions cannot be manipulated individu-
ally because charge balance demands that increased concen-
trations of any ion be offset by equal and opposite charge from
other ions, making it more difficult to infer the effects of
individual ions. Second, the relative concentrations of major
ions vary widely across watersheds and anthropogenic inputs,
and such differences are known to influence aquatic toxicity.
For example, based on total salt concentration, a 1:1 mixture (by
mass) of NaCl and CaCl, has substantially lower acute toxicity
to Ceriodaphnia dubia than either salt alone [3], indicating that
toxicity of this salt mixture is not simply additive. Third, the
toxicity of a single salt can vary based on the characteristics of
the water to which it is added, such as water hardness [16-20]
and, more specifically, Ca [21]. Although relationships between
water hardness and the toxicity of various other chemicals are
often attributed, explicitly or implicitly, to the Ca and Mg ions
that comprise most hardness, more detailed studies sometimes
show that the concentrations of other ions covarying with
hardness are playing important roles. For example, though
“hardness” was long reported to influence toxicity of metals
such as copper, later research demonstrated more detailed roles
of specific ions; this enhanced understanding was incorporated
into a more refined toxicity model, the biotic ligand model [22].

In previous work, Mount et al. [3] approached the toxicity of
major ion mixtures by developing a multivariate regression
model based on a large number of acute toxicity tests conducted
with many different combinations of major ion salts. The
resulting models predict the survival of 3 test species,
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cladocerans Ceriodaphnia dubia and Daphnia magna, and the
fathead minnow (Pimephales promelas) based on concentra-
tions of the 7 major ions. Although this model represented a step
forward in addressing the complexities of evaluating ion
mixtures and showed effectiveness as a predictive tool [5,23],
there are important aspects of major ion toxicity that were not
fully addressed. Notable among these was that all of the ion
solutions tested were created by adding ions to a single base
water. This issue underlies the failure of the model to represent
some influences of background water chemistry on ion toxicity,
such as the reduction of NaCl and Na,SO, toxicity afforded
by adding hardness within ranges common to natural
waters [16-21]. Other aspects of the interactions among the
ions (e.g., independent vs additive toxicity) also are incom-
pletely addressed by this regression model.

The present study is the first of 3 articles that establish a better
foundation for predicting the acute toxicity of elevated major
ion concentrations to C. dubia. The present study describes a
comprehensive study of the influence of background water
chemistry thatextends earlier work on hardness effects [16-21] to
more water chemistry factors and to more major ion salts.
Toxicities of major ion salts were evaluated using a wide range of
dilution waters; some mimicked natural waters, while others
were designed specifically to isolate different components of
background water chemistry to better understand their roles in
influencing major ion toxicity and thereby determine what is
important to risk assessment of ions in natural systems.

These experiments also allowed preliminary consideration
of exposure metrics that more effectively describe major ion
toxicity to C. dubia than total salt concentration. For example,
are there different toxicity mechanisms among the salts that
need to be addressed? Should the toxicity of a salt be related to
an individual ion or both ions, and how should concentrations of
multiple ions be combined? Should reductions in toxicity
attributable to the formation of complexes between ions and to
the general effects of high ion concentrations on chemical
reactivity be addressed?

D.R. Mount et al.

The second article will present results of mixture tests with
pairs of salts to more rigorously address the preceding ques-
tions. The third will address how the information from the other
articles can be incorporated into a mathematical model appli-
cable to any ion mixture and will test the predictions of that
model for more complex mixtures relevant to field exposures.

The acute toxicity to C. dubia was selected as the endpoint
for these efforts because this is a widely distributed organism
with considerable sensitivity to ions and for which it was
practical to conduct the large number of tests needed to
adequately address the multiple factors and interactions of
interest. The knowledge gained from the present study with
C. dubia supports more informed testing and model develop-
ment for other endpoints and species, which are now under way
and will be the subject of additional publications. When
combined with the efforts of other investigators, this body of
information will support better assessment of the risks of major
ions to aquatic communities.

MATERIALS AND METHODS

Test water composition and study design

Twenty-six experiments were conducted on the acute
toxicity of individual major ion salts to C. dubia. Each
experiment consisted of 3 to 8 simultaneous toxicity tests with
different combinations of dilution waters and toxicants, for a
total of 149 median lethal concentration (LC50) determinations.
Test waters were developed from deionized water, sand-filtered
and ultraviolet light-treated Lake Superior water (LSW), or a
combination of both. Deionized water was produced from a
Millipore Super-Q system configured as specified by the US
Environmental Protection Agency (USEPA) [24]. Lake Supe-
rior water was obtained from an intake located offshore from our
laboratory at 46.840°N, 92.004°W; typical hardness and
alkalinity are 47 mg/L. and 43 mg/L. as CaCQOs;, respectively,
with conductivity of 104 wS/cm and pH approximately 7.5. The
full ionic composition of LSW is provided in Table 1.

Table 1. Composition of dilution waters

Na K Ca Mg Cl SO, Alkalinity Hardness
Dilution water description Abbreviation Base water (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg CaCOs/L) (mg CaCOs/L)
Lake Superior water LSW 1.62  0.60 140 292 1.50  3.40 43.0 47.0
Amended Lake Superior water ALSW LSW 6.48 1.51 146 409 7.66 14.9 43.0 533
1/3x strength ALSW 1/3x ALSW 1/3x LSW 2.16 050 487 136 255 497 14.3 17.8

477 (1.18)* (4.87)* (1.36)" (5.04)" (7.88)" (14.4)
3x strength ALSW 3x ALSW LSW 194 452 438 12.3 23.0 447 129 160
(16.7)* (2.74)* (43.9* (12.3) (19.0)* (46.0)* (125)*

Moderately hard reconstituted water MHRW Deionized water 26.3 2.10 14.0 12.0 1.90 81.0 57.2 84.4
One-third strength MHRW 1/3x MHRW Deionized water  8.75 070 465 4.01 0.63 27.0 19.1 28.1
One-eighth strength MHRW 1/8x MHRW Deionized water  3.28 0.26 1.75 1.50 0.24 10.1 7.2 10.6
ALSW with high Ca:Mg ratio High Ca:Mg  0.214x LSW 6.48 1.51 19.0 140  7.66 14.9 43.0 53.3
ALSW with low Ca:Mg ratio Low CaaMg  0.214x LSW 6.48 1.51 3.00 11.1 7.66 14.9 43.0 53.3
ALSW with high C1:SOy4 ratio High CI:SO4 LSW 6.48 1.51 146 4.09 14.3 3.40 43.0 53.3
ALSW with low Cl:SOy ratio Low Cl:SO4 LSW 6.48 1.51 146  4.09 1.50 207 43.0 533
ALSW with high Na:K ratio High Na:K  0.333x LSW 7.65 0.20 146 409 7.66 14.9 43.0 53.3
ALSW with low Na:K ratio Low Na:K 0.333x LSW 1.89 10.0 14.6 4.09 7.66 14.9 43.0 53.3
ALSW with high alkalinity High Alk 0.233x LSW 28.3 1.51 146 409 7.66 14.9 90.0 53.3
ALSW with low alkalinity Low Alk 0.233x LSW 28.3 1.51 146 409 17.66 14.9 10.0 533
ALSW with varying Na LSW 1.62 1.51 146  4.09 1.50 14.9 43.0 533

3.00 3.62

10.0 14.4

30.0 453

100 153

300 460

“Parentheses denote estimated geometric average ion concentrations at designated hardness for selected U.S. waters.
ALSW =amended Lake Superior water; LSW = Lake Superior water; MHRW = moderately hard reconstituted water.
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Table 2. Major salts tested within each set of experiments

Mannitol

Mg gluconate  Ca gluconate

KHCO; MgCl, MgSO; MgCO; CaCl, Na gluconate
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Experimental Set Description
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1/3x MHRW culture vs 1 x MHRW culture,
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water vs not aged, 1 x ALSW vs 3x ALSW

Organic salts and mannitol, 1 x ALSW only

12

?Organisms from both amended ALSW cultures also tested in 1x ALSW.

Organisms from both cultures also tested in 1x MHRW.

“Duplicate tests conducted which also included 1x ALSW.

ALSW =amended Lake Superior water; MHRW

moderately hard reconstituted water.
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Some test waters were based on the commonly used
reconstituted water formulas given by the USEPA [24] and
originally proposed by Marking and Dawson [25], specifically
the formula for “moderately hard reconstituted water”
(MHRW), which was also used by Mount et al. [3]. While
commonly used, MHRW (and other reconstituted waters based
on this formula) has a chemistry (Table 1) that is atypical for
surface waters of the United States: the Ca:Mg ratio is low, the
Cl:SOq ratio is very low, and the Na concentration is extremely
high relative to hardness. The high Na concentration is a
consequence of using NaHCOj; to impart alkalinity; in nature,
alkalinity generally comes from dissolution of carbonate
minerals of Ca and Mg, but these have solubilities and
dissolution rates that are inconveniently low for water
preparation in the laboratory. The low Ca:Mg and Cl:SO,4
ratios in MHRW are not a practical requirement, and the reason
for their original selection is not clear.

To design a dilution water with chemistry more like natural
waters, we analyzed data from the US Geological Survey
national stream water-quality monitoring networks [26]. Data
records were obtained for 425 sites in operation from 1983 to
1992. Records (n = 32 895) were used that had 1) measurements
for all major ions, 2) a charge imbalance of no more than 10%, 3)
a hardness >10 and <400 mg/L as CaCOs, and 4) pH no lower
than 6.0. These data were subjected to regression analyses using
Sigmaplot (v11.0; Systat Software) to establish relationships
between log(hardness) and the logarithms of various other ion
concentrations and ratios. A formula was then developed for an
“amended Lake Superior water” (ALSW; Table 1) consistent
with these relationships. Salts were added to LSW to increase
hardness to the estimated geometric average (53.3 mg CaCO5/
L) in the US Geological Survey data for the alkalinity of LSW
(43.0mg CaCOg3/L) and to increase other ions to average values
for this hardness. Benefits of modifying LSW to create this test
dilution water, rather than creating a completely synthetic water
from deionized water, are that it provides alkalinity without
having to dissolve carbonate salts or add excessive Na and that it
will contain trace constituents from the source water that make
the water more realistic and possibly beneficial to the test
organisms.

The present study was organized into 12 sets of 1 to 4
experiments addressing different aspects of dilution water
chemistry or experimental procedure. These sets of experiments
and the toxicants that were tested are summarized in Table 2,
and the chemistries of the various dilution waters are provided in
Table 1. The purpose and design of each experimental set were
as follows.

Sets 1 and 2: Effects of acclimation to dilution water. Some
previous studies of the effect of dilution water on major ion
toxicity to C. dubia used organisms that were cultured in the
dilution water prior to testing [16-20]. This was not done
routinely in the present study because the logistics involved in
culturing organisms in so many different dilution waters
(Table 1) were prohibitive. However, because a preliminary
comparison of NaCl toxicity in MHRW and MHRW diluted by
a factor of 3 (1/3x MHRW) showed much less of an impact of
this dilution than the 1x, 1/2x, 1/4x, and 1/8 x MHRW series
tested by Elphick et al. [19], we conducted experiments to
determine whether observed salt toxicity in waters more dilute
than MHRW or ALSW varied significantly depending on
whether the organisms were cultured in these dilute test waters
or in the standard-strength water formulations. Initially,
organisms from our primary culture (in 1x MHRW) were
used to create secondary cultures in 1 x MHRW, 1/3x MHRW,
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1x ALSW, and 1/3x ALSW, which were maintained for a
minimum of 2 generations before being used in tests. The
toxicities of NaCl and MgCl, in 1/3x MHRW and 1/3x ALSW
were simultaneously tested using the cultures from both the
dilute water and the corresponding full-strength water (Table 2,
set 1). For NaCl, tests were also conducted in 1x ALSW using
both the 1x ALSW and 1/3x ALSW cultures. To further
explore this issue, we conducted additional acclimation studies
(Table 2, set 2) comparing the toxicity of several salts in 1/8x
MHRW using C. dubia cultured in MHRW and in 1/8 x MHRW
(the same composition as the 10 and 80 hardness waters in the
Elphick et al. [19] study). For NaCl, tests were also conducted in
1x MHRW using both cultures.

Set 3: Salt toxicity in MHRW versus ALSW. Because ALSW
was developed in response to concerns about the composition of
MHRW and because much existing ion toxicity information was
conducted in MHRW or similar waters, comparative toxicities
in these 2 waters were of interest. Therefore, a set of
experiments (Table 2, set 3) compared the toxicity of all major
ion salts in MHRW and ALSW, except for CaSO, and CaCOs3,
for which preliminary experiments showed no toxicity at
saturation in these waters.

Set 4: Salt toxicity in different strengths of ALSW. Natural
waters vary widely in total ion concentration, the 10th and 90th
percentiles in our analysis of US Geological Survey data being
approximately 1.5 mEq/L and 16 mEq/L for the sum of major
cations and anions. To determine the effect of varying overall
ion concentrations, another set of experiments (Table 2, set 4)
compared toxicities of 9 salts in dilution waters that had one-
third and 3 times the ion concentrations of ALSW (1/3x ALSW
and 3x ALSW,; Table 1). We note that, in natural waters,
average concentrations of the various ions do not vary exactly in
proportion with total ion concentrations, so 1/3x ALSW and 3 x
ALSW do not match our estimated field water averages at the
same hardnesses, which are also provided in Table 1 for
comparison purposes. We elected not to match the field
chemistry so that all ions would be in the same proportions
across the 1/3x, 1x, and 3x ALSW series but the ion ratios
would still be well within the ranges observed in the US
Geological Survey data.

The results of these tests were combined with separate data
for 1 x ALSW (from set 3) to compare across a 1/3x, 1x, and
3x ALSW dilution water series; for NaCl and Na,SO,4 an
additional experiment simultaneously tested this entire series to
verify results. Preparation of 1/3x ALSW was simply by
dilution of ALSW with deionized water. Creating the 3Xx
ALSW chemistry required dissolution of CaCOj to provide
higher alkalinity while maintaining the desired cation ratios, in
addition to adding other more soluble salts. This was
accomplished by adding the appropriate amounts of the various
salts to LSW in a large graduated cylinder and bubbling CO, gas
through the solution until pH stabilized near 5.0 and all salts
were dissolved. The solution was then aerated with ambient air
until pH was approximately 7.8.

Sets 5-7: Effects of modifying specific ion ratios. Most
previous work on the effects of dilution water chemistry on
major ion toxicity to daphnids has focused on water
hardness [16-20] as a generalized parameter without parsing
the influence of other ions that covaried with the hardness,
although Davies and Hall [21] did identify Ca as being more
important than Mg for the effects of hardness on Na,SO,4
toxicity. Regarding other ions in dilution water, Soucek [17]
reported an ameliorative effect of low concentrations of added
NaCl on the toxicity of Na,SO,4 to Hyalella azteca (attributed to
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the chloride requirements for this species) but no such effect on
C. dubia. At higher NaCl concentrations, there was an
exacerbation of Na,SO, toxicity for both species, attributed
to additive toxicity of the 2 salts. Soucek et al. [18] also reported
a small increase in apparent NaCl toxicity when Na,SO,4 was
added, again attributed to additive toxicity of the 2 salts.

To more completely evaluate the influence of particular
dilution water characteristics on the toxicity of major ion salts,
we tested selected salts in ALSW modified to provide
different ratios of certain ion pairs, based on the tails of the
distributions of these ratios in our analysis of US Geological
Survey data. Waters with high Ca:Mg (13.6 by mass) and low
Ca:Mg (0.27) ratios (Table 2, set 5) were created by changing
the salts added to LSW to achieve the target ratios without
altering concentrations of any other ions in the water
(Table 1). Similar approaches were used to create waters
with high and low Cl:SO, ratios (4.2 and 0.072 by mass;
Table 2, set 6) and high and low Na:K ratios (38 and 0.19 by
mass; Table 2, set 7). Some of these waters required that LSW
be initially diluted with deionized water to lower the
concentrations of a target ion to its lowest value, followed
by addition of salts to match the ALSW chemistry except for
the ion pair being manipulated (Table 1). Where required, the
CO,-aided dissolution of CaCO3 was used to restore alkalinity
to waters based on diluted LSW.

Sets 8 and 9: Effects of manipulating alkalinity and pH. The
effects of pH and alkalinity were evaluated in 2 ways. First, the
alkalinity of ALSW was reduced to 10 mg CaCOs5/L and raised
to 90 mg CaCOs/L (resulting, respectively, in pHs of 7.3-7.5
and 8.1-8.3; Table 2, set 8). Alkalinity was raised simply by
adding NaHCOj;, whereas it was lowered by diluting LSW and
adding salts to restore all cations and Cl to their same values as
in the high-alkalinity water, with SO, replacing the alkalinity
(Table 1). Second, pH was reduced to approximately 6.8 and
raised to approximately 8.5 (Table 2, set 9) without altering
alkalinity or other ions by bubbling the ALSW used in test
solution preparation with air containing 1% CO, and 0% CO,,
respectively, and enclosing test vessels in sealed chambers
containing these same CO, concentrations [27].

Set 10: Effect of sodium on potassium toxicity. Based on the
results of the tests contrasting MHRW and ALSW (set 3), we
hypothesized that the toxicity of K salts was dependent on the
Na concentration in the dilution water. To evaluate this
hypothesis, the toxicity of KCl was tested in 6 different dilution
waters with Na ranging from 1.6 mg/L to 300 mg/L (Table 2, set
10). Test waters were prepared by modifying the formulation of
ALSW to have no added Na and Cl, then adding NaCl to achieve
the desired levels of Na (Table 1).

Set 11: Effects of time-dependent calcium precipitation.
Testing of the toxicity of NaHCO; and MgCOj3; resulted in
oversaturation of CaCO; and possible loss of Ca from solution,
which would affect toxicity given the established ameliorative
effect of Ca. Although Ca was monitored in these tests, the
sampling was too limited to precisely determine the Ca
concentration to associate with the LC50. Therefore, an
additional experiment was conducted to more thoroughly
characterize the dependence of any Ca loss on time and test
salt concentration. This was a 2 x 2 x 2 factorial experiment,
the 3 factors being test salt (NaHCO3, MgCO3), dilution water
(1x ALSW, 3x ALSW), and solution age (freshly prepared vs
aged for 48 h before introducing test organisms; Table 2, set 11).
Extra replicate test cups were prepared to allow sampling of Ca
at multiple times and treatment concentrations. This experiment
provided not only NaHCO3; and MgCO5; LC50s from tests that
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were monitored better but also data with which to better estimate
Ca concentrations at the LC50 in other CO3/HCOj salt tests.

Set 12: Toxicities of gluconate salts and mannitol. Charge
balance requires including both cations and anions in any testing
of ion toxicity, making it more difficult to infer the relative
toxicities of the individual ions. In addition, results of other
experiments in the present study led us to hypothesize that the
toxicity of some salts might be related to their effect on the
osmolarity of the test solution and thus on the osmotic gradient
the organism experiences. To provide more information on the
role of the individual cations, we tested the toxicity of the
gluconate salts of Na, Ca, and Mg (Table 2, set 12). Gluconate is
an organic ion that is not expected to be absorbed appreciably
and, thus, should act only through its effect on osmotic potential
or on charge gradients, providing an informative contrast to Cl,
SO4, and HCO5/CO;5. This experiment also evaluated the
toxicity of mannitol, a sugar alcohol also not expected to be
appreciably absorbed, enabling us to manipulate the external
osmolarity without adding any ions. NaCl was also included as a
reference major ion salt.

Toxicity test procedures

Salts for all 12 combinations of the 4 major cations and 3
major anions; gluconate salts of Na, Ca, and Mg; and mannitol
were obtained from Sigma-Aldrich or Fisher Scientific. All
chemicals were American Chemical Society reagent grade or
better, with the exception of MgCO; which was specified as
meeting US Pharmacopeia requirements. The certificate of
analysis for this salt was used to determine the ratio of MgCOj;
to total salt weight for computing nominal MgCO3 concen-
trations. This certificate of analysis also specified the Ca content
to be 0.73% of the Mg content, enough to appreciably affect the
background Ca; this was used to adjust the nominal Ca
background concentration for tests on the toxicity of MgCOs.

Test organisms were <24-h-old C. dubia obtained from in-
house cultures. Most test organisms were cultured in MHRW,
but organisms for testing the effects of acclimation were also
cultured in the dilution waters for the tests (for a least 2 wk prior
to the tests); and some tests late in the present study were
conducted with organisms cultured in ALSW after a switch of
our culture to this water. The culture water for each toxicity test
is indicated in Table 3. General culture procedures followed
those described by the USEPA [24].

Static 48-h toxicity tests were conducted in 30-mL plastic
cups (Berry Plastics) filled with 10 mL test solution and held in
polystyrene boards with holes sized to the cups. These boards
were floated in a temperature-controlled water bath with a glass
sheet covering all test cups. Because preliminary studies
indicated that the response curves for major ion salts were quite
steep, we used closely spaced exposure concentrations, with
each test concentration being approximately 80% of the next
higher. Test solutions were prepared by combining the
applicable salt and dilution water to achieve the highest test
concentration (100%). From this, 2 additional solutions, 80%
and 64%, were prepared by dilution of the first; then, each of
these 3 solutions was serially diluted by 0.5 to produce a total
of 9 to 12 exposure concentrations, plus a dilution water control.
The highest salt concentration in each test varied according to its
expected toxicity (based on a combination of preliminary
testing, any preceding experiments, and literature values), but
all tests used the same relative dilution spacing. Most
experiments were structured to compare toxicity under 2 related
conditions (e.g., high and low Ca:Mg); tests were assigned to
experiments such that both conditions would be tested

simultaneously for a particular salt, using the same preparation
of dilution water and the same cohort of test organisms.

All salts except CaCO5, MgCO3;, and CaSO, could be easily
dissolved at concentrations high enough to cause mortality. For
CaCOj3; and MgCOs;, the CO, procedure in the description of set
4 was used to dissolve the salts. After adjusting to pH 7.8,
MgCOj; solutions so prepared were stable for 48h at lethal
concentrations, thereby allowing for testing as for other salts.
However, a 15 mM (1500 mg/L) CaCOj; solution dissolved in
ALSW using CO, showed substantial precipitation and settling
once the pH was raised, with the total concentration being only
6.5 mM at test start and dropping to 2.4 mM (2.2 mM dissolved)
after 24 h and to 1.2 mM after 48 h, with no mortality observed.
For CaSOQy, consistent with the findings of Mount et al. [3], a
saturated solution at 16.2mM (2200mg CaSO4/L) was not
acutely toxic to C. dubia in MHRW or ALSW. Based on these
results, no further testing was conducted with CaSO,4 or CaCOs.

Test cups were usually prepared in duplicate, but in a few
tests with CO3/HCOj salts more replicates were used to provide
test solution for more monitoring of alkalinity or Ca than in
other tests. Each cup received food in the form of 100 wL of a
50:50 mixture of yeast, cereal leaves, and trout chow [24] and
algae (Pseudokirchneriella subcapitata at 3.5 x 10 cells/mL).
Food was added based on previous work indicating that it had
minimal effect on toxicity of major ions [3] and to avoid
possible stress. Test temperature was 25 £ 1 °C with fluorescent
lighting on a 16:8-h light: dark photoperiod. Five C. dubia
neonates were added to each cup, and survival was determined
after 24 h and 48 h of exposure; death was defined as no visible
movement after gentle prodding and at least 10 s of observation.

Exposure monitoring

Temperature was monitored daily in test cups from each
simultaneous test and continuously in the surrounding water
bath. Hardness and alkalinity of dilution waters in every test
were measured by titration [28]. For tests with MgCO;5; and
NaHCO;, alkalinity was also measured in the highest test
concentration. Conductivity was used to verify that dilution of
the salt solutions was done properly and was measured (model
2052; Amber Science) in each treatment at the start of the
exposure, in every treatment that had 100% mortality after 24 h,
and in all remaining treatments at 48 h. The pH was measured
(PH150 with A57198 probe; Beckman Coulter) at the start of
each test in the highest concentration and control (in all
concentrations for tests with CO;/HCO; salts), in every
concentration that had 100% mortality at 24h, and in all
remaining treatments at 48 h. Dissolved oxygen was measured
(model 58; Yellow Springs Instruments) in the highest
concentration and control at the start of the test, in the highest
and lowest concentrations with 100% mortality at 24 h, and in 2
arbitrarily selected treatments at 48 h.

Because of the large number of exposure treatments
(~1500), it was not practical to measure major ion concen-
trations in every treatment. Instead, the analytical sampling
program was structured with 2 primary purposes: 1) to verify
that the dilution waters and highest concentrations were
prepared properly and 2) to verify the exposure concentrations
near the LC50. Accordingly, analytical samples were collected
at the start of exposure from each dilution water and from the
highest concentration of each salt in each dilution water. In
addition, analytical samples were collected from each exposure
series after 24 h in the lowest concentration with 100% mortality
and at 48 h from the concentration nearest the LC50. Beyond
this routine sampling program, some tests included additional
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sampling from intermediate treatments at the beginning and end
of exposure to verify that exposure concentrations were stable
over the course of the exposure. Every dilution water was
analyzed for all 4 cations plus Cl and SO,. Because cation
analysis was more time-efficient than anion analysis, exposure
concentrations of the salt tested were verified by analyzing for
its cation. For tests of the toxicity of CO3/HCO; salts, which
caused oversaturation of CaCO5; even at the low Ca concen-
trations in dilution water, Ca concentrations were also
measured. In the Ca precipitation experiment with NaHCO;
and MgCOs; (set 11), extra test chambers were used to monitor
Ca at Oh, 24 h, and 48 h at the 25%, 50%, and 100% treatment
concentrations, in addition to the cation samples normally taken.

For cation analysis, filtered (0.45-pwm nylon syringe filter;
Grainger) and unfiltered samples were collected in early
experiments; but these analyses consistently showed no
significant difference between the 2, so later cation samples
were not filtered, except for tests with NaHCO3; and MgCO3 in
which CaCO; precipitation was a concern. Samples for cation
analysis were acidified by adding 0.2% (v/v) concentrated
HNOj; and held at room temperature; for tests with NaHCO; and
MgCOs;, this amount of acid was increased by an amount
calculated to neutralize the extra alkalinity. Cation measure-
ments were made using an Agilent 240 FS flame atomic
absorption spectrophotometer (Agilent Technologies), cali-
brated with a blank and a series of 5 standards, and verified with
a quality control standard and an independent calibration
standard at both the beginning and the end of the run.

Concentrations of Cl and SO, were determined on samples
filtered into a polypropylene centrifuge tube, stored under
refrigeration, and analyzed within 28 d. Quantifications were
made using a Dionex DX600 Ion Chromatograph with an AS50
autosampler, an LC25 chromatography oven, an ED50
electrochemical detector, and a GP50 gradient pump (Thermo
Fisher Scientific). A typical instrument run included a blank, a
series of 8 standards, a blank spike, and a quality control
standard analyzed at both the beginning and the end of the run.
Thirteen percent of all ion analyses were run in duplicate; the
average relative percentage difference was 1.6% (maximum
8%, standard deviation 1.6%).

Across all test solutions (i.e., samples other than controls) of
the 10 major ion salts for which LC50s were determined,
comparison of measured and nominal cation concentrations
averaged 98.7% with a standard deviation of 4.9% (n=329).
Individual results ranged from 83% to 116% of nominal, and
95% fell between 90% and 110% of nominal. Conductivity
measurements on all treatments confirmed that the intended
gradient of exposure existed among samples not sampled for
cation analysis. Based on these results, and the complexity of
estimating concentrations in test solutions that were not directly
measured, nominal exposure concentrations were used for
calculating LC50 values.

Analysis of dilution waters yielded a similarly high average
agreement between the measured cation concentrations and
nominal values based on past reported measurements (99.3%,
n=313) but a higher standard deviation of 10.2%; 97% of
values fell between 80% and 120% of nominal and 79% of
samples fell between 90% and 110% of nominal. This higher
variability is associated with the much lower ion concentrations
in control waters, which can inflate percentage error values; in
the more dilute waters, K in particular was at very low
concentrations, sometimes lower than can be confidently
quantified by the methods used (e.g., <0.5mg/L). Wherever
measured concentrations deviated more than 20% from nominal
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(n=28), all data from that test were reviewed; and in each
instance, the information suggested the large deviation was
likely spurious (e.g., concentrations of all other ions measured
in the same water were close to nominal). Accordingly, ion
concentrations in dilution water were also assumed to be equal
to nominal in the data analyses, except for Ca concentrations in
tests on the toxicity of CO3/HCOj salts, in which case Ca was
based on measured concentrations. Because these Ca concen-
trations varied with time and added salt concentration, this
involved interpolation of Ca measurements, which is further
discussed in the Supplemental Data.

Data analysis

Concentration—response curves were extremely steep, so that
even with the closely spaced exposure concentrations (0.8 x), it
was common for there to be only 1 (or no) exposure treatment
with partial survival less than that attributable to background
(control) mortality. For such tests, continuous concentration—
effect models cannot be fit to provide point estimates for LC50s.
Consequently, a tiered approach was used, based on the type of
calculation the data would support. For each test, a background
mortality range was defined as all treatments up to the highest
concentration at which the fraction of mortality was no greater
than at any lower concentration. The number of treatments with
partial mortality (i.e., above this background mortality range
and below the lowest treatment with complete mortality) was
then determined and used to select the type of analysis.

For tests with at least 2 partial mortalities that increased with
concentration, a tolerance distribution analysis was conducted,
using a 3-parameter model that included a background survival
parameter and assumed a log-normal distribution for the lethal
concentrations. Parameters were estimated by maximum
likelihood analysis using custom software written with Intel
Professional Fortran Composer XE 2011. Of the 149 LC50s
reported in the present study, 82 supported calculation of such
“probit LC50s.” The 95% confidence limits were calculated
using the likelihood ratio method [29]. Statistical significance of
LC50 differences between treatments within an experiment was
assessed based on these confidence limits not overlapping, so
that such differences have a significance level of at least 95%.

For tests with insufficient partial mortalities for this probit
LC50 analysis, the same likelihood ratio method was used to
calculate confidence limits for the LC50 (such confidence limits
can be assigned even when a unique point estimate for the LC50
cannot be calculated). For these tests, we assigned the geometric
mean of these confidence limits to be the point estimate for the
LC50 (“midpoint LC50s*). For cases in which there were no
partial mortalities, these confidence limits are the bracketing
concentrations (the upper end of the background mortality range
and the lowest treatment with complete mortality) and the LC50
is equivalent to linear interpolation of survival versus log
concentration between these 2 concentrations. To test the
performance of this methodology when tolerance distribution
assumptions are met, it was applied to simulated data sets
generated based on the range of observed parameters, which
demonstrated the bias for LC50 estimation to be <1% and the
confidence limits to equal or exceed 95%.

These LCS50 calculations were based on the nominal
concentration of added salt, without consideration of back-
ground ion concentrations, because different ion ratios in the
dilution water and the added salt make it impossible to express
total ion concentrations as an equivalent concentration of salt.
Initial comparisons of how dilution water differences affect salt
toxicity are also on the basis of added salt for the same reason.
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Figure 1. Effects of culturing and testing organisms in different strengths of amended Lake Superior water and moderately hard reconstituted water on median
lethal concentrations for selected major ion salts to Ceriodaphnia dubia. Error bars denote upper 95% confidence limits, and asterisks denote where confidence
limits do not overlap. ALSW = amended Lake Superior water; LC50 =48-h median lethal concentration, MHRW = moderately hard reconstituted water.

Background concentrations of the component ions of the test
salt were <5% in all but 6 tests and never >10%; these had
negligible impact on comparisons based on added salt except as
noted in Results and Discussion. However, for further analyses
of the aggregated data, exposure metrics included both
background and added ions.

Although test preparation and chemical analysis were based
on weight of the salts and the various ions, this is not a good
basis for comparing the relative toxicity of the individual salts
and ions because the toxic action of these ions should be related
to their molarity, not their mass. As such, salt and ion
concentrations were converted to molarity, which is the primary
basis for toxicity comparisons of the added salts. In addition,
evaluation of the dosimetry at these elevated ion concentrations
should consider formation of complexes between the various
cations and anions, which would affect their chemical
reactivities and thus their toxicities. It should also consider
that the high ionic strength of these solutions will reduce the
reactivity of the ions, as represented in lower activity
coefficients, and that exposure metrics thus would be best
expressed as chemical activity rather than molarity. To this end,
the ion composition at each LC50 was analyzed using the
chemical speciation program Visual MINTEQ (Ver 3.0) to
estimate chemical speciation and the chemical activity of each
chemical species. The osmolarity of each LC50 solution was
also calculated based on these MINTEQ activity estimates using
the method described by Robinson and Stokes [30].

RESULTS AND DISCUSSION

For each test (n=149), added-salt LC50 values with
confidence limits are provided in Table 3, as both milligrams
per liter and millimolarity, along with total ion concentrations
and osmolarities at these LC50s. The pH associated with each
LC50 at the end of exposure is also provided based on
measurements in treatments bracketing the LC50. All reported
tests had conductivity measurements that varied across treat-
ments in a manner consistent with the intended exposure
concentrations, and LC50s directly based on these conductivi-
ties are also provided in Table 3. Dissolved oxygen was always
above 7.5mg/L, and temperature was always within 1°C of
25°C. Measurements made at the beginning and end of

experiments indicated that evapoconcentration during the
experiment was low (<5%). Over the background mortality
range, as defined in Data analysis, survival was >90% in all
toxicity tests and averaged 98% overall.

Effects of acclimation to dilution water

Figure 1 compares LC50s for C. dubia cultured in dilute
solutions to those from our standard culture waters. Culturing
organisms in 1/3x ALSW or 1/3x MHRW had no significant
effect on the toxicities of NaCl and MgCl,, either in test waters
at these dilutions or (for NaCl only) in 1x ALSW, the LC50
estimates differing by 20% or less. Culturing organisms in 1/8 x
MHRW also had no effect on the toxicities of NaCl, NaHCOs,
and CaCl,, the LC50s differing by no more than 10%. However,
for Na,SOy4, KC1, MgCl,, and MgSO,4, LC50s for 1/8 x MHRW
test water are 20% to 45% lower for organisms cultured in 1/8 x
MHRW than those cultured in 1x MHRW, these differences
being statistically significant except for MgCl,, for which the
LC50 is uncertain because of highly variable responses in this
dilute test water.

Thus, “acclimation” to 1/8x MHRW resulted in C. dubia
being more, rather than less, sensitive to some salts when tested
in this dilute solution. Although both we and Elphick et al. [19]
established successful cultures in this water, based on our
experience with C. dubia, such a dilute solution appears to be
stressful, an indication of this being the greater variability of
organism response to salt toxicity. It is not clear whether this
should be considered an artificial stress created by manipulating
organisms long adapted to laboratory waters with higher ion
concentrations, or a natural consequence for a species not
adapted to and not endemic to such dilute waters.

These acclimation experiments were prompted by the work
of Elphick et al. [19], who acclimated cultures to dilutions
waters (for 2 generations or more) and found that, relative to 1 x
MHRW, the 7-d NaCl LC50 for C. dubia decreased by 2.1-fold
in 1/2x MHRW, 3.6-fold in 1/4x MHRW, and 8.4-fold in 1/8 x
MHRW. In contrast, for organisms both cultured and tested in
the waters, we found only a 9% decrease in the NaCl LC50
between 1x MHRW and 1/3x MHRW and only a 1.9-fold
decrease between MHRW and 1/8x MHRW (Figure 1). The
lack of culture water effect on our LC50s for NaCl suggests that
these differences between the 2 studies resulted from other
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factors, such as the longer duration in Elphick et al. [19] or a
variability associated with culturing and/or testing C. dubia in
such dilute waters. More recent communication with J. Elphick
has indicated that they have observed variability in NaCl LC50s
for C. dubia in very dilute test waters (D.R. Mount, personal
communication).

Overall, we concluded that the absence of dilution water-
specific culturing was not a substantial factor for most of our
experiments but that data for the 1/8 x MHRW waters should be
interpreted with caution. The results presented hereafter will be
only for organisms from our standard culture waters and will
consider LC50s for the most dilute test waters to be more useful
for qualitative insights into ion toxicity rather than establishing
quantitative relationships. Any quantitative uncertainties of
LC50s for such dilute waters are probably of limited practical
concern because few unimpacted surface waters will likely
experience elevations of a single salt to toxic levels while other
ions remain at such low levels.

Our culture experiments only addressed more dilute waters
than our standard culture water because discrepancies of our
results from that of Elphick et al. [19] were noted for those
waters. Although we did not evaluate effects of culturing at
higher ion concentrations, the relationship of our NaClI LC50s to
Ca concentration shows good agreement with that of Soucek
et al. [18] and Elphick et al. [19], who did culture organisms in
their different test waters. Also, Soucek and Kennedy [16]
reported only small and statistically nonsignificant differences
among Na,SO4 LC50s in MHRW for C. dubia cultured in
MHRW versus MHRW with elevated Na,SO, levels. This
suggests that acclimation to higher ion concentrations may not
be a significant factor, but more study would be needed to reach
a definitive conclusion.

Salt toxicity in MHRW versus ALSW

Figure 2 compares LC50s for 10 major ion salts tested in both
ALSW and MHRW. For NaCl, MgCl,, CaCl,, Na,SOy,
MgSO,, and MgCO;, LC50 differences are <15% and not
statistically significant. For NaHCO3;, the LC50 is 20% lower
for MHRW and is statistically significant; however, this test
involved significant precipitation of Ca, and this precipitation
was more pronounced in the MHRW test (Table 3). Given
previous studies on the effect of hardness on salt toxic-
ity [16-21], such a Ca difference would contribute to the
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observed LC50 difference. The fact that MHRW provides a
higher background Na concentration and alkalinity would also
contribute to the difference in LC50s expressed in terms of
added NaHCOs.

Only for the 3 K salts are there clear, substantial differences
between the 2 dilution waters. The LC50s are 32% to 67%
higher for MHRW than for ALSW, and these differences were
all statistically significant. Notable compositional differences
between these waters (Table 1) include 4-fold higher Na in
MHRW (because of the use of NaHCO; to add alkalinity),
3-fold higher Mg in MHRW (but similar Ca), 5-fold higher SOy,
and 3-fold lower CI. The higher Na for MHRW is of particular
interest because Na and K are linked physiologically through the
central role of Na K adenosine triphosphatases in ion regulation
and other key cellular processes [2]. Additional information
regarding this issue is provided below (see Effects of sodium on
potassium toxicity).

Comparing the LC50s in Figure 2 across salts also supports
some inferences regarding the contributions of individual ions
to toxicity. On a total molarity basis, the Na salts are
significantly less toxic than salts of other cations with the
same anion. On a total molarity basis NaCl is also significantly
less toxic than the other Na salts. For Na,SO,, the greater
toxicity could be caused by it containing 2, instead of 1, Na
atoms, in addition to any anion effects. For NaHCOs, the greater
toxicity should be partly the result of lower Ca concentrations
(Table 3) from the CaCO; precipitation induced by this salt.
These differences among Na salts will be further addressed
below (see Effects of calcium on the toxicities of sodium salts).

The K salts are much more toxic than the corresponding salts
with other cations, especially Na (Figure 2). The ratio of the Na
salt LC50 to the K salt LC50 ranges across the different anions
from 4.2 to 6.6 for MHRW and from 5.8 to 9.1 for ALSW, with
smaller ratios for MHRW resulting from the aforementioned
dilution water effect on K toxicity. These large ratios indicate
that K is the principal source of toxicity for these salts because
the anion concentrations at the LC50s for K salts are in all cases
a small fraction of those present at the LC50s for the Na salts.
The LC50 on a molarity basis for K,SO, is approximately half
that of KCl, consistent with toxicity being related to the molarity
of K rather than the molarity of the salt. Factors controlling K
salt toxicity are explored further below (see Effects of sodium on
potassium toxicity).

Figure 2. Median lethal concentrationsfor major ion salts to Ceriodaphnia dubia in moderately hard reconstituted water and amended Lake Superior water. Error
bars denote upper 95% confidence limits, and asterisks denote where confidence limits do not overlap. ALSW =amended Lake Superior water; LC50 =48-h

median lethal concentration; MHRW = moderately hard reconstituted water.
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Although less toxic than the K salts in these test waters, the
Mg salts are also significantly more toxic than their
corresponding Na salts (ratios of 1.4—4.4; Figure 2), suggesting
that, like K, Mg is also more important to the toxicity of these
salts than are the anions. On a total molarity basis, MgSO, was
approximately 2-fold less toxic than MgCl,. Given the same Mg
stoichiometry in each salt, this suggests that the toxicity of Mg is
differentially modified by the anions, perhaps by SO, complex-
ing Mg and thus reducing its toxicity. Unlike for NaHCO3, there
was no Ca precipitation in the tests with MgCO; (Table 3; and
see Supplemental Data for more information on Ca precipitation
relationships), and MgCO; was only slightly less toxic than
MgCl,. The relationship of these toxicity differences among Mg
salts to ion speciation and activity is discussed later (see Effects
of calcium on the toxicities of magnesium salts).

For Ca, only the Cl salt was acutely toxic below its solubility.
On a total molarity basis, CaCl, is more toxic (by 1.9 fold) than
NaCl (Figure 2); however, because CaCl, has twice as many
chlorides as NaCl, this result by itself provides no clear evidence
regarding relative ion toxicities.

Salt toxicity in different strengths of ALSW

Figure 3 shows the effect of varying all ions in dilution water
by comparing LC50s for 1/3x, 1x, and 3x ALSW. These
comparisons were developed by combining data from simulta-
neous tests in 1/3x and 3x ALSW with the 1 x ALSW data
generated separately (Figure 2). Also, NaCl and Na,SO,4 were
evaluated in an additional experiment with all 3 waters tested
simultaneously (marked “dup” in Figure 3); this was done to
determine if combining data across experiments might influence
conclusions. For the 3x ALSW water, ions in the dilution water
equaled between 3% and 8% of the added salt LC50, so that any
amelioration of toxicity in this water would be slightly
underestimated when based just on the added salt.

For the K salts, there is a 2.3-fold to 2.5-fold increase in
LC50s from 1/3x to 3x ALSW (Figure 3), with the LC50 for
1x ALSW being near the midpoint of these ranges. Because all
ions varied proportionately between these dilution waters, the
specific factors responsible for these differences are not directly
identifiable. However, the decreased toxicity from 1x to 3x

ALSW (entailing a 3-fold change in both Na and hardness) is
similar to the change between ALSW and MHRW (Figure 2),
between which Na differs 4-fold but hardness is just 1.5-fold
different and Ca is virtually constant, suggesting that Na is more
important than other cations to these toxicity differences.

For the Mg salts, there are substantial increases in the LC50s
from 1/3x to 3x ALSW, totaling 3.4-fold, 2.5-fold, and 1.8-
fold for MgCl,, MgCOj3;, and MgSO,, respectively (Figure 3).
For MgCQOs, the lack of difference between 1x and 3x ALSW
is associated with substantial precipitation of CaCO;5 in 3x
ALSW (Table 3). For MgCl, and MgSQO,, the LC50 increases
between 1x and 3x ALSW are similar to the corresponding K
salts; but because these Mg salts show no LC50 difference
between ALSW and MHRW whereas the K salts do, the
underlying reasons must be different. These effects of dilution
water strength should reflect the effects of the anions on the
speciation of Mg and Ca; whether such consideration of
speciation accounts well for LC50 differences among dilution
waters, and among the salts, is addressed later.

For the Na salts, LC50s show responses to ALSW strength
that are different from each other and from the K and Mg salts
(Figure 3). The LC50 for Na,SO, increases by 1.8-fold from
1/3x to 3x ALSW in both replicate tests, similar to MgSO, and
K>SOy; but the increase is all between 1/3x to 1 x ALSW. The
LC50 for NaCl increases much less from 1/3x to 3x ALSW
(1.2-fold and 1.4-fold in the different replicates). For NaHCOs,
there is a nonsignificant but slight decrease of the LC50 from
1/3x to 3x ALSW. This is again associated with precipitation
of Ca, this precipitation being more extensive in the higher
ALSW strengths, leading to Ca concentrations actually being
similar across these waters (Table 3) despite the original
formulations being 9-fold different. Possible reasons for these
LC50 differences across Na salts, including chemical speciation
and the ameliorative effects of Ca, are further addressed below
(see Effects of calcium on the toxicities of sodium salts).

For CaCl,, there is an increase of only 1.2-fold in the LC50
from 1/3x to 3x ALSW of marginal statistical significance.
This small dependence of Ca toxicity on ALSW strength,
compared with the large dependence of Mg toxicity, results in
the toxicity of MgCl, being very similar to CaCl, in 3x ALSW
(a factor of 1.3 difference) and very different in 1/3x ALSW (a

Figure 3. Median lethal concentrations for selected major ion salts to Ceriodaphnia dubia in different strengths of amended Lake Superior water (ALSW). Error
bars denote upper 95% confidence limits, and asterisks denote where confidence limits do not overlap for 0.33x and 3x ALSW. LC50 =48-h median lethal

concentration.
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factor of 3.7 difference). To the extent that the toxicity of MgCl,
(or another salt) depends on Ca, judging relative potencies is
best done at high, but nontoxic, Ca concentrations because any
adverse consequences of low Ca cannot, by definition, affect Ca
toxicity. Thus, Ca and Mg should be considered to have similar
intrinsic toxicities.

Effects of manipulating specific ion ratios

To evaluate the factors behind the responses in the 1/3x
versus 3x ALSW and MHRW versus ALSW, 3 sets of
experiments were conducted in which the Ca:Mg, Cl:SOy,
and Na:K ratios were manipulated whereas other ions
remained constant. The LC50s for MgCl,, Na,SO,4, and
MgSO, are at least 2-fold greater at high Ca:Mg than low
(Figure 4). Because total hardness and all other ion
concentrations were the same in high Ca:Mg and low Ca:
Mg waters, these differences are presumably attributable to
Ca, rather than overall hardness. These same salts have large
LC50 differences in the 1/3x versus 3x ALSW comparisons
(Figure 3), for which Ca also changed substantially (in
concert with other ions), but small LC50 differences for the
MHRW versus ALSW comparisons (Figure 2), for which Ca
was essentially the same but other ions varied markedly.
Overall, this suggests that Ca is the important factor in
differences among these various dilution waters for these
salts. The LC50s of NaCl and NaHCO3; had smaller (20—
30%) increases at high Ca:Mg (Figure 4), but the magnitude
of these effects is also consistent with the results shown in
Figures 2 and 3 and their associated Ca concentrations
(Table 3). In contrast, although KCl has a higher (15%) LC50
at high Ca:Mg, this is not statistically significant and is much
smaller than the LC50 differences for both the MHRW and
ALSW comparison (Figure 2) and the 1/3x to 3x ALSW
comparison (Figure 3) for this salt. This reinforces the earlier
suggestion of the importance of Na to K salt toxicity (see Salt
toxicity in MHRW versus ALSW).

When the C1:SOy, ratio was altered (Figure 4), no significant
differences in LC50s (<15%) exist for any of the tested salts
(Table 2), indicating that these anions are not important
characteristics of dilution water for major ion toxicity to
C. dubia. When the Na:K ratio was altered (Table 3), there also
are no significant effects on the LC50s of the tested salts. No K
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salts were included in Na:K ratio studies because the effect of
Na on K salt toxicity was evaluated separately.

Effects of manipulating alkalinity and pH

Two sets of toxicity tests evaluated the effects of dilution
water alkalinity and pH on salt toxicity (Figure 5). In the first set,
alkalinity was decreased (by dilution, then restoring other ions)
and increased (by NaHCOj; addition) relative to 1x ALSW
water, resulting in pHs of approximately 7.4 and 8.3 in the low-
alkalinity and high-alkalinity treatments, respectively, com-
pared with a typical pH of approximately 7.9 in ALSW. The
effects of these combined changes in alkalinity and pH on
LC50s are <10% and not statistically significant for NaCl,
Na,SO,4, and MgSQOy, but are larger and statistically significant
for MgCl, and KCI. For MgCl,, increasing the alkalinity
decreased the LC50 by 1.4-fold. This test was repeated, yielding
virtually identical results (Table 3). We initially speculated that
complexation by the higher HCO;/COj3 decreased Ca activity
and thus increased toxicity. However, to maintain a constant Na
concentration in these tests, the low-alkalinity water had higher
SO,, which also complexes Ca. As a result, the calculated Ca
activity in the high-alkalinity treatment is actually higher than
that in the low-alkalinity treatment, so it would not explain the
observed LC50 shift. We similarly have no explanation for the
lower LC50 (20%) for KCI at high alkalinity. One area of
needed future work is direct ion activity measurements to verify
speciation model calculations before further exploring the cause
of these effects.

In the second set of tests, pH was manipulated by CO,
partial pressure, leaving alkalinity and all other ions constant
as pH varied. For this experiment, pH had no effect on NaCl
toxicity over the pH range 6.75 to 8.20 or on MgCl, toxicity
over the pH range 6.75 to 8.50 (Figure 5). (The high pH
treatment for the NaCl tests had lower pH than for the MgCl,
tests because of an air leak in the chamber for the low CO,
treatment, so that the range of tested pHs was less than
intended.) This insensitivity of toxicity to pH manipulation
suggests that something other than pH itself is responsible for
the effects of altered alkalinity on MgCl, toxicity noted in the
previous experiment. However, although these tests at
different pHs and alkalinities indicate limited or no effect
of these factors on the toxicity of SO, and Cl salts, they do not

Figure 4. Median lethal concentrations for selected major ion salts to Ceriodaphnia dubia in amended Lake Superior water modified to have different ratios of
Ca to Mg and different ratios of Cl to SO,. Error bars denote upper 95% confidence limits, and asterisks denote where confidence limits do not overlap.

LC50 =48-h median lethal concentration.
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Figure 5. Median lethal concentrations for selected major ion salts to Ceriodaphnia dubia in amended Lake Superior water modified to have different alkalinities
and pH or different pH with alkalinity unchanged. Error bars denote upper 95% confidence limits, and asterisks denote where confidence limits do not overlap.

LC50 =48-h median lethal concentration.

encompass the much higher pHs and buffering levels of the
tests with HCO3/COj salts. Therefore, pH might still have a
role in the relative toxicity of those salts.

Effects of sodium on potassium toxicity

To evaluate the suspected effect of Na on the toxicity of K
salts, 6 dilution waters were prepared, each having the
composition of ALSW except that the Na® concentrations
were varied to be 0.070 mM (background in LSW), 0.13 mM,
0.43mM, 1.3mM, 4.3mM, and 13mM (1.62mg/L, 3 mg/L,
10 mg/L, 30 mg/L, 100 mg/L, and 300 mg/L), added as NaCl so
that the anion was the same as for the toxicant, KCI. The LC50
of KCI differs consistently and substantially across these
dilution waters (Figure 6), from a low of 2.05 mM (153 mg/L) at
the lowest Na to a high of 10.1 mM (752 mg /L) at the highest
Na. The magnitudes of these changes are consistent with the
behavior observed for KCI in the MHRW versus ALSW and 1/
3x versus 3x ALSW experiments (Figures 2 and 3 and included
in Figure 6).

Mount et al. [3] and our initial experiments (Figure 2)
demonstrated that K is the most toxic of the major ions to C.
dubia and, as aresult, the effects of K seem to greatly exceed any

Figure 6. Effect of Na on median lethal concentrations for K salts to
Ceriodaphnia dubia. Error bars denote 95% confidence limits. LC50 = 48-h
median lethal concentration.

effect of the different anions. This is demonstrated in Figure 6,
which shows agreement of other K salts and dilution waters with
the experiment regarding KCl toxicity across different NaCl
levels. Note that by compiling data for tests conducted across a
variety of dilution water compositions, the correlation of Na
with other major ions that might exist in a single experiment is
reduced, strengthening the case for Na being the primary factor
influencing toxicity of K salts. There might be some lesser
effects of other factors, as evidenced by slightly lower LC50s
(expressed as K) for KHCOj; than for KCI and K,SO, (Figures 2
and 6). As noted previously, the carbonate tests entailed much
higher pH and buffering for which effects are uncertain.
However, any such effects appear to be of less consequence than
the primary effect of Na on K toxicity.

One implication of the Na dependence of K toxicity
demonstrated in the present study is that the high toxicity of K
in typical test waters with low Na may be of limited field
relevance because K would be unlikely to be present at toxic
concentrations when Na is so low. For example, the K-dominated
effluent evaluated by Jop and Askew [11] had approximately
1.5mM Na, which would put the expected acute LC50 for K at
10 mM or higher (Figure 6). This is similar to the toxicity of Mg
salts and only 2-fold to 3-fold more toxic than Na salts.

Effects of calcium on the toxicities of sodium salts

Aside from the effect of Na on the toxicity of K, Ca is the
only other ion in the present study which exerted a substantial
influence on the acute toxicity of major ion salts to C. dubia.
Several studies have shown that hardness influences major ion
toxicity to C. dubia [16-20], though the way in which hardness
was manipulated differed across studies. Experiments by
Soucek et al. [16-18] varied hardness by adding CaCl, + MgCl,
(for NaCl toxicity tests) or CaSO,+ MgSO, (for Na,SO,
toxicity tests) in fixed ratios and keeping the remaining ions
constant, whereas Elphick et al. [19,20] varied all ions
proportionately (as in the 1/8x, 1/3x, and 1 x MHRW waters
used in the present study). In the present experiments, the
combination of manipulating all ions simultaneously in some
tests and only specific ion pairs in others (at constant hardness)
allowed us to conclude that the “hardness effect” on the toxicity
of Na salts is primarily an effect of Ca, rather than total hardness
or the other ions that covary with hardness. The same conclusion
was reached by Davies and Hall [21], who manipulated both
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total hardness and the Ca:Mg ratio to show the dominance of Ca
in determining toxicity of Na,SO4 to D. magna.

Figure 7 shows the relationship of LC50s to Ca for all our Na
salt toxicity tests using organisms cultured in 1x ALSW or
MHRW. Each panel considers different exposure metrics for
how LC50 and Ca are expressed. As a comparative performance
measure for these different metrics, residual standard deviations
of the logL.C50s (RSD,,) around the mean trend of logLC50
with Ca are provided. Mean data trends were calculated by least-
square regression of logLC50 versus logCa using Sigmaplot
with a model for an exponential rise to a maximum. This is not
intended to provide a definitive model for the relationship of
toxicity to Ca but rather only an empirical description of the
mean data trend suitable for calculating the RSDjq,.

In Figure 7A, LC50s are plotted as millimolarity of added
salt and Ca is plotted as total concentration (measured Ca for
NaHCO;j tests, nominal for others). Although the 3 inorganic
salts have a similar and substantial (2-fold to 3-fold) dependence

Figure 7. Effect of Ca on 48-h median lethal concentrations (LC50s) for Na
salts to Ceriodaphnia dubia using different exposure metrics. (A) Metrics
are LC50 as concentration of added salt and Ca concentration. (B) Metrics
are Na and Ca activities. (C) The LC50 metric is changed to osmolarity.
RSD,,, denotes the residual standard deviation of log(LC50)s from their
mean trend with Ca.
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on Ca, there is an apparent difference in the relative toxicities of
the salts, with LC50s being ordered NaCl~ Na gluconate >
NaHCO; > Na,SOy4. The RSDy, is 0.110, for which £2 SDs
corresponds to nearly a 3-fold range in LC50 at a fixed Ca
concentration, indicative of the substantial variability among
the different salts.

Because chemical reactions are governed by chemical
activity rather than concentration, the relative toxicities of salts
and their relationships to Ca should be based on chemical
activities rather than total concentrations, as in Figure 7A.
Activities will differ from total concentrations because of
formation of chemical complexes as well as reduced activity
coefficients associated with high ion concentrations (especially
for the divalent Ca ion), and these factors will differ among the
salts and dilution waters. Another issue for comparing toxicities
across these salts is that, per mole of salt, Na,SO,4 provides twice
as many Naions and 1.5 times as many total ions as do the other
salts. To address these issues, in Figure 7B, Ca is plotted as Ca
activity and the LC50s are based on the activity of Na. This
results in much closer agreement among the salts, with the
RSD,, reduced to 0.071 and the £2 SD range for LC50 reduced
to less than 2-fold; NaCl and NaHCO; now show similar
toxicity because complexation of Ca by CO3 and HCOj; in the
NaHCO; exposures causes Ca activity to be lower than that in
NaCl exposures at the same total Ca concentration. Accounting
for Na,SO,4 having twice as many Na atoms as other Na salts has
also made its LC50s more similar to the other salts; however,
Na,SO,4 now appears to be less, rather than more, toxic than
NaCl, based on the repeated tests with Na,SO, and NaCl in 1 x
ALSW and other waters with similar Ca concentration (i.e., the
cluster of red triangles near 0.1 mM Ca activity and green circles
near 0.2 mM Ca activity). This continued discrepancy between
Na,SO,4 and NaCl suggests that the anions play some role in
determining toxicity beyond their effects on cation speciation.

A simple metric for expressing the aggregate effect of Na and
anions is osmolarity, which reflects the combined, unweighted
influence of all dissolved species. Figure 7C provides LC50s on
the basis of calculated osmolarity, resulting in excellent
agreement among all the tests of Na salt toxicity. The LC50s
for the different salts now overlap within experimental
variability; the RSDj,, is reduced to 0.052 and the42 SD
range to 1.6-fold. Further support for using osmolarity as an
exposure metric comes from the test conducted with mannitol
(black star in Figure 7C), whose LC50 is not significantly
different from those of the Na salts even though its only
expected effect would be on osmolarity. While this case for
osmolarity is simply correlative and does not establish osmotic
potential as the primary stressor, an exposure metric such as
osmolarity that includes multiple ions in a nonspecific manner is
indicated by these data.

Effects of calcium on magnesium toxicity

Figure 8 examines the relationship of LC50s to Ca for all our
Mg salt toxicity tests using organisms cultured in 1 x ALSW or
MHRW. The panels address different exposure metrics parallel
to those examined in Figure 7 for Na salts and include RSD),,; as
a performance measure for these different expressions of
exposure.

In Figure 8A, LC50s are plotted as millimolarity of added
salt and Ca is plotted as total concentration (measured Ca as
appropriate for MgCO5 tests, nominal for others). There is an
even greater effect of Ca (~ 10-fold LC50 range over the 0.05—
1.0mM Ca range) for Mg salts than for Na salts (note scale
change from Figure 7). On the basis of total added salt



Water chemistry effects on El@GﬁﬁQﬁthﬁkhﬂ@hnReCewed, C|erk'S Off'Ce 3/14‘2{9 109601 Chem 35, 2016 3055

Figure 8. Effect of Ca on 48-h median lethal concentrations (LC50s) for Mg
salts to Ceriodaphnia dubia using different exposure metrics. (A) Metrics
are LC50 as concentration of added salt and Ca concentration. (B) Metrics
are Mg and Ca activities. (C) The LC50 metric is changed to osmolarity, and
black dots provide comparison to Na salt data from Figure 7C. RSD),,
denotes the residual standard deviation of log(LC50)s from their mean trend
with Ca.

concentrations, the salts have different apparent toxicities, with
MgSO, and Mg gluconate being approximately 2-fold to 3-fold
less toxic than MgCl, and MgCOj3;. These differences make the
RSDyo, (0.167) even larger than for Na salts (Figure 7A),
corresponding to a &2 SD range of almost 5-fold at a fixed Ca
concentration.

Expressing exposure on the basis of chemical activities of
Mg and Ca (Figure 8B) reduces the residual variability and the
differences between the salts because of the different degrees of
complexation of both Ca and Mg by the different anions. The
total range of the LC50s is also less because of a concentration
dependence for complexation and activity coefficients. How-
ever, the closer agreement among the data is mainly for Ca
activity >0.05mM; at lower Ca activity, there remains
considerable disparity between MgSO, and MgCl,. As noted
earlier (see Effects of acclimation to dilution water), these tests
in very dilute test water raised some concerns about variable
response and stresses associated with low ions, which might

involve effects other than from Mg and Ca. Thus, although
basing LC50s on Mg activity does provide a better metric than
total Mg concentration, it does not account for all factors of
significance. For all the data, the RSD,, is reduced to 0.123; but
if only the data at Ca activity >0.05mM are considered, the
RSD,,, is 0.102 and the £2 SD range is then 2.5-fold, half of
what is was for LC50s based on total added salt concentration.

Although osmolarity provides a possible unifying exposure
metric for Na salts (Figure 7C), it is not a useful metric for Mg
salt toxicity (Figure 8C). Using osmolarity to express Mg salt
toxicity did not improve, but rather increased, the RSD, of the
data. More importantly, the osmolarities at the LC50 for Mg
salts are 2-fold to 4-fold lower than those for Na salts at the same
Ca activity. This indicates specific action of Mg and is
incompatible with using a nonspecific, total ion metric such as
osmolarity for the toxicity of Mg salts.

Our results indicate a strong effect of Ca on MgSO, and
MgCl, toxicity, nearly a 10-fold change in LC50s from the Ca
concentration in 1/8x MHRW (0.044 mM) to that in 1x
MHRW (0.35 mM), with Figure 1 indicating even lower LC50s
at 1/8 x MHRW if organisms are cultured in this water. This is in
contrast to results from van Dam et al. [31] for an Australian
cladoceran (Moinodaphnia macleayi) collected from and
cultured in very low ionic strength water (Ca <0.02 mM). In
6-d to 7-d reproductions tests, the MgSO, concentration
reducing reproduction by 50% for M. macleayi was 2.6 mM
in the culture water but only 2-fold higher (5.0 mM) when
CaSO, was added to increase the Ca concentration by roughly
20-fold, to 0.34 mM. While there are several possible
explanations for the difference in Ca effect for the 2 species,
the van Dam et al. [31] study does reinforce concerns that
species like C. dubia tested at very low ionic strength may not
respond the same way as species (or strains) naturally adapted to
low ionic strength water.

The toxicity of calcium

Because of solubility constraints, only limited testing of Ca
salts could be conducted; and conclusions about any specific Ca
toxicity could not be made based on simple comparisons of the
toxicities of CaCl, and NaCl in our standard test waters.
However, there are some indications that the toxicity of CaCl, is
dominated by the cation, as are the toxicities of K and Mg salts.
First, any comparison of the toxicity of CaCl, to NaCl should be
made for NaCl tests in the dilution waters with the highest Ca.
Otherwise, the comparison is confounded by the exacerbation of
Na toxicity by low Ca. For the CaCl, tests (Table 3),
osmolarities at the LC50s average 45 milliosmoles/L (range,
39-52), well below the average osmolarity of 76 milliosmoles/L
(range, 69—-83) for the NaCl tests in 3x ALSW. Unless the CI
from these 2 salts acts differently, this indicates some Ca-
specific toxicity beyond the toxicity exerted by Na and the
various anions (Figure 7). Second, in ALSW, the calculated Ca
activity is 7.5 mM for CaCl, and 8.1 mM for Ca gluconate; such
similarity would not be expected if these disparate anions were
contributing to toxicity. However, the conclusion that there is
some specific toxicity of Ca is tentative and will be further
addressed in the next article in this series.

Relationship of toxicity to conductivity

Figure 9 replots the data from Figures 7 and 8 with LC50s
based on conductivity. Given the results already presented for
the toxicity of different salts, it is not surprising that these
conductivity LC50s also show a strong dependence of toxicity
on Ca and substantial variation across the different salts. The
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Figure 9. Median lethal concentration of Na and Mg salts expressed as
conductivity. LC50 =48-h median lethal concentration.

total range of conductivity LC50s is approximately 10-fold,
with up to a 5-fold range among salts at the same Ca
concentration. This indicates that assessment approaches using
conductivity as an exposure metric should have a restricted
scope of applicability regarding relative ion concentrations,
as is the case for the conductivity benchmark of Cormier
et al. [14,15].

SUMMARY AND IMPLICATIONS

In the present study, the key influences of background water
chemistry on the acute toxicity of major ions salts to C. dubia
were the effect of Na on toxicity of K salts and the effects of Ca
on the toxicity of Na and Mg salts. Although the practical
implications of the Na effect on K toxicity are limited because of
the unlikelihood of K-dominated exposures, this result does
mean that when K exposures are of concern [11] effects
concentrations based on typical laboratory tests with low Na
concentrations would overestimate risk. Regarding the Ca
effects, although a hardness dependence of toxicity was already
known for some Na and Mg salts [16-20] and Davies and
Hall [21] implicated Ca as the specific factor for Na,SO,
toxicity, our results more thoroughly establish a role of Ca for a
variety of salts. Predicting salt toxicity across waters will thus be
more accurate if done on the basis of Ca rather than hardness,
but the benefits of accuracy must be weighed against the
availability of Ca versus hardness data. Uncertainties associated
with using hardness as a surrogate for Ca can be addressed based
on the regional variability of the Ca:Mg ratio, the resultant
uncertainty on Ca, and the consequent uncertainty on toxicity
estimated from Ca (e.g., Figures 7 and 8); in many cases, the
resultant uncertainty should be limited.

An important tool in addressing the toxicity of ion mixtures
has been the model of Mount et al. [3], and part of the purpose of
the present study was to address some limitations of that model.
The present results do indicate that not addressing the hardness
(or Ca specifically) of the background water can introduce
uncertainty into this model and raise questions regarding how
joint toxicity across the different ions was addressed by Mount
et al. [3]. However, any quantitative evaluation of that model
relative to our results must wait for the alternative model to be
presented in our subsequent article.

In addition to describing the dependence of major ion salt
toxicities on background water chemistry, the results of the
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present study allowed some inferences about mechanisms and
some conclusions about how salt toxicity dosimetry should be
expressed. At least 3 separate mechanisms were apparent. First,
a K-related mechanism is indicated by the high toxicities of K
salts, the dependence of this toxicity on Na concentration, and
its good correlation to K concentration. Second, a Mg-related
mechanism is indicated based on the greater toxicity of Mg salts
than Na salts and the correlation of Mg salt toxicity to Mg
activity. Third, a mechanism related to multiple ions is
indicated, based 1) on Na salts being less toxic than salts of
other cations, 2) on anions affecting the toxicity of Na salts, 3)
on the good correlation of this toxicity to osmolarity, and 4) on
the agreement of toxicity from Na gluconate and mannitol with
that of inorganic Na salts when expressed as osmolarity.
Calcium salt toxicity also likely represents a mechanism
different from that of Na salts because of the greater toxicity
of CaCl, compared with Na salts tested at high but nontoxic Ca
concentrations; however, this might be the same mechanism as
Mg, which has similar toxicity to Ca when tested in waters with
higher Ca background.

Regarding dosimetry, rigorously understanding and de-
scribing salt toxicity requires examining toxicity on the basis
of chemical activities and consideration of various ion
interactions. The cation-related mechanisms would be
expected to be best related to cation activities, and the
multiple ion mechanism associated with Na salts requires
some measure, such as osmolarity, which addresses multiple
chemical species. These conclusions regarding mechanisms
and dosimetry are preliminary and will be further addressed in
the subsequent articles mentioned in the Introduction, but it is
evident that regulations based solely on a single ion may lack
robustness from failing to address the relative toxicities and
interactions of multiple ions.

One limitation of the present results is that they just
concern the toxicities of single salts, with other ions being at
low to moderate background concentrations reported for US
waters. Most field situations would involve enrichment of
more ions—to well above ambient levels, if not to toxic levels.
For example, it would not be expected that Mg would be
enriched to toxic levels while Ca stays at background levels,
and the high toxicity of K salts depends on very low Na
concentrations, which would be an unusual exposure scenario.
The exposure metrics and relationships noted in the present
study would be expected to apply to more complex mixtures
(e.g., all ions contributing to osmolarity), but there is a need to
better define the scope of applicability of these relationships.
Their extension to more complex mixtures will be the subject
of subsequent articles.

Although a complete model for the acute toxicity of major
ions to C. dubia will be forthcoming, Figures 6 through 8 make it
clear that this will be complicated, involving chemical
speciation calculations, multiple toxicity mechanisms, and
interactions among 7 toxicants. Any practical application will
require simplifications, but we feel that the detail provided in the
present study and in later articles will provide a starting point for
determining what simplifications are possible and how they
should be structured. Another application issue concerns the
relevance of acute ion toxicity for C. dubia to the assessment of
an entire aquatic community, especially in low-ion, lotic
systems. This toxicity endpoint is the starting point for work that
will address more endpoints and species. However, the
relationships developed for C. dubia will be directly relevant
to many aquatic systems and will also have value in developing
and interpreting major ion toxicity data for other species.
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COMMONWEALTH OF PENNSYLVANIA
DEPARTMENT OF ENVIRONMENTAL PROTECTION
BUREAU OF CLEAN WATER

TRIENNIAL REVIEW OF WATER QUALITY STANDARDS

RATIONALE FOR THE DEVELOPMENT OF
AMBIENT WATER QUALITY CRITERIA FOR

CHLORIDE

PROTECTION OF AQUATIC LIFE

Introduction

Section 303(c)(1) of the Clean Water Act (33 U.S.C.A § 1313(c)(1)) requires that states
periodically, but at least once every three years, review and revise as necessary their water
quality standards. Water quality standards are instream water quality goals that are implemented
by imposing specific regulatory requirements (such as treatment requirements and effluent
limits) on individual sources of pollution. As part of the current review, the chloride criterion is
being evaluated.

Chloride occurs naturally in the aquatic environment, especially in waters flowing through
geologic formations of marine origin. The major anthropogenic sources of chloride include
deicing salt for roads, urban and agricultural runoff, treated industrial waste, discharges from
municipal wastewater plants and the drilling of oil and gas wells (EPA, 1988). Elevated levels of
chloride are toxic to aquatic life in freshwater environments. A state-wide aquatic life criterion
for chloride would provide an appropriate level of protection for all of Pennsylvania’s waters.

Pennsylvania’s existing chloride criterion was developed primarily for the protection of potable
water supplies (PWS). It is not applied in all waters of this Commonwealth, but rather only at
the point of water supply intake, pursuant to 25 Pa. Code § 96.3(d) (relating to water quality
protection requirements). The current PWS criterion for chloride is included in Table 3 at 25 Pa.
Code § 93.7 (relating to specific water quality criteria) and establishes a maximum level of 250
milligrams of chloride per liter of water, applicable only at the point of all existing or planned
surface PWS withdrawals, unless otherwise specified by regulation.

The Pennsylvania Department of Environmental Protection has developed draft water quality
criteria for chloride for the protection of aquatic life. The draft criterion is based on current
science that shows that the water hardness and sulfate concentrations affect chloride toxicity to
aquatic organisms. This relationship is incorporated into the newly developed equation used for
calculating the acute and chronic numeric criteria for chloride in Pennsylvania waters. The
Department is recommending that this chloride criterion be applied in all waters for the
protection of aquatic life.
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History

The U.S Environmental Protection Agency (EPA) published Ambient Water Quality Criteria
(AWQC) for Chloride in February 1988, which summarized the published toxicity data that was
available at that time for chlorides on freshwater plant and animal species. The acute and chronic
effects of chlorides on aquatic animals were documented, along with the chronic effects of
chloride on aquatic plants. The findings of 106 published scientific studies were considered in
the development of the national aquatic life criteria for chloride. EPA developed the chloride
criteria in 1988 for protection against adverse acute and chronic impacts on freshwater aquatic
life based on the Guidelines for Deriving Numerical National Water Quality Criteria for the
Protection of Aquatic Organisms and Their Uses, NTIS PB85-227049 (Stephan, et al., 1985).
EPA determined the four-day (chronic) and one-hour acute average concentrations based upon
how quickly some aquatic species reacted to higher concentrations of pollutants. The Criteria
Continuous Concentration (CCC) and Criteria Maximum Concentration (CMC) values should
not be exceeded more than once every three years on the average (US EPA, 1988).

The 4-day average (CCC) criterion =230 mg/1

The 1-hour average (CMC) criterion = 860 mg/1

In 2005, the state of lowa with the help of EPA Region 5 began an investigation into updating
the existing chloride AWQC. The revised WQS was promulgated by lowa in 2009. EPA Office
of Research and Development scientists served to link the relationship of chloride toxicity to
aquatic organisms with water hardness and sulfate concentration. This relationship provided the
basis for the revised WQS promulgated in Iowa.

The Department has reviewed the equation-based aquatic life criteria for chloride as developed
by EPA and successfully implemented in Iowa. The researchers at the Great Lakes
Environmental Center (GLEC) in Columbus, OH and the Illinois Natural History Survey (INHS)
in Champaign, IL worked collaboratively under a contract with the EPA to determine the toxicity
of chloride in freshwater invertebrate species. The research demonstrated a strong correlation
between chloride toxicity and hardness and to a lesser extent with sulfate. The final results of
this toxicity testing were published in the report “Acute Toxicity of Chloride to Select
Freshwater Invertebrates” US EPA, October 28, 2008. Iowa Department of Natural Resources
(IDNR) selected the appropriate acute and chronic criteria equations after considering input from
many sources and two equations were promulgated by lowa. Both the one-hour acute and
ninety-six hour chronic criteria values should not be exceeded more than once every three years
on the average (personal communication: Connie Dou, IDNR, November 2011).

Test Compound Determination
Chloride is one of the major anions commonly found in surface and wastewater. It is a

constituent of naturally occurring minerals; it readily dissolves in water, and is important to
living systems. As a solid, chloride is typically found as a salt bonded with a cation such as
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calcium, sodium, magnesium, or potassium. The salinity of a water body is measured by its total
salt composition. Freshwater lakes are dominated by the cations: Ca**, Mg**, K and Na* and
the anions HCO3", SO4> and CI". (Wetzel, 1983) Data obtained from stream surveys of
Pennsylvania waters confirmed this determination: the ionic composition is >40% HCO37/ Ca*",
followed by SO42, Mg?**, Na*, K" and CI". Pennsylvania waters are calcium/bicarbonate
dominant.

Chloride toxicity tests have been conducted through the addition of chloride salts such as sodium
chloride (NaCl), calcium chloride (CaClz), magnesium chloride (MgCl,) and potassium chloride
(KCL). Results of tests with potassium and magnesium chloride suggest toxic effects observed
can be due to the potassium and magnesium cation, rather than the chloride ion. It has been
observed that the toxic effects of calcium chloride and sodium chloride are due to the chloride
anion. In establishing the effect concentrations of the chloride ion, exposure to KCL and MgCl»
salts are lower (more toxic) than the effect concentration of the exposures to CaCl, and NaCl
salts (Canadian Council of Ministers of the Environment, 2011). Therefore the approximate
order of chloride salt toxicity to freshwater organisms is KCL > MgCL, > CaCl, > NaCl (Mount
et al 1997). Based on this information, chloride toxicity to freshwater organisms was evaluated
using tests dosed with NaCl to ensure the effect concentrations were derived from tests where
effects were based on the chloride anion, not the associated cations.

Other Modifying Factors

A long term study by Elphick et al. indicates that increased hardness may have an effect on the
toxicity of chloride. GLEC and INHS (2008) also conducted some short-term exposure tests
indicating that a hardness-chloride toxicity relationship exists for the water flea Ceriodahpnia
dubia, the fingernail clam Sphaerium simile, the Oligochaete Tubifex tubifex and the aquatic
snail Gyraulus parvus. (CCME, 2011)

EPA contracted with the GLEC and the INHS (2009) to perform toxicity testing for chloride.
The results showed that chloride toxicity is heavily dependent on water hardness, and to a lesser
degree, sulfate levels in water. PA Department staff has been monitoring sulfate and hardness
levels at Water Quality Network (WQN) stations throughout PA. This data confirms that PA
source waters have a varied amount of hardness and sulfate concentrations. As an example, the
Aughwick Creek watershed is located in southcentral Pennsylvania. In this single watershed, the
hardness values range from 10 mg/1 in the small freestone streams to 250 mg/1 in areas of
limestone geology. There is a full range of hardness values between the 10 mg/l and 250 mg/I as
the tributaries flowing through various geologies coalesce and mix. This is not an unusual
situation as there are extensive limestone deposits in the Commonwealth. Pennsylvania has a
legacy of abandoned coal mines that can discharge high levels of sulfate. Instream sulfate levels
are elevated where there are concentrations of these abandoned discharges. Where there is a
legacy of abandoned coal mines the sulfates often range between 100 to 500 mg/l and sometimes
higher. In contrast, the streams in the less affected parts of the state have sulfate values less than
50 mg/l. Urban streams often have sulfate between 50 mg/l and 100 mg/l. The variation in the
hardness and sulfate concentrations throughout the state confirms that it is appropriate to develop
an equation based criterion that includes a modification for hardness and sulfate.
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PA Site Specific Research/Literature Review

The Department contracted with the Stroud Water Research Center, in Avondale, Pennsylvania
to perform chloride toxicity testing. The study was designed to provide the additional
information needed to support the development of a chloride criterion that is protective across
the range of aquatic habitats and species found in Pennsylvania waters. Benthic
macroinvertebrates were used in this eco-toxicity study of chloride because they are an
ecologically important group of aquatic organisms and are common components of the
Pennsylvania bio-monitoring multi-metrics used in standard water quality assessment protocols
(e.g., PA IBI; PADEP 2013)

The following mayfly species were included in the study: Neocloeon triangulifer, previously
classified as Centroptilum (Jacobus and Wiersema, 2014), Anafromtilum semirufum, Procloeon
fragile, Ephemerella invaria, Maccaffertium modestum and Leptophlebia cupida. All six species
were evaluated for short term (acute) exposures to chloride. Chloride sensitivities were
determined using sodium chloride because sodium is known to have little effect on the toxicity
of chloride (Stroud 2015). Four species (N. triangulifer, A. semirufum, P. fragile, M. modestum)
were subjected to a whole-life (chronic) toxicity test. The chronic test began with newly hatched
larvae and ended when all larvae had emerged as adults (i.e., 20-48 days). The development
time for a complete life cycle of M. modestum is 60-80 days. The experiment was ended before
the adult emergence; therefore the chronic study of M. modestum was omitted.

The acute and chronic data obtained from the Stroud study was incorporated into the data set
used to determine Pennsylvania-specific chloride criteria. It has been shown that some aquatic
organisms show significantly more sensitivity when tested in reconstituted laboratory water
compared to natural waters (CCME, 2011). The Stroud study was conducted in water from three
source water streams: Spruce Run, a soft water stream (hardness 6 mg/L) in Union County, PA;
House Run, a moderately hard water stream (hardness 94 mg/L) in Greene County, PA and
Cedar Run, a hard water (hardness 212 mg/L) stream in Union County, PA. The reference stream
was White Clay Creek which is a moderately hard water stream (hardness 89 mg/L) located at
the Stroud Water Research Center in Chester County, PA, where all the study species were
originally collected. (Stroud, 2015)

Other toxics data sources used:

Toxics data that was compiled by Charles Stephan, November 06, 2007 — This document
contains acceptable acute and chronic data obtained from several significant studies (Birge et al.,
1985; Spehar 1987; Cowgill and Milazza 1990; and Wisloh 2007). It also contains a list of the
studies reviewed previous to 2007 that were not approved and the reasons for the disapproval.

Data from Canadian Council of Minister of the Environment, 2011 — This document contained
additional studies (Harmon et al 2003; Collins & Russell 2009; Gillis 2011, GLEC & INHS
2008; Elphick et al 2011; Wang and Ingersoll 2010; US EPA 2010, Valenti et al 2007; Bringolf
et al 2007) In particular, the Valenti et al, Bringolf et al and Gillis studies contained valuable
data on sensitive and endangered mussels. This document also contains studies that have
relevant chronic toxicity data.
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US EPA, 2015 — EPA’s data set contained additional peer reviewed studies. (GLEC and INHS
2010; Wang et al 2013; Garner and Royer 2010; Soucek 2012, 2013; Environ 2009; Sanzo and
Hecnar 2006; Garibay and Hall 2004).

In addition, PA DEP staff evaluated Maryland’s Freshwater Chloride Development Methodology
and reviewed the data used in their chloride criteria development. (MDE, 2013)

Acute criteria determination

Acute values were used from all acceptable data contained in the reports listed above. This
resulted in 219 acute toxicity results for aquatic species (51 genera). The LC50’s are in mg/L
for all acceptable data, including Stroud mayfly data. The four genera most sensitive to acute
testing were Epioblasma (freshwater mussel); Sphaerium (fingernail clam); Neocloeon (mayfly);
and Lampsilis (freshwater mussel). The genus mean acute value (GMAV) for the most sensitive
organism (Epioblasma) was 698 mg/L. This value was lower than the calculated final acute
value (FAV) of 874.8 mg/L. In order to protect for this sensitive freshwater mussel, the species
mean acute value (SMAYV) for the Epioblasma (698 mg/L) was used as the FAV. The final acute
value is 349 mg/L, which will be incorporated into the hardness/sulfate modifying equation to
determine the final acute chloride criterion.

Acute Data
GMAV GMAV GMAV

Genus (mg/L) Genus (mg/L) Genus (mg/L)
Epioblasma 698 Physa 2667 Aciperser 5903
Sphaerium 785 Rana 2680 Cyprinella 5956
Neocloeon 959 Pseudacris 2882 Lepidostoma 6000
Lampsilis 991 Lirceus 2950 Lepomis 6634
Anafroptilum 1090 Macaffertium 3052 Carassius 6959
Ambystoma 1178 Planorbella 3731 Gambusia 7786
Ceriodaphnia 1197 Ephemerella 3759 Oncorhynchus 8379
Elliptio 1437 Limnodrilus 3761 Libellulidae 9671
Procloeon 1449 Bufo 3926 Fundulus 9706
Megalonaisas 1517 Caecidotea 4049 Gasterosteus 10200
Lasmigona 1577 Lumbriculus 4254 Cambarus 10557
Margaritifera 1577 Nephelopsis 4310 Anguilla 11929
Brachionus 1645 Erpobdella 4550 Agria 14255
Daphnia 1765 Ameriurus 4849

Isonychia 1880 Pimephales 5010

Musculium 1930 Tubifex 5311

Villosa 2215 Chironomus 5371

Gyraulus 2430 Leptophlebia 5473

Diaptomus 2571 Lithobates 5846
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Rank Genus/ Species GMAYV mg/L
4 Lampsilis (freshwater mussel) 991
3 Neocloeon (mayfly) 959
2 Sphaerium (fingernail clam) 785
1 Epioblasma (freshwater mussel) 698

Chronic criteria determination

The chronic toxicity data set included 10 aquatic species. Pimephales promelas, Oncorhynchus
mykiss, Daphnia ambigua, Daphnia magna, Daphnia pulex, Ceriodaphnia dubia, Lumbriculus
variegatus, Neocloeon triangulifer, Anafroptilum semirufum and Procloeon fragile. The final
calculated acute/chronic ratio (FACR) from the acceptable data is 6.2. The final chronic value is
112.7 mg/L (113 mg/L), which will be incorporated into the hardness/sulfate modifying equation

to determine the final chronic chloride criterion.

SCV SAV GM
Species mg/L (mg/L) ACR Source
Pimephales promelas 433.1 6570 10.2 Birge et al 1985

598 4079 Elphick et al. 2011
Oncorhynchus mykiss 922.7 8379 9.1 Stephan 2007
Daphnia ambigua 259 1213 54 Harmon et al 2003
Daphnia magna 2382 4731 Stephan 2007

421 3630 Elphick et al. 2011
Daphnia pulex 372 1470 Stephan 2007
Ceriodaphnia dubia 925 1395 2.6 Stephan 2007

425 1677 Stephan 2007

454 1068 CCME, 2011
Lumbriculus variegatus 825 3100 3.8 Elphick et al. 2011
Neocloeon triangulifer 109 704 8.4 Stroud, 2015

175 2141 Stroud, 2015

188 1420 Stroud, 2015
Anafroptilum 114 107 8.3 Stroud, 2015
semirufum 279 1827 Stroud, 2015

128 1336 Stroud, 2015
Procloeon fragile 168 472 6.1 Stroud, 2015

332 2110 Stroud, 2015

245 1765 Stroud, 2015

Final ACR 6.2
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Chronic Data Ranked
Rank Species SMCV mg/L.

4 Daphnia ambigua (water flea) 259
3 Procloeon fragile (mayfly) 248
2 Anafroptilum semirufum (mayfly) 174
1 Neocloeon triangulifer (mayfly) 157

FAV 874.8

FAYV for lowest GMAV 698

FACR 6.2

CMC based on FAYV for lowest GMAV 349

CCC 112.7

Chloride Criteria Development

The hardness and sulfate values used to derive the appropriate chloride criteria shall be

determined by instream measurements, statewide water quality network (WQN) or other values

as approved by the Department. The proposed chloride criterion is calculated using the following

equations that incorporate the hardness and sulfate modifiers based on the GLEC studies:

Acute Chloride Criterion Equation — One hour average concentration should not exceed
Acute Criterion (mg/L) = 349(Hardness)"2%3¥(Sulfate) 00743

Chronic Chloride Criterion Equation — 4 day average concentration should not exceed

Chronic Criterion (mg/L) = 113(Hardness)’2%%(Sulfate) 00743

Recommendation

On April 17, 2012 the EQB adopted a proposed rulemaking for the promulgation of an aquatic
life criterion for chloride. Based on the comments received during the public comment period,
which ended August 8, 2012, the Department, in this new proposed rulemaking has re-evaluated
and incorporated Pennsylvania-specific data into the determination of the chloride criterion. The
Department has developed a state-specific equation-based aquatic life criterion for chloride. It
incorporates additional state-specific aquatic toxicity data, as related to the ion composition of
our waterbodies, and the necessary adjustment for the effects of hardness and sulfate on the
toxicity of chloride.

The Department recommends adopting the Pennsylvania-specific equation-based aquatic life
criterion for chloride.
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FULL-LIFE CHRONIC TOXICITY OF SODIUM SALTS TO THE MAYFLY NEOCLOEON
TRIANGULIFER IN TESTS WITH LABORATORY CULTURED FOOD
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Illinois Natural History Survey, Champaign, Illinois, USA
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Abstract: Although insects occur in nearly all freshwater ecosystems, few sensitive insect models exist for use in determining the toxicity
of contaminants. The objectives of the present study were to adapt previously developed culturing and toxicity testing methods for the
mayfly Neocloeon triangulifer (Ephemeroptera: Baetidae), and to further develop a method for chronic toxicity tests spanning organism
ages of less than 24 h post hatch to adult emergence, using a laboratory cultured diatom diet. The authors conducted 96-h fed acute tests and
full-life chronic toxicity tests with sodium chloride, sodium nitrate, and sodium sulfate. The authors generated 96-h median lethal
concentrations (LC50s) of 1062 mg Cl/L (mean of 3 tests), 179 mg N-NO5/L, and 1227 mg SO,4/L. Acute to chronic ratios ranged from
2.1 to 6.4 for chloride, 2.5 to 5.1 for nitrate, and 2.3 to 8.5 for sulfate. The endpoints related to survival and development time were
consistently the most sensitive in the tests. The chronic values generated for chloride were in the same range as those generated by others
using natural foods. Furthermore, our weight-versus-fecundity plots were similar to those previously published using the food culturing
method on which the present authors’ method was based, indicating good potential for standardization. The authors believe that the
continued use of this sensitive mayfly species in laboratory studies will help to close the gap in understanding between standard laboratory
toxicity test results and field-based observations of community impairment. Environ Toxicol Chem 2015;34:2126-2137. © 2015 SETAC
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INTRODUCTION

Despite the fact that insects occur in nearly all freshwater
ecosystems and are often the dominant class of macro-
invertebrate in those systems [1], few insect models exist for
use in determining the toxicity of contaminants. Among the
most commonly used insect species in toxicity testing are the
midges Chironomus riparius and Chironomus dilutus, which
can be cultured in the laboratory but tend to be among the more
insensitive invertebrates. Efforts have been made to assess the
potential for use of abundant, wild-caught mayflies (Ephemer-
optera) for standardized toxicity test development [2,3], but
knowledge of exposure history, health, and age of test
organisms before testing provides for better interlaboratory
test result comparisons [4].

A major step toward the development of a sensitive insect
model organism for toxicity testing was taken when Sweeney
and Vannote [5] characterized the effects of several variables
on life history characteristics of the parthenogenetic mayfly
Neocloeon triangulifer McDunnough (originally described as
Cloeon triangulifer [6], later transferred to Centroptilum [7],
and most recently assigned to Neocloeon [8]). The same
research group (Stroud Water Research Center) later developed
amethod of culturing this organism in the laboratory and using it
in toxicity tests [9]. The advantage of N. triangulifer is that
because it is parthenogenetic, it does not require a large amount
of space for mating to take place; female clones can emerge into
small containers (e.g., 300-mL beakers) and then deposit viable
eggs. Furthermore, parthenogenic organisms in general are
desirable for use in toxicity testing because being clonal
eliminates genetic variability as a confounding factor. The
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Stroud Water Research Center group uses naturally colonized
periphyton plates to feed the organisms, and this approach has
now been adapted by others to conduct toxicological inves-
tigations with various contaminants [10-13].

Because food quality and quantity appear to influence the
response of N. triangulifer to contaminants [10,11,13], devel-
oping a cultured food consisting of 1 or more diatom species is
necessary to further allow standardization and more widespread
use of this organism in toxicity testing. Great progress has been
made toward this end by Weaver et al. [14], who developed a
method of culturing 3 different diatom species (Mayamea
atomus, Nitzschia cf. pusilla, and Achnanthidium minutissi-
mum) in the laboratory, and then using stocks of monocultures
of the species to colonize microscope slides, which are then
offered to nymphs as biofilms. This approach was successfully
used to culture 13 successive generations of the organisms, and
both acute and short-term chronic (i.e., less than full-life)
toxicity data have been generated using organisms cultured with
this food [15].

Previously reported chronic toxicity tests with this species
(or genus) have been conducted using wild-caught individuals
[16], using cultured individuals with naturally colonized
periphyton plates ([9-13,17,18]; J. Jackson, Stroud Water
Research Center, Avondale, PA, USA, unpublished data), or for
less than a full life cycle [15,19]. The objectives of the present
study were to adapt the previously developed diatom culturing
and toxicity testing methods for N. triangulifer [14,15] and to
further develop a method for chronic toxicity tests spanning
organism ages of less than 24 h post hatch to adult emergence,
with the goal of producing data that are suitable for use in the
development of chronic water quality criteria, as prescribed by
Stephan et al. [20] (i.e., similar in scope to the daphnid and
mysid life-cycle tests). We chose 3 sodium salts that are
contaminants of interest in the Great Lakes region: sodium
chloride, sodium nitrate, and sodium sulfate (E. Hammer,
United States Environmental Protection Agency [USEPA],
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Washington, DC, USA, personal communication), and con-
ducted 96-h fed acute tests and full-life chronic toxicity tests so
that acute-to-chronic ratios could be calculated.

METHODS

Culturing of test organisms and food

Mayfly and diatom biofilm culturing methods were based
on those developed by Weaver et al. [14], with several
modifications. As recommended [14], we initially used 3
species of diatom for feeding of mayflies, but we stopped using
Achnanthidium sp. because it was more difficult to culture than
the other diatoms, and culture results indicated that it was not
necessary (DJ Soucek, personal observation). Diatoms used to
feed mayflies included Mayamea sp. and Nitzschia sp. Both
diatoms were obtained from Carolina Biological Supply, sold
as Navicula sp. and Synedra sp., respectively. We had the
genus-level identities taxonomically confirmed by an expert
(S. Decelles) at USEPA-ORD, Cincinnati, Ohio, USA.

Mixed diatom stocks

To culture diatoms, we autoclaved (30 min at 121 °C, liquid
cycle) a 4-L flask containing 4 L filtered (Whatman 934-AH)
dechlorinated tap water and a 2-inch-long, Teflon-coated stir
bar. After allowing it to cool, sterile technique was used to add
1.3 mL Kent Proculture Professional F/2 Algal culture formula
A, 1.3mL Kent Proculture Professional F/2 Algal culture
formula B, 150 mg sodium metasilicate (Na,SiO5-9H,0), and
200 mL fresh diatom stock solution (just removed from stir-
plate). Both diatom species were present in combination in stock
cultures. We had initially kept the species stocks separate, but
combining the species in stocks did not appear to impact the
performance of the mayflies, so we adopted the combined stock
approach. The flasks were placed on stir-plates with moderate to
fast stirring (a large vortex was visible) in an environmental
chamber set for a 16:8-h light:dark photoperiod and 25°C.
Diatom stocks were allowed to grow for 5 d, then 200 mL stock
was used to seed the next flask and cages for mixed diatom slides
(see below Mixed-diatom slides). Stocks were not refrigerated
before seeding subsequent flasks or mixed-diatom slide cages.

Mixed-diatom slides

To culture mixed-diatom slides, 15 fully frosted microscope
slides (catalogue no. 12-544-5CY, Fisherscience) were placed
in a single layer (with frosted side facing up) on the bottom of a
7.2-L (189 mm x 297 mm x 128 mm) autoclavable polysulfone
mouse cage (#PC7115HT, Ace Caging) filled with 2.5 L filtered
(Whatman 934-AH) dechlorinated tap water. The container with
the slides was autoclaved (30 min at 121 °C, liquid cycle) and
allowed to cool. Sterile technique was used to add 1.3 mL Kent
Proculture Professional F/2 Algal culture formula A, 1.3 mL
Kent Proculture Professional F/2 Algal culture formula B,
150 mg sodium metasilicate (Na,SiO3-9H,0; dissolved in a
small amount of deionized water before addition), and 200 mL
fresh (never refrigerated) mixed-diatom stock. The container
with slides was covered with clear plastic wrap and placed in an
environmental chamber set for a 16:8-h light:dark photoperiod
and 25 °C. Slides tended to have the most robust biofilms if used
within approximately 6 d to 10 d after inoculation, but slides as
old as 1 mo were used with success as long as most of the
material appeared to be distinct round or spindle-shaped diatom
cells when examined under a compound microscope. Poor-
quality slides would have very few distinct cells on microscopic
examination and would be mostly masses of amorphous

material. If, after approximately 5 d, the biofilms appeared to
be thin, we mildly aerated cages containing slides rather than
adding more nutrients. We made the observation that color
of the biofilm slides, as apparent to the naked eye, was not
necessarily predictive of good mayfly performance. Therefore,
before feeding to mayflies in toxicity tests or cultures, diatom
biofilms were examined under a compound microscope to
ensure that most of the biofilm material was distinct diatom
cells, rather than being amorphous material.

Mayfly nymph rearing method

Mayflies (Neocloeon triangulifer; Stroud Water Research
Center Clone #WCC-2) were reared in an environmental
chamber at 25 °C, and a 16:8-h light:dark photoperiod. Culture
water was a reconstituted water (hereafter referred to as Duluth
100) with a nominal hardness of 100 mg/L as CaCO3, prepared
according to a formula developed at the USEPA laboratory
in Duluth, Minnesota, USA. To make this water, the following
salt concentrations were added to deionized water from a
Barnstead “E-pure” filtration system: KHCO3, 10 mg/L; NaHCO3,
125 mg/L; MgSO,, 38 mg/L; CaSO,, 40 mg/L; CaCl,, 43 mg/L;
NaBr, 0.05 mg/L. This water recipe was designed with the goal
of better mimicking chemistry of “typical” North American
freshwaters relative to other commonly used reconstituted waters
(D. Mount, USEPA, Washington, DC, USA, personal commu-
nication). When eggs hatched, approximately 250 mL culture
water was added to a 300-mL “I-chem” jar. All water was filtered
using Whatman #934-AH glass microfiber filters. One mixed
diatom slide was added to the jar. Newly hatched mayfly larvae
(100-1000s) were then added to the jar, the lid was loosely
placed, and the jar was covered with aluminum foil to block
direct overhead lighting. When mayflies were 4 d to 8 d old
(usually 6 d or 7 d), 40 individuals were placed in a 1-L beaker
containing 400 mL Duluth 100 reconstituted water, and fed as
described for the I-chem jar. The diatom slide was placed in
the beaker before adding mayflies to avoid injury. Again, the
container was covered with aluminum foil to block direct
overhead lighting. When mayflies were 11 d to 12 d old, 20
individuals were transferred to a 19-cm X 24-cm x 6.5-cm
Pyrex casserole dish containing 1.5 L Duluth 100 water and
5 mixed diatom slides. Slides were replaced when diatom
biofilms were depleted, and water was changed twice per week
or more if water appeared to be littered with loose diatoms and
waste products. The container was covered loosely with foil.
Using this method, aeration was not necessary at any point
during mayfly culturing.

When pre-emergent nymph stages (determined by presence
of black wing pads) appeared (days 20-23), they were placed
in a 300-mL I-chem jar containing culture water and a mixed
diatom slide. A screened cover was placed on the jar to allow
for emergence of sub-imagoes and molting to imago stage
(within 24 h after pre-emergent nymph stage). To induce the
imago to release its eggs, we held it by the wings with forceps
and touched its abdomen to culture water held in a small petri
dish. This procedure was conducted with the aid of a dissecting
microscope. Eggs were then pipetted into a scintillation
vial; when possible, eggs of 3 females were combined in each
vial. Eggs were either allowed to hatch or placed in an
environmental chamber at 10 °C for later use. We observed a
predictable relationship between the number of days eggs
were held at 10 °C and the number of days to hatch on transfer
of eggs to 25 °C (Figure 1). In some cases, eggs hatched over
multiple days. For the purposes of generating a predictive
equation for time to egg hatch, we used half-day intervals; for
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Figure 1. Predictive relationship between the number of days Neocloeon
triangulifer eggs are held at 10 °C and number of days to hatch on moving
eggs to 25 °C.

example, if approximately equal numbers of eggs hatched on
days 2 and 3 after placement in 25 °C, we used 2.5 d in the
regression model. The predictive model is as follows: # days to
hatch on moving eggs to 25 °C =0.0009 (# days at 10°C)*—
0.1385(# days at 10°C) + 6.809.

Test chemicals and dilution water

The nitrate, chloride, and sulfate sources for acute and
chronic toxicity tests were reagent-grade sodium salts (NaNO3
CAS #7631-99-4; NaCl CAS #7647-14-5; Na,SO, CAS #777-
82-6). All acute and chronic tests were conducted in Duluth 100
hard water. As noted in the section Mayfly nymph rearing
method, this was also the mayfly culture water, and eggs were
stored in this water, so no acclimation was required.

Starvation test

To confirm previous observations that young mayflies
are unable to survive extended periods without food [15],
we conducted a starvation experiment in which we placed
1 <24-h-old mayfly into each of twenty 30-mL beakers
containing 20 mL Duluth 100 water at 25 °C. We added no food
to the beakers and observed mortality over the next 48 h. All
organisms were alive at 24 h, but by the next day (48 h), survival
was down to 22% (Figure 2). Based on this finding, all acute
toxicity tests were fed a scraping of mixed diatom biofilm
(described in Acute test procedures). Because all tests were
conducted with sodium salts, food was not expected to impact
availability of the contaminants, and analytical chemistry
confirmed this (described in Acute test procedures).

Figure 2. Percentage of survival of Neocloeon triangulifer larvae over time
with no food. Organisms were less than 24 h old at the start of the test.

Table 1. Test conditions for acute toxicity tests with Neocloeon triangulifer

Condition Value

1. Temperature (°C) 25+1

2. Photoperiod (light:dark) 16:8

3. Test chamber size 30 mL
4. Test solution volume 20 mL
5. Age of organisms <24h

6. Dilution water Duluth 100
7. Substrate None

8. No. of organisms per chamber 5

9. No. of chambers/treatment 4

10. Food Scraping of live diatom biofilm
11. Aeration None
12. Test type Static
13. Renewal frequency None
14. Test duration 96 h
15. Control survival >90%

15. Endpoint Survival

Acute test procedures

Static, nonrenewal, acute toxicity tests were conducted
according to guidelines detailed in ASTM International E729-
96 [4]. Treatments comprised a 50% dilution series. Five
concentrations were tested in addition to controls. Further
general details on test conditions are provided in Table 1.
Organisms were less than 24 h old at the beginning of the test.
Test chambers were fed by grasping a mixed diatom slide
(cultured as described previously in Mixed-diatom slides) with a
forceps, and scraping off an approximately 5-mm x 10-mm
X 25-mm area of biofilm with another clean microscope slide,
and releasing the biofilm into the test chamber. Chambers were
fed on day O only, because 1 biofilm scraping was more than
enough for the 96-h test duration. Mortality was assessed daily,
using a dissecting microscope. Individuals were considered
dead if they did not respond to gentle prodding with a blunt
instrument. All median lethal concentration (LC50) values were
calculated by using the trimmed Spearman-Karber method [21].

Standard water chemistry parameters were measured at both
the beginning and the end of each exposure period, including
temperature, pH, conductivity, and dissolved oxygen. Alkalini-
ty and hardness were measured at the beginning of the test only.
The pH measurements were made by using an Accumet (Fisher
Scientific) model AB15 pH meter equipped with an Accumet
gel-filled combination electrode (accuracy < £0.05 pH at
25 °C). Dissolved oxygen was measured using an air-calibrated
Yellow Springs Instruments (RDP) model 55 meter. Conduc-
tivity measurements were made using a Mettler Toledo (Fisher
Scientific) model MC226 conductivity/total dissolved solids
meter. Alkalinity and hardness were measured by titration [22].
Water samples from each treatment were collected at the
beginning and end of acute tests and submitted to the Illinois
State Water Survey analytical laboratory for measurement of
nitrate, chloride, and sulfate concentrations as appropriate,
using ion chromatography. Conductivity varied with salt
concentration in all 3 tests. For the NaCl tests, mean (£standard
deviation [SD]) temperature, pH, dissolved oxygen, alkalinity,
and hardness were 25.0+0.2°C, 8.3+0.1, 7.5+£0.3mg/L,
84 + 2 mg/L as CaCO3;, and 93 £ 1 mg/L as CaCOs, respective-
ly. For the NaNOs test, the values were 24.7 £0.3°C, 8.3+ 0.1,
7.8£0.1mg/L, 83+1mg/L as CaCOsz;, and 99+ 1mg/L
as CaCOs, respectively. For the Na,SO, test, the values
were 24.8+0.2°C, 83+£0.1, 7.6+£0.2mg/L, 84+2mg/L
as CaCOs;, and 99 + 1 mg/L as CaCOs;, respectively. For the
NaCl test, measured chloride concentrations averaged 103%
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of nominal (range, 100-106%); for the NaNOj test, measured
N-NOj; averaged 105% of nominal (range, 103—-107%); for the
Na,SO, test, measured sulfate averaged 107% of nominal
(range, 101-110%). All reported LC50 values are based on
measured concentrations.

Chronic toxicity testing procedures

For chronic toxicity tests, 6 treatments, including a control
(dilution water), were tested. Nominal chloride concentrations
for the treatments were as follows: 37 mgCIl /L (control),
70mgCl/L, 112mgCIl/L, 196mgCl/L, 364mgCl /L, and
700 mg Cl'/L. Nominal N-NOj3 concentrations were as follows:
0mg N-NO3/L (control), 12.5 mg N-NOz/L, 25 mg N-NO3/L,
50mg N-NOs/L, 100mg N-NOs/L, and 200 mg N-NOs/L.
Nominal SO42_ concentrations were as follows: 59 mg SO42_/L
(control), 136 mg SO,*/L, 214mg SO,* /L, 369 mg SO, /L,
679 mg SO4>7/L, and 1300 mg SO,>7/L.

Test conditions are summarized in Table 2. In an attempt to
minimize the mass of diatoms required for each test chamber,
we initially used the model of the ASTM International
Ceriodaphnia dubia chronic method [23], in which 1 organism
is added per test chamber, and each treatment has 10 replicates.
The NaCl and NaNOs chronic tests were conducted in this
manner, but for the Na,SO, chronic test, we used 2 organisms
per test chamber (a total of 20 organisms per treatment) to
decrease the chance of random control mortalities causing test
failure. Because having 2 individuals per chamber did not
require substantially higher numbers of diatom slides through
the course of the test, we recommend using this organism
loading rate for further tests.

Before the start of a test, a vial containing eggs from 3
females was moved from the 10 °C environmental chamber to
the 25 °C chamber to encourage hatching of the eggs. The test

Table 2. Test conditions for chronic toxicity tests with Neocloeon
triangulifer

Condition Value

1. Temperature (°C) 2541

2. Photoperiod (light: 16:8
dark)

3. Test chamber
size/solution volume

Day 0-14: 30 mL/20 mL; day 14 pre-emergent
nymph stage: 150 mL/100 mL; emergence
chamber: 300 mL/125 mL
4. Age of organisms at <24h

start of test

5. Dilution water Duluth 100

6. Substrate None

7. No. of organisms per 2 (2 of our tests had 1 per chamber)
chamber

8. No. of 10
chambers/treatment

9. Food Scrapings of live diatom biofilms from slides

Day 0-16 on water change days; thereafter,
daily

10. Aeration None

11. Test type Static/renewal

12. Renewal frequency Days 0—4: none; day 5—end of test: MWF

13. Control survival® >80%

14. Endpoints %Survival to pre-emergent nymph, %
pre-emergent nymph when controls finished,
n