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EXECUTIVE SUMMARY 

The Canadian Council of Ministers of the Environment (CCME) has recently revised the Water Quality 
Guideline for chloride (from 230 to 120 mg/L for chronic exposure), applicable to freshwater aquatic life 
receptors where COSEWIC (Committee on the Status of Endangered Wildlife in Canada) Endangered or 
Special Concern Pelecypoda (clams, mussels) are not present (CCME 2011).  In their analysis, toxicity 
testing data demonstrates that Pelecypoda at the glochidia lifestage can be particularly sensitive to the 
adverse effects associated with chloride exposure, which was a partial determinant of the guideline revision.  
 
The CCME also identified water hardness as an important factor that modifies the toxicity of chloride towards 
aquatic life. This phenomenon has been demonstrated in the literature over a range of species, resulting in 
various other regulatory agencies adopting hardness adjusted guidelines for chloride and other major ions. 
The state of Iowa has developed acute (287.8 * (hardness)0.205797(sulphate)-0.07452) and chronic (177.87 * 
(hardness)0.205797(sulphate)-0.07452) algorithms for the adjustment of a chloride water quality guidelines based 
on hardness (IDNR 2009a). Within Canada, British Columbia has recently established a hardness adjusted 
guideline for the sulphate ion varying from 128, 218, 309, and 429 mg SO4 /L for very soft (0-30 mg/L), soft / 
moderately soft (31-75 mg/L), moderately soft / hard (76-180 mg/L), and very hard (181-250 mg/L) water 
respectively (BCME 2013).  Water hardness has also been identified as an ameliorating factor in aquatic 
guideline policy such as the Australian and New Zealand government’s National Water Quality Management 
Strategy (ANZECC, 2000). Finally, the effects of hardness amelioration have been incorporated into site 
specific guidelines for chloride in Canada.  Examples include the EKATI diamond mine (guideline calculated 
as: 124 * ln (hardness) -128) (Rescan 2007) and the Snap Lake diamond mine (De Beers 2013).  Given the 
growing application of hardness derived guidelines to major ion toxicity, an important component of any 
future research on the toxicity of chloride towards sensitive aquatic organisms is to incorporate varying 
hardness levels and produce information that can be used to improve the accuracy of guidelines developed 
on a provincial or national scale. 
 
Although recognized by CCME, as a result of limitations to the long-term dataset, a hardness derived 
guideline was not established in 2011.  Long-term hardness-toxicity data was either not available or did not 
meet the minimum data requirements for hardness adjusted water quality guidelines at the time that CCME 
developed their limit in 2011.   
 
The objectives of the present study were to: 
 

1. conduct a detailed review of the literature to establish an aquatic toxicological database for chloride 
made up of data utilized in the CCME 2011 or any newly available data; 

2. examine the relative toxicity of the four common chloride salts: NaCl, KCl, CaCl2, and MgCl2; 
3. derive acute and chronic Species Sensitivity Distributions (SSDs) to establish a short-term 

benchmark and a long-term Water Quality Guideline (WQG) for comparison to the CCME 2011 
guidelines for chloride; 

4. re-examine hardness-toxicity relationships within the database and determine whether the 
requirements for a hardness-adjusted short-term benchmark and long-term WQG are met for 
chloride; 
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5. if applicable, derive a hardness-adjusted short-term benchmark and long-term WQG based on the 
SSD approach utilized by the CCME; and, 

6. recommend additional aquatic toxicological research for sensitive species or species where 
hardness-toxicity relationships are not well established in order to further develop hardness as a 
toxicity modifying factor and continue to advance a scientifically defensible WQG for chloride. 

 
An aquatic toxicological database for chloride was established using data from 189 studies, of which 69 
represented additional studies not included in the previous CCME (2011) dataset.  The dataset developed 
herein was comprehensive and captured various data, including:  effect concentrations; multiple toxicity 
endpoints; exposure durations; information on other ions in solution (water hardness, major ion 
concentrations); organism data (taxonomic, life history, geographic distribution); and, environmental 
conditions (temperature, pH, dissolved oxygen, and light exposure). 
 
Sufficient information was available to construct short-term SSDs to compare the relative toxicities of the four 
common chloride salts (NaCl, KCl, CaCl2, and MgCl2).  Results agreed with the established literature and 
showed that the relative toxicity of the salt pairings was:  KCl > MgCl2 > NaCl ≈ CaCl2, where the toxicity of 
potassium and magnesium chloride can be attributed to the associated cation rather than chloride.  Based on 
these findings, the remainder of the guideline derivation was based on NaCl and CaCl2 as was conducted by 
the CCME (2011).  Unlike the CCME, CaCl2 data was not pooled with NaCl data, and the protectiveness of 
the derived guidelines to CaCl2 was assessed separately, which is anticipated to be a conservative 
procedure in terms of deriving a limit for NaCl as CaCl2 appeared to be slightly less toxic. 
 
For comparative purposes, the initial assessment of the short- and long-term NaCl data involved creating 
SSDs following the general methods used by CCME (2011), without any adjustment for water hardness.  
The guideline derived from the unadjusted short-term SSD was 659 mg/L, close to the value of 640 mg/L 
established by the CCME (2011).  This minor disparity might be explained by the different modeling 
approach (log-Normal model used by the CCME), the five additional species (Hydra attenuate, sp., 
Pycnopsyche sp., Hyla chrysoscelis, Chironomus xanthus) used in the current data set, or from the higher 
toxic effect concentration used for the fatmucket clam (L. siliquoidea). The collated effect concentration used 
for this species was increased from 709 mg Cl- /L (CCME 2011) to 892 mg Cl- /L, with the addition of data 
from Cope et al. (2008) that was not included by CCME.  Because of its relatively low position in the SSD, 
this shift in effect concentration may have resulted in a higher modeled benchmark concentration.  Other 
changes included limits for C. dubia (1080 to 1151 mg Cl- /L), and D. pulex (1248 to 1597 mg Cl- /L).   Overall 
the 20 mg/L increase was not seen as a significant departure from the results obtained by the CCME (2011). 
 
The guideline derived from the unadjusted long-term SSD was 112 mg/L, 8 mg/L lower than the 120 mg/L 
value established by the CCME (2011).  In both derivations (CCME and herein), the Log-Logistic model was 
found to best fit the data.  The more sensitive guideline calculated herein is the result of new additions to the 
SSD dataset, along with revised effect concentrations for a number of species located relatively low on the 
curve. Three data points in particular are important, and likely the primary factors driving the greater 
sensitivity of the current model.  One is a 96h EC10 endpoint of 96 mg Cl- /L for the green algae P. 
subcapitata (Simmons 2012).  This data point represents a departure from the CCME derivation where algae 
species were only represented high on the curve with effect concentrations > 6,000 mg Cl- /L (See Section 
4.1.1 for further discussion). Two data points representing C. dubia and L. minor have also been reduced 
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from 454 to 337 mg Cl- /L and 1171 to 496 mg Cl- /L, respectively, with the addition of data from Elphick et al. 
(2011a), Lasier and Harden (2010), and Simmons (2012). 
 
In order for short- and long-term hardness adjusted guidelines to be established, chloride toxicity values from 
different studies must be compared by converting them to a standardized hardness value.  Here, the 
standard hardness of 50 mg/L (CaCO3 equivalents) was used, as has been done in previous guideline 
derivations for cadmium (CCME 2014, US EPA 2001).  Using statistical analysis, empirical relationships 
were established for both short- and long-term data in order to convert toxicity data to the standard hardness 
value of 50 mg CaCO3/L. This involved establishing hardness-toxicity slopes for organisms where effect 
concentrations were available over a wide range of water hardness concentrations. Individual hardness-
toxicity slopes were then statistically pooled to determine an overall estimation of the hardness-toxicity 
relationship within the short- and long-term datasets.  For a number of organisms, such as the bivalve 
Lampsilis fasciola, inverse hardness-toxicity relationships were established but could not be included in 
pooled slope calculations since hardness-toxicity relationships were not investigated over a wide enough 
range of hardness (sensu Stephan et al. 1985).  
 
Short- and long-term hardness-adjusted (50 mg CaCO3/L) datasets were then assessed using an SSD 
approach and the best fit cumulative distribution function was utilized for guideline derivation. The derived 
short-term benchmark concentration and long-term WQG are presented as exponential functions allowing 
the determination of guidelines based on site specific water hardness concentrations. 
 
The chloride short-term benchmark concentration and long-term WQG for the protection of aquatic life were 
based on CCME protocols for Type A (statistical - SSD derivation) data (CCME 2007) and utilized endpoints 
for NaCl, which was the only chloride salt found to satisfy the requirements for Type A analysis. The short-
term benchmark was based on the distribution of data from 46 species modeled using a log-logistic function. 
The long-term WQG was based on the distribution of data from 32 species also modeled using a log-logistic 
function. These guidelines are presented below, along with the results chloride concentrations at various 
water hardness concentrations. 
  

Summary of chloride guidelines for the protection of aquatic life 

 Short-term exposure (mg/L) Long-term exposure (mg/L) 

Hardness  
equation 

 
Benchmark = 

10[ 0.294 (log(hardness)) + 2.179] 
 

 
WQG = 

10[ 0.473 (log(hardness)) + 1.227] 
 

Notes: 1) hardness measured as mg/L as CaCO3; 2) the short-term hardness equation is applicable from 28 to 796 mg CaCO3 /L and 
should not be applied outside of this range; 3) the long-term hardness equation is applicable from 10 to 699 mg CaCO3 /L and should 
not be applied outside of this range. 



2014 AUPRF/PTAC Report  Chloride Aquatic Life Guideline with Hardness 
 

Equilibrium Environmental Inc.    December 2014                                     Page vii  

Guidelines for the protection of fresh water aquatic life at various hardness values  

Water hardness (mg/L as 
CaCO3) 

Short-term exposure (mg Cl-/L) Long-term exposure (mg Cl-/L) 

Lower limit* 403 50 

Soft (50) 478 108 

Moderately hard (150) 660 181 

Hard (300) 810 251 

Upper limit** (796 and 699) 1079 375 
Notes: 1) the short-term hardness equation is applicable from 28 to 796 mg CaCO3 /L and should not be applied outside of this range; 
2) the long-term hardness equation is applicable from 10 to 699 mg CaCO3 /L and should not be applied outside of this range. 
* 403 mg Cl-/L is the lower limit short-term benchmark value that applies to waters less than 28 mg CaCO3/ L. 50 mg Cl-/L is the lower 
limit long-term WQG value that applies to waters less than 10 mg CaCO3/ L. 
** 1079 mg Cl-/L is the upper limit short-term benchmark value that applies to waters greater than 796 mg CaCO3/ L. 375 mg Cl-/L is 
the upper limit long-term WQG value that applies to waters greater than 699 mg CaCO3/ L. 
 
 
Base on the findings from this assessment it was determined that future research should focus on chronic 
endpoints for those species most sensitive to chloride, which are predominantly made up of unionid mussels, 
fingernail calms, algae, and daphnids. These taxa were found to occur beneath the 20th percentile on the 
long-term SSD.  In addition, future research should focus on determining chronic hardness-toxicity 
relationships which are not well established for many of the most sensitive organisms. Toxicity testing on 
specific organisms or taxonomic groups where hardness-toxicity relationships are unclear, would also be 
highly beneficial in improving the accuracy of future fresh water aquatic guidelines for chloride. Table 8.1 lists 
the recommended species and their priority level, along with a rational for inclusion, desirable exposure 
durations, and lifestages.  
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1 INTRODUCTION AND SCOPE 

Chloride is a major ion in aquatic ecosystems, entering solution through the weathering of soils and 
parent geological material containing salts of sodium (NaCl), potassium (KCl), calcium (CaCl2), and 
magnesium (MgCl2). Although chloride is among the most commonly occurring ions in the natural 
environment (others including: sulphate, sodium, potassium, calcium, magnesium, and bicarbonate), 
the ion is a potentially harmful contaminant at elevated concentrations.  Managing the impacts of 
anthropogenic chloride can be particularly challenging due to the anion’s high solubility and resulting 
mobility.  Additionally, the chloride ion does not readily react or interact with other compounds, hence 
it does not biodegrade, readily precipitate, volatilize, bioaccumulate, or absorb onto mineral surfaces. 
As a result, concentrations remain high in surface water and sediment pore water, and low in 
sediment (Evan and Frick 2001, Mayer et al. 1999).  
 
The primary source of anthropogenic chloride is the application of road salt for winter motorist safety. 
Annual application of road salt in Canada is estimated at approximately 5 million tonnes / year (EC 
and HC 2001), primarily in the form of NaCl (97%), followed by CaCl2 (2.9%), and less commonly in 
the form of MgCl2 and KCl (0.1%) (Environment Canada 2004). The loading of chloride on aquatic 
ecosystems in proximity to urban areas has emerged as a major issue resulting in the Priority 
Substances List Assessment Report for Road Salts (Environment Canada 2004) identifying chloride 
salts as toxic under subsections 64 (a) and (b) of the Canadian Environmental Protection Act, 1999. 
Produced water, brought out of formation during oil extraction is another source of anthropogenic 
chloride which is of relevance in oil producing provinces. Other sources of anthropogenic chloride 
include municipal waste water production, irrigation drainage, and other industrial effluents. 
 
The Canadian Council of Ministers of the Environment (CCME) has recently revised the Water 
Quality Guideline for chloride (from 230 to 120 mg/L for chronic exposure), applicable to freshwater 
aquatic life receptors where COSEWIC (Committee on the Status of Endangered Wildlife in Canada) 
Endangered or Special Concern Pelecypoda (clams, mussels) are not present (CCME 2011).  
Toxicity testing data demonstrate that the glochidia lifestage of Pelecypoda can be especially 
sensitive to the adverse effects associated with chloride exposure. Based on the Protection Clause 
(CCME 2007), for aquatic systems where the COSEWIC species at risk, Lampsilis fasciola and 
Epioblasma torulosa rangiana are present, a guideline ranging from 24 to 42 mg Cl- /L is applicable. 
 
The Pelecypoda species Lampsilis fasciola (COSEWIC special concern) and Epioblasma torulosa 
rangiana (COSEWIC endangered) were the most sensitive species in the long-term dataset and had 
a relatively strong influence on the chloride Species Sensitivity Distribution (SSD) and resulting 
chloride water quality guideline. The two species are shown below (Epioblasma torulosa rangiana or 
Northern Riffleshell, and Lampsilis fasciola or Wavy-rayed lampmussel). These species are 
encountered within a localized area of Canada, essentially within the Ontario Great Lakes region 
(shown in the map inserts below, black marked area of Canada and the United States). 
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COSEWIC Endangered:  Northern Riffleshell (Epioblasma torulosa rangiana).   
COSEWIC Special Concern:  Wavy-rayed Lampmussel (Lampsilis fascioloa).   

 
 
While the COSEWIC Endangered Northern Riffleshell is not located in Alberta or any species within 
the same genera (Clifford 2012, Clarke 1973), the Lampsilis genera, of the Family Unionidae is 
encountered in Alberta.  A number of other Pelecypoda species are present in Alberta, three of which 
have been tested for chloride sensitivity and are included in the present database: Lampsilis 
silquoidea, Musculium secures, and Sphaerium simile (Appendix A)  
 
CCME (2011) indicated there was a need for the generation of more toxicity data incorporating 
aspects of hardness.  Given that Canadian surface water bodies can have relatively harder water, 
key components of this report are: 
 

1. To assess available information and relationships between hardness and chloride toxicity 
towards various toxicologically sensitive species; and,  

2. Where necessary to recommend additional toxicity testing studies that may be required to 
develop a suitably defensible database for a hardness modified chloride aquatic life guideline. 

 
Furthermore, additional work examining the relative toxicity of different chloride salts (e.g., KCl, 
MgCl2, CaCl2) may be warranted. Although the relative toxicity of major chloride salts has been 
established for particular species, (Mount et al. 1997, Waller et al. 1996, Khangarot 1991, Patrick et 
al. 1968, Jones et al.1940, 1941), a broader understanding of these relationships over a wider range 
of taxa is warranted. This addition research task was included herein and builds on previous efforts to 
establish the relative toxicities of major chloride salts (Evans and Frick 2001, Bright and Addison 
2002). 
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2 METHODOLOGY 

The methods utilized in this assessment can generally be described in four phases. For the first 

phase, an extensive literature search was utilized to establish a toxicological database for chloride. 

Secondly, this data was critically examined to insure that various minimum data quality requirements 

were met as outlined by the CCME (2007).  Thirdly, acceptable data was categorised by acute or 

chronic endpoints, and a collation process was utilized to establish acute and chronic SSDs for the 

derivation of a short-term benchmark concentration and a long-term Water Quality Guideline (WQG) 

respectively. Sufficient data was available to construct acute SSDs for the other major chloride salts 

(KCl, CaCl2, and MgCl2), thus at this point a comparative analysis of the relative toxicity of various 

chloride-cation pairings was conducted.  Finally, the unadjusted SSDs were adjusted to a standard 

water hardness value of 50 mg CaCO3 /L. This was accomplished by analysing hardness-toxicity 

relationships among a range of different organisms which provided a short- and long-term pooled 

slope allowing for SSDs data points to be adjusted based on hardness. Equations were then 

established to calculate the hardness dependent short-term benchmark and the long-term WQG. The 

following four sections outline this process in greater detail. 

  

2.1 TOXICOLOGICAL DATABASE COMPILATION 

In order to derive short-term benchmarks and long term guidelines for chloride, a toxicological 
database was compiled using data from the scientific literature which included peer-reviewed articles, 
government guideline deviation documents, and technical reports. Citation searches were conducted 
using existing reviews, the ECOTOX database (US EPA 2014a), and the peer reviewed citation 
index Web of Science (Thomson Reuters), spanning a publication date range of 1916 to 2014.   
 
Toxicity data collected and cited by CCME as part of their guideline derivation process (CCME 2011) 
were obtained and critically reviewed, as many of these studies are fundamental to the derivation of 
chloride aquatic life guidelines. Additional studies identified in the literature searches, regardless of 
publication date, were critically reviewed to determine if they should be incorporated in the guideline 
derivation process. 
 
The aquatic toxicological database is comprised of literature examining the toxicity of the common 
chloride salts NaCl, KCl, CaCl2, and MgCl2. Studies examining non-chloride salts, whole effluents, 
and multiple salt toxicity were preliminarily included and reviewed, although the data were excluded 
from analysis herein, in terms of guideline derivation, in alignment with typical protocols for 
developing aquatic life guidelines and since the inclusion of mixture and whole effluent data can 
introduce additional complexities. The data were however considered in discussions of relative 
toxicity between different chloride salts 
 
In addition to effect concentrations, toxicity endpoints, and exposure durations; other experimental 
variables recorded included: information on other ions in solution (water hardness, major ion 
concentrations) organism data (taxonomic, life history, geographic distribution), and environmental 
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conditions (temperature, pH, dissolved oxygen, and light exposure). A table representing the entire 
database is presented in Appendix A. 
 
In total, 190 studies were included in the database, representing 1405 data entries.  Sixty nine 
percent of these data represented sodium chloride, while 20%, 8%, and 3% represented KCl, CaCl2, 
and MgCl2, respectively. The data included in this review represents an expanded data set from that 
used in the CCME (2011) guideline derivation, with 69 additional citations equivalent to 363 additional 
data points. In addition to the single salt data, 30 publications dealing with multiple salt solutions, 
whole effluents, and non-chloride salts were compiled and reviewed though they are not summarized 
here as it was outside the scope of the report. 
 

2.2 SHORT-TERM AND LONG-TERM DATA QUALITY REQUIREMENTS 

The guideline derivation conducted herein parallels that conducted by CCME (2011) and uses a 
statistical (SSD) approach to determine short-term benchmarks and long-term guidelines. The 
protocols and minimum data requirements for this type of derivation are outlined in CCME (2007). 
Short-term benchmarks are intended to estimate severe effects and to protect most aquatic 
organisms from lethality during intermittent events (e.g. spill events), whereas long-term WQGs are 
meant to protect all forms of aquatic life from any adverse effects over indefinite exposure periods 
(CCME 2007, CCME 2011). To determine short and long-term SSDs, data classified as primary or 
secondary was used (CME 2007), while unacceptable data was excluded.  Data was deemed to be 
unacceptable for various reasons, most commonly when experimental controls were not reported, 
environmental conditions were inappropriate (e.g. test temperatures too high), the ionic composition 
of the test medium was unknown, or the species tested was not appropriate for Canadian waters 
(e.g. tropical species). A number of data points from particular studies were found to be unacceptable 
and are indicated in Appendix A. Studies which were evaluated and found to be entirely 
unacceptable for the analysis conducted here are referenced at the end of Appendix A. 
 
Separate short and long-term SSD data requirements were followed as outlined by the CCME (2007, 
2011), which are shown in Table 2.1 and specify the requirement for data from multiple taxa.  For the 
short-term SSD derivation, severe effects data (LC50 or equivalent (e.g. EC50 for immobility in small 
invertebrates)) over short-term durations may be utilized with additional requirements depending on 
the taxa examined.  For long-term guideline derivation, low and no effect data is preferred in the 
following order: EC/ICx representing a no-effect threshold > EC/IC10 > EC/IC11-25 > MATC > NOEC > 
LOEC > EC/IC26-49 > nonlethal EC/IC50. Applicable endpoints must be reported across long-term 
durations with additional requirements depending on the taxa examined (Table 2.1). 
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Table 2.1. Minimum short and long-term SSD requirements 

Taxa Studies (#) Species (#) Endpoints 
Required 
exposure 

durations (days)

SHORT-TERM 

Fishes 3 
3  

(1 salmonid &  
1 non-salmonid) 

Severe effects (EC/LC50) ≤ 4 

Invertebrates 3 
3  

(1 planktonic) 
Severe effects (EC/LC50) ≤ 4 

Amphibians None None Severe effects (EC/LC50) ≤ 4 

Algae None None Severe effects (EC/LC50) 
≤ 1 

(≤ 2 if data deficient) 

Plants None None Severe effects (EC/LC50) Case-by-case 

LONG-TERM 

Fishes 3 
3  

(1 salmonid &  
1 non-salmonid) 

Low & no effect * 
≥ 21 

(larva: ≥ 7) 

Invertebrates 3 
3  

(1 planktonic) 
Low & no effect * 

≥ 7 
(short-lived: ≥ 4) 

(lethal: ≥21) 

Amphibians None None Low & no effect * 
≥ 21 

(larva: ≥ 7) 

** Algae 
1 

(or plant) 
1  

(or plant) 
Low & no effect * ≥ 1 

** Plants 
1 

(or algae) 
1  

(or algae) 
Low & no effect * Case-by-case 

Notes: 1) Requirements are derived from CCME 2007; 2) Toxicity data for amphibians is highly desirable but not required; 3) 
For semi-aquatic organisms, data must represent fully aquatic life stages. 
* Low & no effect data: preferred endpoints: EC/ICx representing a no-effect threshold > EC/IC10 > EC/IC11-25 > MATC > 
NOEC > LOEC > EC/IC26-49 > nonlethal EC/IC50. 
** Algae/Plants: If a toxicity study indicates that a plant or algal species is among the most sensitive species in the data set, 
then this substance is considered to be phyto-toxic and three studies on nontarget freshwater plant or algal species are 
required. 

 

  

2.3 SPECIES SENSITIVITY DISTRIBUTION (SSD) – GUIDELINE DERIVATION 

Two chloride toxicity SSDs were calculated (one short-term and one long-term) using data meeting 
the requirements outlined in Section 2.2. Because of data limitations, only chloride toxicity data from 
NaCl endpoints could be used in chronic SSD derivation. The long-term dataset for the other three 
chloride salts (KCl, CaCl2, and MgCl2) did not meet the minimum requirements for Type A (SSD) 
guideline derivation (CCME 2007). As a result, the complete guideline derivation presented here is 
based on NaCl data only. Similar data limitations also occurred in the CCME 2011 derivation where 
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KCl and MgCl2 toxicity was completely excluded from the analysis. Their rational for this approach 
was based on evidence from a number of studies (Section 3.1) showing that the toxicity of these 
chloride salts stems from the cation rather than chloride (CCME 2011), thus establishing a Canadian 
WQG for chloride did not necessitate analysis of KCl and MgCl2. For CaCl2, the CCME (2011) cited 
evidence that NaCl and CaCl2 possess similar toxicities (Section 3.1), which was used to provide the 
rational for combining the datasets for these two salts. The methods utilized here however are 
unique. Rather than combining the two datasets, an analysis of protectiveness was conducted to 
determine whether the guideline derived for NaCl was protective to all CaCl2 toxicity endpoints 
available in the database (Section 7).  
 
The methods utilized to establish both short- and long-term SSDs involved plotting the chloride effect 
concentrations for each species by the proportion of total species affected.  A cumulative distribution 
function was then fitted to the data where the water quality guideline was defined as the chloride 
concentration corresponding to the 5th percentile of the total species affected. It was necessary to 
derive SSDs unadjusted for water hardness as additional endpoints were available in the current 
dataset compared to the CCME derivation conducted in 2011. As a result of this expanded dataset, it 
was expected that both the short- and long-term guidelines would differ from CCME (2011). 
 
Only one endpoint per species may be plotted on an SSD, therefore multiple results for the same 
species were accounted for by following the methods outlined by the CCME (2011, 2007). The 
geometric mean of the effect concentrations was taken when multiple entries existed for the same 
species, endpoint, exposure duration, and lifestage. Data points were deemed inappropriate for 
averaging if any of these variables differed, or if environmental conditions across the relevant data 
points were not comparable. In addition, to reduce bias towards any one study, the arithmetic mean 
was used to represent multiple comparable endpoints for the same species reported from a single 
study. This methodology parallels the CCME approach (CCME 2011).   
 
In some cases, there was more than one effect concentration available for a given species, but the 
endpoint, exposure duration, and/or lifestage differed (geometric mean could not be taken). In these 
cases the most sensitive data point was taken, or professional judgment was utilized to select a 
representative species effect concentration.  
 
Following this selection procedure, each data point was ranked according to sensitivity and its 
position on the SSD determined using the Hazen plotting position represented by the following 
equation (Aldenberg et al. 2002, Newman et al. 2002): 
 

HPP = (i - 0.5) / N  (Eq. 2.1) 
 
where: 
 HPP  = Hazen plotting position  

i    = the species rank (ascending toxicity values) 
 N = the total number of species included in the SSD 
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The plotting position for a given species was interpreted as the proportion of species affected and 
these positional rankings, along with the corresponding effect concentrations were used to create the 
SSD. 
 
Using Benchmark Dose Software (BMDS) version 2.40 (US EPA 2013a), six cumulative distribution 
functions (Gama, Logistic, Log-Logistic, Probit, Log-Probit, and Weibull) were fit to the Hazen plotted 
data. The most appropriate function was selected based on goodness-of-fit, model feasibility, and 
minimizing the scaled residuals.  Using the selected model, a 5% Benchmark Dose (BMD), the 
concentration of chloride at which 5% of species are predicted to be affected, was determined for 
both the shot-term and long-term datasets along with a benchmark dose lower confidence limit 
(BMDL). This approach differed from the CCME (2011) methods in that, there, a customized 
Microsoft Excel-based software package, SSD Master Version 2.0 (Rodney et al., 2008) was used. 
With this approach five models were tested (Normal, Logistic, Gompertz, Weibull, and Fisher-
Tippett). 
 
Despite the limitations to the chronic datasets of KCl, CaCl2, and MgCl2. Sufficient acute data was 
available for KCl and CaCl2 to calculate short-term SSDs. The data for MgCl2 did not meet the short-
term requirments outlined in Table 2.1 but despite this an SSD was constructed for comparative 
purposes. The same methods of SSD derivation outlined above were utilized. Results from this 
analysis allowed for a comparison of the relative toxicity of chloride under various cation pairings 
along with a comparison to relationships established in the literature (Section 3.1). 
 

2.4 HARDNESS ADJUSTMENT – GUIDELINE DERIVATION 

It is well known that water hardness ameliorates the toxicity of metals to aquatic organisms. The 
competing effect of hardness ions (Ca2+ and Mg2+) towards metal ions for binding sites on cell 
membranes is a key component of the well-established Biotic Ligand Model used to predict metal 
toxicity (Paquin et al. 2002). Although the mechanism is less clear, growing evidence has 
demonstrated an inverse relationship between major ion toxicity and water hardness (Section 5.1).  
Various regulating bodies have begun to incorporate hardness amelioration into fresh water 
guidelines. The US EPA, the Great Lakes Environmental Centre (GLEC), and the Illinois Natural 
History Survey (INHS) in collaboration with the state of Iowa have developed an algorithm for the 
adjustment of a chloride water quality guidelines based on hardness (IDNR 2009a, 2009b). Within 
Canada, British Columbia has recently established a hardness adjusted guideline for the sulphate ion 
which draws (among other sources) from research conducted by Elphick et al. (2011a) and the 
Pacific Environmental Science Centre (PESC) (BCME 2013). Finally, site specific guidelines for 
chloride in Canada such as the EKATI and Snap Lake diamond mines (Northwest Territories) now 
incorporate a hardness ameliorating factor (Rescan 2007).  
 
To explore potential relationships between chloride toxicity (short and long-term) and water hardness, 
data was compiled for species in which effect concentrations were available across a wide range of 
water hardness values.  Two separate analyses were conducted using the short-term and long-term 
data sets. Log-log relationships were used to characterize hardness-toxicity relationships following 
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the methods outlined by Stephan et al. (1985).  An approach utilized by both the CCME and the U.S. 
Environmental Protection Agency (US EPA) in their respective hardness adjusted guidelines for 
cadmium (CCME 2014, US EPA 2001). This is also the preferred method to derive hardness 
adjusted guidelines for chloride (CCME 2011). In order for species data to be included, effect 
concentrations are required over a range of hardness such that the highest hardness is at least three 
times the lowest, and the highest is also at least 100 mg/L higher than the lowest (CCME 2014, US 
EPA 2001, Stephan et al. 1985).  Data points that met these criteria across comparable endpoints, 
exposure durations, and life stages, were plotted together with Log(hardness) and Log(chloride effect 
concentration) as the independent (x-axis) and responding (y-axis) variables respectively. Slopes for 
the hardness-toxicity relationship were calculated for each species using linear regression. 
 
To determine if a hardness-toxicity relationship could be compared across all species within the two 
data sets, an F-test was used to evaluate the null hypothesis that individual species slopes were not 
significantly similar to one another. Following the rejection of this null hypothesis, an analysis of 
covariance (ANCOVA) was conducted using the statistical software JMP 11 (SAS Institute Inc.) to 
calculate a pooled slope as per previously established methods (CCME 2014, US EPA 2001).  The 
pooled slope is derived from a least squares regression analysis using a pooled data set, where 
every variable is adjusted relative to its mean. The slope of this regression line represents the best 
estimate of the toxicity-hardness relationship across all species included in the analysis (US EPA 
2001). Following these statistical procedures, two pooled slopes were obtained based on the analysis 
of short- and long-term data.  
 
The pooled slope values relating chloride toxicity to water hardness were used to adjust all toxicity 
data points used in the short-term and long-term SSDs to a standardized hardness of 50 mg/L. This 
relatively low hardness concentration was chosen as a starting point from which subsequent 
guidelines in harder water could be calculated. The equations to derive the short- and long-term 
hardness adjusted effect concentrations were as follows: 
 

STECx(50 mg CaCO3 /L) = 10 { ( [ log(50) - log(hardness) ] x STPS) + log(STECx) }  (Eq. 2.2) 
 

LTECx(50 mg CaCO3 /L) = 10 { ( [ log(50) - log(hardness) ] x LTPS) + log(LTECx) }  (Eq. 2.3) 
 
where: 
 STECx(50 mg CaCO3 /L): a given short-term effect concentration normalized to 50 mg CaCO3/L 

STECx:  a given short-term effect concentration 
STPS:   the pooled slope derived from short-term data  
LTECx(50 mg CaCO3 /L): a given long-term effect concentration normalized to 50 mg CaCO3/L 
LTECx:   a given short-term effect concentration 
LTPS:   the pooled slope derived from long-term data 
* hardness (permanent) measured as CaCO3 equivalents 

 
Two separate short- and long-term hardness adjusted SSDs were created for the 50 mg/L hardness 
adjusted data and the 5th percentile short-term benchmark and long-term guideline were calculated 
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as outlined in Section 2.3. Using the 5th percentile chloride concentration (representing the y co-
ordinate on the fitted line), a hardness of 50 mg/L (representing the x co-ordinate on the fitted line), 
and the pooled slope value (m), the equation could be solved for the y-intercept.  In other words, if 
the equation log(y) = m⋅log(x) + b is rearranged to solve for b (i.e., the y-intercept), the following result 
is obtained: b = log([Chloride 5th%]) – ((pooled slope) x log(hardness)).  Therefore, the resulting 
equation to derive the short-term benchmark and long-term WQG concentrations were: 
 

Short-term Benchmark = 10 { STPS ( log[hardness]) - STb }  (Eq.2.4) 
 

Long-term WQG = 10 { LTPS ( log[hardness]) - LTb }   (Eq.2.5) 
 
where: 

STPS  = the pooled slope derived from short-term data  
STb  = the y-intercept derived from short-term data 
LTPS  = the pooled slope derived from long-term data 
LTb  = the y-intercept derived from short-term data 
* hardness (permanent) measured as CaCO3 equivalents 
 

To assess the protectiveness of the short- and long-term hardness dependant guidelines, all 
acceptable chloride effect concentrations (log transformed and uncorrected for hardness) were 
plotted against log hardness. This analysis was conducted separately for the short- and long-term 
datasets where the respective benchmark and WQG were plotted as a straight lines. Any values 
occurring below these guidelines were examined in detail. This analysis was an important component 
of the overall guideline derivation as it incorporated CaCl2 data which could not be assessed by Type 
A (SSD) methods. Including the CaCl2 data here provided a measure of the effectiveness of the 
guidelines towards calcium chloride toxicity. The assessment of protectiveness is presented in 
Section 7 and is based on methods utilized by the CCME (2014). 
 



2014 AUPRF/PTAC Report  Chloride Aquatic Life Guideline with Hardness 
 

Equilibrium Environmental Inc.    December 2014                                     Page 10  

3 ACUTE TOXICOLOGICAL GUIDELINE EXCLUDING HARDNESS 

The following section outlines the results from toxicological analysis of the acute dataset. To 
determine the relative toxicity of the four major chloride salts (NaCl, KCl, CaCl2, and MgCl2), 
cumulative distribution functions are established and corresponding BMDs calculated.  Determining 
the relative toxicity of these salts formed an important part of the analysis and allowed for comparison 
with published work on major ion toxicity. Subsequently, the derivation of the short-term benchmark 
concentration for chloride is outlined using data for NaCl toxicity.  A detailed summary of the data 
utilized in the short-term SSD is provided along with an overview of the derived guideline. 
 

3.1 COMPARATIVE TOXICITY OF CHLORIDE SALTS (NaCl, KCl, CaCl2, MgCl2) 

In the natural environment, chloride occurs primarily as salts of sodium, potassium, calcium, and 
magnesium.  Depending on the cation pairing, the toxicity of chloride to aquatic organisms has been 
shown to vary, which suggests that toxicity may be more related to the cation paired with chloride.  
To compare relative toxicity, SSDs for each salt were estimated based on the short-term severe 
effect (EC/LC50) data collected in the database. Chloride effect concentrations are plotted against 
their corresponding Hazen plotting position in Figure 3.1. Associated 5 % BMDs and BMDLs were 
calculated and are presented in Table 3.1. All of the data points utilized to construct the short-term 
SSDs for potassium, calcium, and magnesium chloride are presented in Appendix C. The data points 
making up the sodium chloride SSD are examined in detail in Section 3.2.  
 
The data for MgCl2 did not meet the CCME (2007) minimum protocols for short-term SSD derivation. 
More specifically, it did not meet the requirement for three different fish species (at least one of which 
is a salmonid and one of which is a non-salmonid). Only a single LC50 for Pimephales promelas of 
1,579 mg Cl- /L was available (Mount et al. 1997). Although not meeting the SSD guideline derivation 
requirements, it was assumed that the MgCl2 data was sufficient for comparative purposes. 
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Figure 3.1. Comparative toxicity of the common salts of chloride – severe endpoints (EC/LC50) 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Notes: 1) estimated SSDs using cumulative distribution models (blue: NaCl, red: KCl, green: CaCl2, purple: MgCl2); 2) MgCl2 
does not meet the minimum data requirements for short-term SSD derivation as outlined in CCME (2007). 

 

 
Table 3.1. Derived BMDs for various chloride salts – severe endpoints (EC/LC50) 

Salt BMD (mg Cl-/L)A BMDL (mgCl- /L)B Best-fit model 

KCl 106 102 Log-Logistic 

*MgCl2 145 128 Log-Logistic 

NaCl 659 645 Log-Logistic 

CaCl2 703 591 Weibull 
A  BMD: Benchmark Dose, the salt concentration corresponding to the 5th percentile of species effected 
B  BMDL: Benchmark Does Lower confidence limit 
* MgCl2 did not meet the minimum data requirements for short-term SSD derivation as outlined in CCME (2007). 
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Figure 3.1 demonstrates the important effect corresponding cations have on chloride toxicity.  Based 
on the overall SSDs, KCl was the most toxic salt and approximately an order of magnitude more toxic 
compared to NaCl. Although the regressions for CaCl2 and especially MgCl2 suffer from data 
limitations, it appears that the relative toxicity of the salt pairings is:  
 

KCl > MgCl2 > NaCl ≈> CaCl2 
 
Published research supports this ordering of relative chloride salt toxicity.  For the diatom Nitzschia 
linearisI, 120 h EC50 (50% reduction in cell number) values varied from 637, 1474, and 2000 mg Cl-/L, 
in solutions containing KCl, NaCl, and CaCl2 respectively. Waller et al. (1996) demonstrated an 80% 
mortality in yellow perch exposed to 2,500 mg KCl/L (1,189 mg Cl- /L) over a 24 h timeframe, 
whereas 10,000 mg/L of CaCl2 (6,389 mg Cl- /L) and NaCl (6,066 mg Cl- /L) was required to cause 
83% and 0% mortality respectively. Working with the flatworm Polycelis nigra, Jones (1940, 1941) 
found decreasing toxicity in 48 h exposures to KCl (317 mg Cl- /L), MgCl2 (2,830 mg Cl- /L), CaCl2 
(4,600 mg Cl- /L), and NaCl (6,736 mg Cl- /L) respectively. Khangarot and Ray (1989) investigated 
the toxicity of NaCl, CaCl2, and KCl to the water flea D. magna and found respective 48 h LC50 values 
of 621 mg Cl- /L, 686 mg Cl- /L, and 135 mg Cl- /L, suggesting again the relatively toxicity of K > Na > 
Ca chloride salts.  Since 2001, two reviews have also identified cation relationship in chloride toxicity.  
Work stemming from the Canadian Environmental Protection Act 1999 (Evans and Frick 2001) and a 
report to the British Columbia Ministry of Water, Land and Air Protection (Bright and Addison 2002) 
found that cation pairings effected toxicity as follows: KCl > MgCl2 > CaCl2 > NaCl. These results 
suggest a slightly different ordering in which CaCl2 is more toxic than NaCl; however the most toxic 
salts were still found to be KCl followed by MgCl2.  The body of evidence presented above, along with 
the results generated herein, are generally consistent with an extensive evaluation of major ion 
toxicity conducted by Mount et al. (1997).   
 
In the CCME (2011) guideline derivation for chloride, the work of Mount et al. (1997) was cited as the 
primary justification for grouping the toxicity data of NaCl with CaCl2. It was reasoned that the toxicity 
of these two salts was due to the chloride ion, thus this data could be grouped and analysed together. 
However, CaCl2 formed a relatively minor component of the CCME dataset with only three values 
utilized in short-term benchmark derivation (Baudouin and Scoppa (1974) 48h LC50 for Daphnia 
hyaline, Eudiaptomus padanus padanus, and Cyclops abyssorum prealpinus) and no values used in 
long-term WQG derivation. With this in mind, and the fact that calcium is associated with potential 
ameliorating effects on acute toxicity via water hardness and cell membrane permeability (Eddy 
1975, Pic and Maetz 1981, Potts and Fleming 1970, Penttinen et al. 1998, Robertson 1941), it was 
analysed separately from the sodium chloride data.  To ensure that the derived sodium chloride 
based guideline provides adequate protection for calcium chloride toxicity, an analysis of 
protectiveness (Section 7) is applied to all toxicity endpoints available in the database for NaCl and 
CaCl2. 
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3.2 SHORT-TERM SPECIES SENSITIVITY DISTRIBUTION (SSD) 

In total, 502 acute data points were obtained for sodium chloride across a wide range of aquatic 
organisms. Of these, a number were deemed unacceptable for guideline derivation or did not meet 
the requirements of short-term data (CCME 2007).  From the remaining data points, a number were 
omitted or averaged so that only one data point represented a single species. In cases where 
multiple comparable endpoints (i.e. same species, duration, lifestage etc.) were available for a single 
species, arithmetic (intra-study comparisons) and geometric means (inter-study comparisons) were 
taken (see Section 2 for full discussion).  The short-term SSD comprised 56 species , with values 
ranging from a 24 h EC50 (glochidia survival) of 244 mg Cl-/L for the freshwater mussel Epioblasma 
torulosa rangiana to a 96 h LC50 of 11,881 mg Cl- /L for the American eel (Anguilla rostrata) Table 
3.2.  
 

Table 3.2. EC/LC50 (severe endpoints) used in the derivation of the short-term SSD 

Species Common name Endpoint Endpoint criteria 
EC/LC50 

(mg Cl- /L)
HPP A Citation 

Epioblasma 
torulosa rangiana 

Freshwater 
mussel 

24h EC50 Glochidia survival 244 0.0089 Gillis (2011) 

Daphnia magna Water flea 48h EC50 No heart beat 621 0.0268 Khangarot & Ray(1989) 

Lampsilis fasciola 
Freshwater 
mussel 

24h LC50 Glochidia survival 746 0.0446 *MEAN VALUE 

Lampsilis cardium 
Freshwater 
mussel 

24h EC50 Glochidia survival 817 0.0625 Gillis (2011) 

Lampsilis 
siliquoidea 

Fatmucket Clam 24h EC50 Glochidia survival 892 0.0804 *MEAN VALUE 

Sphaerium simile Fingernail clam 96h LC50 Mussel mortality 902 0.0982 *MEAN VALUE 

Villosa iris 
Freshwater 
mussel 

24h EC50 Glochidia survival 1,031 0.1161 Pandolfo_etal (2012) 

Ceriodaphnia dubia Water Flea 48h LC50 
No visible movement and no 

response to prodding 
1,151 0.1339 *MEAN VALUE 

Ambystoma 
maculatum 

Spotted 
salamander 

96h LC50 Mortality 1,178 0.1518 Collins & Russell (2009) 

Daphnia ambigua Water flea 48h LC50 Imobilization 1,213 0.1696 Harmon_etal (2003) 

Elliptio lanceolata Yellow lance 96h LC50 Glochidia survival 1,274 0.1875 Wang & Ingersoll (2010) 

Brachionus patulus Rotifer 24h LC50 Mortality 1,298 0.2054 Peredo-Alvarez_etal (2003) 

Hyalella azteca Amphipod 96h LC50 Survival 1,382 0.2232 Elphick_etal (2011a) 

Hydra attenuata Hydra 96h LC50 Mortality 1,559 0.2411 Santos_etal(2007) 

Daphnia pulex Water flea 48h LC50 Mortaility 1,597 0.2589 *MEAN VALUE 

Elliptio complanata 
Freshwater 
mussel 

24h EC50 Glochidia survival 1,620 0.2768 Bringolf_etal (2007) 

Epioblasma 
brevidens 

Freshwater 
mussel 

24h LC50 Glochidia survival 1,626 0.2946 Valenti_etal (2007) 

Epioblasma 
capsaeformis 

Freshwater 
mussel 

24h LC50 Glochidia survival 1,644 0.3125 Valenti_etal (2007) 

Villosa constricta 
Freshwater 
mussel 

24h EC50 Glochidia survival 1,674 0.3304 Bringolf_etal (2007) 
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Table 3.2. EC/LC50 (severe endpoints) used in the derivation of the short-term SSD 

Species Common name Endpoint Endpoint criteria 
EC/LC50 

(mg Cl- /L)
HPP A Citation 

Musculium 
transversum 

Fingernail clam 96h LC50 Mussel mortality 1,930 0.3482 Soucek_etal (2011) 

Villosa delumbis 
Freshwater 
mussel 

24h EC50 Glochidia survival 2,008 0.3661 Bringolf_etal (2007) 

Brachionus 
calyciflorus 

Rotifer 24h LC50 Survival 2,027 0.3839 *MEAN VALUE 

Tricorythus sp. Mayfly 96h LC50 Mortality 2,033 0.4018 Goetsch & Palmer (1997) 

Pycnopsyche sp. Caddisfly 96h LC50 Mortality 2,139 0.4196 Blasius & Merritt (2002) 

Hyla chrysoscelis 
Cope's gray tree 
frog 

96h LC50 Mortality 2,156 0.4375 *MEAN VALUE 

Isonychia bicolor Mayfly 96h LC50 Mortality 2,245 0.4554 Echols_etal (2009) 

Pseuacris triseriata Chorus frog 96h LC50 Mortality 2,320 0.4732 Garibay&Hall(2007) 

Physa gyrina Freshwater snail 96h LC50 Mortality 2,540 0.4911 Birge_etal(1985) 

Rana clamitans Green Frog 96h LC50 Mortality 2,776 0.5089 *MEAN VALUE 

Pseudacris crucifer Spring Peeper 96h LC50 Mortality 2,830 0.5268 Collins&Russell(2009) 

Lirceus fontinalis Isopod 96h LC50 Mortality 2,950 0.5446 Birge_etal(1985) 

Gyraulus parvus Freshwater snail 96h LC50 Mortality 3,043 0.5625 *MEAN VALUE 
Lithobates 
sylvaticus 

Wood frog 96h LC50 Mortality 3,096 0.5804 *MEAN VALUE 

Baetis tricaudatus Mayfly 48h EC50 Immobilization 3,130 0.5982 *MEAN VALUE 

Rana temporaria Common frog 96h LC47.6 Mortality 3,140 0.6161 Viertel(1999) 

Lithobates pipiens 
Northern 
Leopard frog 

96h LC50 Mortality **3,385 0.6339 Doe(2010) 

Chironomus 
xanthus 

Midge 96h LC50 Mortality 3,543 0.6518 Santos_etal(2007 

Lemna minor 
Common 
duckweed 

48h EC50 Mortality 3,900 0.6696 Simmons(2012) 

Anaxyrus 
americanus 

American toad 96h LC50 Mortality 3,926 0.6875 Collins&Russell(2009) 

Lumbriculus 
variegatus 

California 
blackworm 

96h LC50 Survival 4,094 0.7054 *MEAN VALUE 

Nephelopsis 
obscura 

Leech 96h LC50 Mortality 4,310 0.7232 Environ (2009) 

Pimephales 
promelas 

Fathead minnow 96h LC50 
No visible movement and no 

reponse to prodding 
4,543 0.7411 *MEAN VALUE 

Gammarus 
pseudolimnaeus 

Amphipod 96h LC50 Mortality 4,671 0.7589 Blasius&Merritt(2002) 

Hexagenia spp. Mayfly 48h LC50 Mortality 4,671 0.7768 Wang&Ingersoll(2010) 
Chironomus dilutus 
/ tentans 

Midge 96h LC50 Mortality 4,697 0.7946 *MEAN VALUE 

Chironomus 
attenatus 

Midge 48h LC50 Mortality 4,850 0.8125 Thornton&Sauer(1972) 

Rana catesbeiana Bullfrog 96h LC50 Mortality 5,846 0.8304 Environ (2009) 

Lepidostoma sp. Caddisfly 96h LC50 Mortality 6,000 0.8482 Williams_etal(1999) 

Cyprinella leedsi Bannerfin Shiner 96h LC50 Mortality 6,070 0.8661 Environ (2009) 

Tubifex tubifex Tubificid worm 96h LC50 Survival 6,119 0.8839 *MEAN VALUE 
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Table 3.2. EC/LC50 (severe endpoints) used in the derivation of the short-term SSD 

Species Common name Endpoint Endpoint criteria 
EC/LC50 

(mg Cl- /L)
HPP A Citation 

Lepomis 
macrochirus 

Common 
bluegill 

96h LC50 Immobilization 6,790 0.9196 *MEAN VALUE 

Chironomus 
riparius 

Midge 48h LC50 Mortality 6,912 0.9018 Wang&Ingersoll(2010) 

Oncorhynchus 
mykiss 

Rainbow trout 96h LC50 Survival 9,033 0.9375 *MEAN VALUE 

Gambusia affinis Mosquito fish 96h LC50 Mortality 9,099 0.9554 Al-Daham&Bhatti(1977) 
Gasterosteus 
aculeatus 

 Three-spined 
stickleback 

96h LC50 Mortality 10,200 0.9732 Garibay&Hall(2007) 

Anguilla rostrata American eel 96h LC50 Mortality 11,881 0.9911 *MEAN VALUE 
A HPP: Hazen plotting position. See Section 2 for description  
* MEAN VALUE: data shown is the mean value taken from multiple studies. Intra-study comparisons use arithmetic value, 
inter-study comparisons use geometric mean. Raw values used presented in Table 3.2. 
**This value was reported as 3,385 mg Cl- /L in SSD derivation but as 3,397 mg Cl- /L in Appendix I (CCME 2011). Since the 
orignianl publication was not avalible, the smaller more conservative value is used here.  

 
 

 

Table 3.3. Raw data used in the derivation of short-term SSD averaged data points 

Species Common name Endpoint
Effect conc. 
(mg Cl- /L) 

Arithmetic 
meanA 

Geometric 
mean 

Citation 

Lampsilis fasciola 
Freshwater 

mussel 
24 h EC50 1,868  746 Valenti_etal(2007) 

Lampsilis fasciola 
Freshwater 

mussel 
24 h EC50 1,116   Bringolf_etal(2007) 

Lampsilis fasciola 
Freshwater 

mussel 
24 h EC50 113 199  Gillis(2011) 

Lampsilis fasciola 
Freshwater 

mussel 
24 h EC50 285   Gillis(2011) 

Lampsilis 
siliquoidea 

Fatmucket Clam 24 h EC50 1,213 1426 892 Cope_etal(2008) 

Lampsilis 
siliquoidea 

Fatmucket Clam 24 h EC50 1,638   Cope_etal(2008) 

Lampsilis 
siliquoidea 

Fatmucket Clam 24 h EC50 334   Bringolf_etal(2007) 

Lampsilis 
siliquoidea 

Fatmucket Clam 24 h EC50 1,430 1491  Gillis(2011) 

Lampsilis 
siliquoidea 

Fatmucket Clam 24 h EC50 763   Gillis(2011) 

Lampsilis 
siliquoidea 

Fatmucket Clam 24 h EC50 1,430   Gillis(2011) 

Lampsilis 
siliquoidea 

Fatmucket Clam 24 h EC50 1,962   Gillis(2011) 

Lampsilis Fatmucket Clam 24 h  1,870   Gillis(2011) 
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Table 3.3. Raw data used in the derivation of short-term SSD averaged data points 

Species Common name Endpoint
Effect conc. 
(mg Cl- /L) 

Arithmetic 
meanA 

Geometric 
mean 

Citation 

siliquoidea EC50 

Sphaerium simile Fingernail clam 96 h LC50 740  902 Soucek_etal(2011) 

Sphaerium simile Fingernail clam 96 h LC50 1,100   Soucek_etal(2011) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,189  1151 Mount_etal(1997) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,068   Elphick_etal (2011a) 

Ceriodaphnia dubia Water Flea 48 h LC50 507 477  Hoke_etal(1992) 

Ceriodaphnia dubia Water Flea 48 h LC50 447   Hoke_etal(1992) 

Ceriodaphnia dubia Water Flea 48 h LC50 977 1385  Soucek_etal(2011) 

Ceriodaphnia dubia Water Flea 48 h LC50 861   Soucek_etal(2011) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,249   Soucek_etal(2011) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,402   Soucek_etal(2011) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,589   Soucek_etal(2011) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,779   Soucek_etal(2011) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,836   Soucek_etal(2011) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,600 1648  Tietge_etal(1997) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,696   Tietge_etal(1997) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,395   Cowgill&Milazzo(1990) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,347   Echols_etal(2012) 

Ceriodaphnia dubia Water Flea 48 h LC50 964   Harmon_etal(2003) 

Ceriodaphnia dubia Water Flea 48 h LC50 1,413   Valenti_etal(2007) 

Daphnia pulex Water flea 48 h LC50 2,042  1597 Gardner&Royer(2010) 

Daphnia pulex Water flea 48 h LC50 1,504 1241  Robison(2011) 

Daphnia pulex Water flea 48 h LC50 1,134   Robison(2011) 

Daphnia pulex Water flea 48 h LC50 1,341   Robison(2011) 

Daphnia pulex Water flea 48 h LC50 1,068   Robison(2011) 

Daphnia pulex Water flea 48 h LC50 1,159   Robison(2011) 

Daphnia pulex Water flea 48 h LC50 1,159 1745  Palmer_etal (2004) 

Daphnia pulex Water flea 48 h LC50 1,775   Palmer_etal (2004) 

Daphnia pulex Water flea 48 h LC50 1,805   Palmer_etal (2004) 

Daphnia pulex Water flea 48 h LC50 2,242   Palmer_etal (2004) 

Daphnia pulex Water flea 48 h LC50 *1,470   Birge_etal(1985) 

Brachionus 
calyciflorus 

Rotifer 24 h LC50 1,645  2027 Elphick_etal (2011a) 

Brachionus 
calyciflorus 

Rotifer 24 h LC50 2,223   Calleja_etal(1994) 

Brachionus 
calyciflorus 

Rotifer 24 h LC50 2,277   Peredo-Alvarez_etal(2003) 

Hyla chrysoscelis Cope's gray tree 96 h LC50 1,855  2156 Brown_etal(2012) 
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Table 3.3. Raw data used in the derivation of short-term SSD averaged data points 

Species Common name Endpoint
Effect conc. 
(mg Cl- /L) 

Arithmetic 
meanA 

Geometric 
mean 

Citation 

frog 

Hyla chrysoscelis 
Cope's gray tree 

frog 
96 h LC50 1,869   Brown_etal(2012) 

Hyla chrysoscelis 
Cope's gray tree 

frog 
96 h LC50 2,174   Brown_etal(2012) 

Hyla chrysoscelis 
Cope's gray tree 

frog 
96 h LC50 2,167   Brown_etal(2012) 

Hyla chrysoscelis 
Cope's gray tree 

frog 
96 h LC50 1,871   Brown_etal(2012) 

Hyla chrysoscelis 
Cope's gray tree 

frog 
96 h LC50 2,316   Brown_etal(2012) 

Hyla chrysoscelis 
Cope's gray tree 

frog 
96 h LC50 3,055   Brown_etal(2012) 

Rana clamitans Green Frog 96 h LC50 2,479  2776 Brown_etal(2012) 

Rana clamitans Green Frog 96 h LC50 3,109   Collins&Russell(2009) 

Gyraulus parvus Freshwater snail 96 h LC50 3,078  3043 Soucek_etal(2011) 

Gyraulus parvus Freshwater snail 96 h LC50 3,009   Soucek_etal(2011) 

Lithobates 
sylvaticus 

Wood frog 96 h LC50 3,099  3096 Sanzo&Hecnar(2006) 

Lithobates 
sylvaticus 

Wood frog 96 h LC50 3,755   Jackman(2010) 

Lithobates 
sylvaticus 

Wood frog 96 h LC50 4,586   Harless_etal(2011) 

Lithobates 
sylvaticus 

Wood frog 96 h LC50 1,721   Collins&Russell(2009) 

Baetis tricaudatus Mayfly 48 h EC50 2,875  3130 Lowell_etal(1995) 

Baetis tricaudatus Mayfly 48 h EC50 3,233   Lowell_etal(1995) 

Baetis tricaudatus Mayfly 48 h EC50 3,300   Lowell_etal(1995) 

Lumbriculus 
variegatus 

California 
blackworm 

96 h LC50 3,100  4094 Elphick_etal (2011a) 

Lumbriculus 
variegatus 

California 
blackworm 

96 h LC50 5,408   Environ (2009) 

Pimephales 
promelas 

Fathead minnow 96 h LC50 3,876  4543 Mount_etal(1997) 

Pimephales 
promelas 

Fathead minnow 96 h LC50 4,079   Elphick_etal (2011a) 

Pimephales 
promelas 

Fathead minnow 96 h LC50 3,740 4014  Tietge_etal(1997) 

Pimephales 
promelas 

Fathead minnow 96 h LC50 4,288   Tietge_etal(1997) 

Pimephales 
promelas 

Fathead minnow 96 h LC50 4,640   Adelman_etal(1976) 

Pimephales 
promelas 

Fathead minnow 96 h LC50 6,570   Birge_etal(1985) 

Chironomus dilutus Midge 96 h LC50 5,867  4697 Elphick_etal (2011a) 

Chironomus dilutus Midge 96 h LC50 3,761   Wang&Ingersoll(2010) 

Tubifex tubifex Tubificid worm 96 h LC50 5,648  6119 Elphick_etal (2011a) 
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Table 3.3. Raw data used in the derivation of short-term SSD averaged data points 

Species Common name Endpoint
Effect conc. 
(mg Cl- /L) 

Arithmetic 
meanA 

Geometric 
mean 

Citation 

Tubifex tubifex Tubificid worm 96 h LC50 4,278 5143  Soucek_etal(2011) 

Tubifex tubifex Tubificid worm 96 h LC50 6,008   Soucek_etal(2011) 

Tubifex tubifex Tubificid worm 96 h LC50 7,886   Wang&Ingersoll(2010) 

Lepomis 
macrochirus 

Common 
bluegill 

96 h LC50 7,853  6790 Trama_(1954) 

Lepomis 
macrochirus 

Common 
bluegill 

96 h LC50 *5,870   Birge_etal(1985) 

Oncorhynchus 
mykiss 

Rainbow trout 96 h LC50 6,030  9033 Elphick_etal (2011a) 

Oncorhynchus 
mykiss 

Rainbow trout 96 h LC50 9,886   Dow_etal(2010) 

Oncorhynchus 
mykiss 

Rainbow trout 96 h LC50 12,363   Vosyliene_etal(2006) 

Anguilla rostrata American eel 96 h LC50 10,847  11881 Hinton&Eversole(1978) 

Anguilla rostrata American eel 96 h LC50 13,012   Hinton&Eversole(1979) 
A Arithmetic mean: the geometric mean was preferentially taken. Arithmetic means were used to collate multiple data points 
for a single study when multiple studies were available for a species. This ensured that no one study had a greater influence 
on the derived SSD value. 
* These values were incorrectly entered as 892 and 3,543mg Cl- /L in CCME (2011). The correct values of 1,470 and 5,870 
mg Cl- /L for D. pulex and L. macrochirus are utilized here.   

 
 
3.2.1 Evaluation of Short-Term Toxicological Data 

This section summarizes important data points for four taxonomic groups (fish, invertebrates, 
amphibians, and plants/algae), and outlines situations where professional judgment was required to 
arrive at the SSD effect concentration presented in Table 3.2. Note that this section deals only with 
data used to establish the short-term SSD. 
 
Short-term toxicity to fish 
 
Acute chloride toxicity data was collected for 35 species of fish and is presented in Appendix A. Of 
these species, 96 h LC50 values from seven species were included in the short-term SSD. The other 
fish species were excluded from the analysis as the data did not meet requirments (e.g. less than 
four day exposure durations, species native to tropical climates, inappropriate endpoints such as LC0 
/ LC100).  Fish were found to be quite tolerant of high chloride exposures over acute timeframes. The 
most sensitive species was found to be the Fathead minnow (P. promelas), with a 96h LC50 of 3,386 
mg Cl- /L (Mount et al. 1997) and a collated SSD value of 4,543 mg Cl- /L (Table 3.3). The greatest 
tolerance to chloride was found for the catadromous American eel (A. rostrata), with a 96 h LC50 of 
13,012 mg Cl- /L. This species was the most tolerant organism across the entire short-term SSD. The 
species included in the short-term SSD match those used by the CCME (2011), however values for 
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half of these (P. promelas, L. macrochirus, and O. mykiss) differ since additional data was utilized 
during data collation. It is also important to note that an LC50 for L. macrochirus was entred incorrectly 
in the CCME (2011) guideline derivation. There they used a value of 3,543 mg Cl- /L, however after 
careful consideration and examination of the original paper (Birge et al. 1985), the value of of 5,840 
mg Cl- /L was utilized. This value is also in better agreement with the other LC50 value avalible for L. 
macrochirus of 7,853 mg Cl- /L (Trama 1954). 
 
Short-term toxicity to amphibians 
 
Ten species of amphibians were included in the short-term SSD. As with the fish, all endpoints were 
96 h LC50 values. Acute chloride toxicity data from six species was excluded from the analysis due to 
various reasons such as exposure durations being more than four days, issues with experimental 
conditions, or where species were native to tropical regions. Similar to the CCME (2011) findings, the 
most sensitive species was the spotted salamander (A. maculatum) with a 96 h LC50 of 1,178 mg Cl- 
/L and the most tolerant species was the bullfrog (R. catesbeiana) with a 96 h LC50 of 5,846 mg Cl- /L 
(Environ 2009). The current amphibian dataset is similar to that used in the CCME (2011), however, 
a 2,156 mg Cl- /L 96 h LC50 for the Cope’s grey tree frog (H. chrysoscelis) is included from a 2012 
study conducted by Brown et al. Additionally, LC50 values for the chorus (P. triseriata), wood (L. 
sylvatica), and green (R. clamitans) frogs differ from those derived by the CCME (2011) due to the 
availability of additional information and subsequent averaging.  
 
Short-term toxicity to invertebrates 
 
For the short-term SSD, invertebrates were represented by 38 data points which included 3 additions 
to the 35 used in the CCME (2011) dataset. The additions included the hydra H. attenuate with a 96 
h LC50 of 1,559 mg Cl- /L (Santos et al. 2007), a mayfly (Tricorythus sp.) with a 96 h LC50 of 2,033 mg 
Cl- /L, and a midge (C. xanthus) with a 96 h LC50 of 3,543 mg Cl- /L. In general, invertebrates are 
more sensitive to acute chloride exposures when compared to vertebrates and make up all of the 
values below the 15th percentile. These sensitive data points remain similar to those used in the 
CCME (2011) guideline derivation with the exception of L. siliquoidea, V. iris, and C. dubia where 
values have been updated with either more recent data (V. iris: Pandolfo et al. 2012; C. dubia: Echols 
et al. 2012) or with data from studies not included in the CCME (2011) derivation (C. dubia: Tietge et 
al. 1997, Harmon et al. 2003; L. siliquoidea: Cope et al. 2008).  
Bivalves made up a large proportion of the most sensitive species (6 of the 8 most sensitive species) 
and included the COSEWIC designated special concern wavy-rayed lampmussel (L. fasicola) with a 
24 h LC50 (glochidia) of 746 mg Cl- /L (Valenti et al. 2007, Bringolf et al. 2007, Gillis 2011) and the 
endangered rainbow mussel (V. iris) with a 24 h LC50 (glochidia) of 1,031 mg Cl- /L (Pandolfo et al. 
2012). This new data from Pandolfo et al. (2012) resulted in a lower 24h EC50 (glochidia survival) 
compared to the CCME (2011) derivation. The northern riffleshell mussel (E. torulosa rangiana) with 
a 24 h LC50 (glochidia) of 244 mg Cl- /L was the most sensitive species in the SSD. This species has 
been designated as endangered by COSEWIC. Further information on freshwater bivalve chloride 
sensitivities, glochidia lifestage endpoints, and life history characteristics, can be found in CCME 
(2011). 
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The four water flea species D. magna, C. dubia, D. ambigua, and D. pulex had effect concentrations 
at or below the 20th percentile of the SSD with 48 h LC50 values of 621, 1,151, 1,213, and 1,597 mg 
Cl- /L respectively. Along with the bivalves, water fleas were some of the most sensitive species to 
short-term chloride exposures. D. magna was the second most sensitive species to acute chloride 
exposures. Derived values for C. dubia were higher than estimates in the CCME derivation, due to 
the addition of data from Harmon et al. (2003), Tietge et al. (1997), and Echols et al. (2012). The 
derived 48 h LC50 for D. pulex is also higher than estimates in CCME (2011). This is due to the 
addition of data from Gardner and Royer (2010) and Robison (2011).  In addition, an LC50 for D. 
pulex was entered incorrectly in the CCME (2011) guideline derivation where a value of 892 mg Cl- /L 
was used.  After careful consideration and examination of the original paper (Birge et al. 1985), the 
value of 1,470 mg Cl- /L was utilized as opposed to the value used by CCME. This value is also in 
better agreement with the other LC50 values avalible for D. pulex (Table 3.3). 
 
3.2.2 Derivation of the Short-Term SSD and Benchmark Concentration  

The SSD chloride concentrations (Table 3.2) were plotted against their corresponding Hazen plotting 
position values. Cumulative distribution functions were then fitted to the data using the maximum 
likelihood approach of the BMDS software (US EPA 2013a). The best model was selected based on 
goodness -of-fit and model feasibility. Using BMDS software, the Log-Logistic Function provided the 
best overall fit for the data with the lowest AIC (Akaike’s Information Criteria) value. This model also 
minimized the scaled residuals of each of the data points. The equation of the model was: 
 

y = 1 / [ 1 + e - ( b + m * ln(x ) ) ]   (Eq. 3.1) 
 
Where y is the proportion of species affected and x is the chloride concentration. The slope of the line 
(m) and the y-intercept (b) were calculated to be 2.16 and -16.97 respectively.  The Log-Probit model 
also provided a good fit to the data.  
 
Figure 3.2 shows the short-term SSD made up of the EC/LC50 (severe endpoints) chloride 
concentrations and the corresponding Hazen plotting position values (Table 3.2), along with the fitted 
Log-Logistic function (Eq. 3.1). The short-term benchmark concentration, defined as the 5th 
percentile along the derived Log-Logistic function was 659 mg/L chloride with a lower-bound 
confidence limit of 645 mg/L chloride.  
 
Compared to CCME (2011) the short-term benchmark concentration derived here is approximately 
20 mg/L higher (CCME value = 640 mg/L). This difference likely stems from changes to species data 
points occurring low on the SSD. For instance, because of greater data availability, values for L. 
siliquoidea, C. dubia, and D. pulex were updated from 709 to 892 mg Cl- /L; 1080 to 1151 mg Cl- /L, 
and 1248 to 1597 mg Cl- /L respectively.  
 
Since the methods used in the current SSD derivation differed from those used by the CCME (2011),   
the CCME dataset was analysed using the BMDS software for comparative purposes.  Using the 
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Log-Logistic function on the CCME dataset, the derived short-term guideline was 604 mg Cl- /L, 36 
mg Cl- /L lower than the value derived by the CCME (2011).  
 

 
Figure 3.2. Short-term SSD – severe endpoints (EC/LC50) for NaCl 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes:1) SSD derived by plotting severe (EC/LC50) chloride effect concentrations for 56 species of aquatic organism against 
their corresponding Hazen plotting position (HPP); 2) Red hashed line indicates the 5th percentile (y-axis) and the resulting 
short-term benchmark concentration (x-axis) of 659 mg Cl- /L.    
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4 CHRONIC TOXICOLOGICAL EFFECTS EXCLUDING HARDNESS 

The following section outlines the results from toxicological analysis of the chronic dataset. The 
derivation of the long-term WQG for chloride is outlined using data for NaCl toxicity. A detailed 
summary of the data utilized in the long-term SSD is provided along with an overview of the derived 
guideline. 
 

4.1 LONG-TERM SPECIES SENSITIVITY DISTRIBUTION (SSD) 

In total, 455 chronic data points were obtained for sodium chloride across a wide range of aquatic 
organisms. and 38 of these were deemed unacceptable for guideline derivation based on number of 
reasons (see Section 2 for further discussion). Of the remaining 417, 332 could be classified as long-
term data based on the requirements of the CCME (2007).  From these 332 data points, 300 were 
omitted or collated so that only one data point represented a single species.  In cases where multiple 
comparable endpoints (i.e. same species, duration, lifestage etc.) were available for a single species, 
arithmetic (intra-study comparisons) and geometric means (inter-study comparisons) were taken (see 
Section 2 for full discussion).    Thirty two (32) species made up the long-term SSD, with values 
ranging from a 24 h EC10 (glochidia survival) of 24 mg Cl- /L for the freshwater mussel Lampsilis 
fasciola to a 144 h LOEC of 7820 mg Cl- /L for a Cyanobacteria (Synechocystis sp.) Table 4.1. 
 

Table 4.1. No and low effect concentrations used in the derivation of the long-term SSD 

Species Common name Endpoint Endpoint criteria 
No/low effect 
concentration 

(mg Cl- /L) 
HPP A Citation 

Lampsilis fasciola 
Freshwater 

mussel 
24 h EC10 Glochidia survival 24 0.0156 Bringolf_etal (2007) 

Epioblasma 
torulosa rangiana 

Freshwater 
mussel 

24 h EC10 Glochidia survival 42 0.0469 Gillis (2011) 

Musculium securis Fingernail clam 
1440-
1920 h 
LOEC 

Reproduction (reduced 
natality - mean # newborns/ 

# parents) 
121 0.0781 Mackie (1978) 

Daphnia ambigua Water flea 
240 h 
EC10 

Mortality & Reproduction 259 0.1094 Harmon_etal (2003) 

Pseudokirchneriella 
subcapitata 

Green algae 96 h EC10 Population Florescence 326 0.1406 *MEAN VALUE 

Ceriodaphnia dubia Water flea 168 h IC25 Reproduction 337 0.1719 *MEAN VALUE 

Daphnia pulex Water flea 
504 h 
IC10 

Reproduction 368 0.2031 Birge_etal (1985) 

Elliptio complanata 
Freshwater 

mussel 
24 h EC10 Glochidia survival 406 0.2344 Bringolf_etal (2007) 

Daphnia magna Water flea 504 h IC25 Reproduction 421 0.2656 Elphick_etal (2011a) 

Hyalella azteca Amphipod 
672 h 
EC25 

Growth, dry weight/ 
amphipod 

421 0.2656 Bartlett_etal (2012) 

Lemna minor 
Common 
duckweed 

168 h 
MATC 

Growth (# live thalli) 496 0.3281 Simmons (2012) 

Tubifex tubifex Tubificid worm 
672 h 
IC10 

Reproduction 519 0.3594 Elphick_etal (2011a) 
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Table 4.1. No and low effect concentrations used in the derivation of the long-term SSD 

Species Common name Endpoint Endpoint criteria 
No/low effect 
concentration 

(mg Cl- /L) 
HPP A Citation 

Pimephales 
promelas 

Fathead minnow 
816 h 
LC10 

Mortality 591 0.3906 *MEAN VALUE 

Salmo trutta Brown trout 
192 h 
NOEC 

Mortality 607 0.4219 
Camargo & Tarazona 

(1991) 

Villosa delumbis 
Freshwater 

mussel 
24 h EC10 Glochidia survival 716 0.4531 Bringolf_etal (2007) 

Villosa constricta 
Freshwater 

mussel 
24 h EC10 Glochidia survival 789 0.4844 Bringolf_etal (2007) 

Lumbriculus 
variegatus 

California 
blackworm 

672 h IC25 Biomass 825 0.5156 Elphick_etal (2011a) 

Oncorhynchus 
mykiss 

Rainbow trout 
168 h 
EC25 

Embryo viability 989 0.5469 Beak International Inc. 

Brachionus patulus Rotifer 
336 h 
NOEC 

Population increase 1,213 0.5781 
Peredo-Alvarez_etal 

(2003) 
Brachionus 
calyciflorus 

Rotifer 
48 h 
IC10 

Reproduction 1,241 0.6094 Elphick_etal (2011a) 

Xenopus laevis 
African clawed 

frog 
168 h 
LC10 

Mortality 1,307 0.6406 Beak International Inc. 

Lampsilis 
siliquoidea 

Freshwater 
mussel 

96 h EC10 Mussel mortality 1,474 0.6719 Bringolf_etal (2007) 

Salvinia natans Floating fern 
336 h 
LOEC 

Growth 1,773 0.7031 Jampeetong & Brix (2009)

Physa Snail 
1440 h 
NOEC 

Mortality 2,000 0.7344 Williams_etal (1999) 

Gammarus 
pseudolimnaeus 

Amphipod 
1440 h 
NOEC 

Mortality 2,000 0.7344 Williams_etal (1999) 

Stenonema 
modestum 

Mayfly 
336 h 
MATC 

Development 2,047 0.7969 Diamond_etal (1992) 

Chironomus dilutus Midge 
480 h 
IC10 

Biomass 2,316 0.8281 Elphick_etal (2011a) 

Lithobates pipiens 
Northern 

Leopard frog 
2592 h 
MATC 

Mortality 3,431 0.8594 Doe (2010) 

Chlorella 
minutissimo 

Green algae 
672 h 
MATC 

Growth 6,066 0.8906 Kessler (1974) 

Chlorella 
zofingiensis 

Green algae 
672 h 
MATC 

Growth 6,066 0.8906 Kessler (1974) 

Chlorella emersonii Green alga 
192-336 h 

MATC 
Growth 6,824 0.9531 Setter_etal (1982) 

Synechocystis sp. Cyanobacteria 
144 h 
LOEC 

Physiological 
(polysaccharide  production)

7,820 0.9844 Ozturk & Aslim (2010) 

A HPP: Hazen plotting position. See Section 2 for description  
* *MEAN VALUE: data shown is the mean value taken from multiple studies. Intra-study comparisons use arithmetic value, 
inter-study comparisons use geometric mean. Raw values used presented in Table 4.2. 
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Table 4.2. Raw data used in the derivation of long-term SSD averaged data points 

Species Common name Endpoint 
Effect conc. 
(mg Cl- /L) 

Arithmetic 
mean* 

Geometric 
mean 

Citation 

Ceriodaphnia dubia Water flea 
168 h 
IC25 

454 362 337 Elphick_etal (2011a) 

Ceriodaphnia dubia Water flea 
168 h 
IC25 

117   Elphick_etal (2011a) 

Ceriodaphnia dubia Water flea 
168 h 
IC25 

264   Elphick_etal (2011a) 

Ceriodaphnia dubia Water flea 
168 h 
IC25 

146   Elphick_etal (2011a) 

Ceriodaphnia dubia Water flea 
168 h 
IC25 

454   Elphick_etal (2011a) 

Ceriodaphnia dubia Water flea 
168 h 
IC25 

580   Elphick_etal (2011a) 

Ceriodaphnia dubia Water flea 
168 h 
IC25 

521   Elphick_etal (2011a) 

Ceriodaphnia dubia Water flea 
144-168 h 

IC25 
147 314  Lasier&Harden(2010) 

Ceriodaphnia dubia Water flea 
144-168 h 

IC25 
456   Lasier&Harden(2010) 

Ceriodaphnia dubia Water flea 
144-168 h 

IC25 
340   Lasier&Harden(2010) 

Pimephales 
promelas 

Fathead minnow 
816 h 
LC10 

585  591 Rescan (2007) 

Pimephales 
promelas 

Fathead minnow 
792 h 
LC10 

598   Birge_etal(1985) 

Pseudokirchneriella 
subcapitata 

Green algae 96 h EC10 96  326 Simmons (2012) 

Pseudokirchneriella 
subcapitata 

Green algae 96 h EC10 1270 1113  Geis & Hemming (2014) 

Pseudokirchneriella 
subcapitata 

Green algae 96 h EC10 955   Geis & Hemming (2014) 

* Arithmetic mean: the geometric mean was preferentially taken. Arithmetic means were used to collate multiple data points 
for a single study when multiple studies were available for a species. This ensured that no one study had a greater influence 
on the derived SSD value. 

 
 
4.1.1 Evaluation of Long-Term Toxicological Data 

The remainder of this section summarizes important data points for four taxonomic groups (fish, 
invertebrates, amphibians, and plants/algae) and outlines situations where professional judgment 
was required to arrive at the SSD effect concentration presented in Table 4.1. Note that this section 
deals only with data used to establish the long-term SSD. 
 
Long-term toxicity to fish 
 
Although chronic endpoints are available for eight species of fish in the database, only data from 
three met the long-term SSD requirements: rainbow trout (O. mykiss), fathead minnow (P. promelas), 
and brown trout (S. trutta). For rainbow trout, a 168 h EC25 value (989 mg Cl- /L) for embryo viability 
(Beak 1999) was selected since it was the most sensitive of the preferred (sensu CCME 2007) 
endpoints available. Two (792-816 h) LC10 values for embryo survival, 585 mg Cl- /L (Rescan 2007) 
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and 598 mg Cl- /L (Birge et al. 2007)), were utilized to represent P. promelas. These values were 
used since they represent some of the most sensitive preferable endpoints (MATC, NOEC, and 
LOEC endpoints are less preferable). In their Canadian WQG derivation, the CCME (2011) took the 
same approach, using the same LC10 mortality endpoint from Birge et al. (2007) for P. promelas 
(Rescan (2007) data was not used in the CCME 2011 derivation). In the case of brown trout, a 192 h 
NOEC concentration of 607 mg Cl- /L was utilized for fish at the fingerling lifestage. Although NOEC 
values are generally less preferred and requirements (CCME 2007) are for exposure durations of ≥ 
504 h for juvenile fish, the CCME (2011) task group chose to include this data point in their long-term 
SSD. We also include it in the current long-term SSD dataset. 
 
Long-term toxicity to amphibians 
 
Unlike the acute SSD, amphibians were found to be less sensitive to chronic chloride exposures 
when compared to fish. Data for two amphibian species are included in the long-term SSD dataset: a 
168 h LC10 of 1,307 mg Cl- /L for the African clawed frog (X. Laevis) from Beak (1999) and a 108 d 
MATC (mortality) for the northern leopard frog (L. pipiens) from Doe (2010). The African clawed frog 
is an invasive species in Canada and generally would not be included in SSD derivation. In the 2011 
CCME chloride WQG derivation, no explanation is given for its inclusion other than the fact that the 
Beak (1999) data provides the lowest effect concentration for the amphibian dataset. Additionally, for 
both of these species, severe (mortality) endpoints are utilized. This is not elaborated on in CCME 
(2011), however the concentrations represent the most sensitive endpoints for these species (except 
where no effect was observed (NOEC)). Values used in the current long-term SSD are the same as 
those used in CCME (2011). 
 
Long-term toxicity to invertebrates 
 
In general, invertebrates were found to be the most sensitive organisms to chronic chloride exposure 
with the lower 30% of the long-term SSD predominantly made up of bivalve and water flea taxa. 
Across the SSD, bivalves are represented by six species of freshwater mussels and clams. The 
sensitivity of these animals to chloride makes them especially important, particularly the glochidia 
lifestage, a larval form which occupies the two most sensitive positions on the long-term SSD. The 24 
h EC10 values for the COSEWIC special concern wavy rayed lampmussel (L. fasciola) and the 
COSEWIC endangered northern riffleshell mussel (E. torulosa reangiana) were 24 (Bringolf et al. 
2007) and 42 mg Cl- /L (Gillis 2010) respectively. All of the bivalve data in the current long-term 
dataset is the same as those values used by the CCME (2011). As is outlined in CCME (2011), an 
exception is made for glochidia chronic endpoints. Because of the short duration of the lifestage, 24 h 
EC10 values (glochidia survival) are considered long-term endpoints. 
 
Water fleas represent another sensitive species of invertebrate. All of the water flea long-term 
endpoints fell in close proximity to one another on the SSD, with 168-504 h EC/IC10-25s ranging 
from 259 (D. ambigua; Harmon et al. 2003) to 337 mg Cl- /L (C. dubia; collated value) and 368 (D. 
pulex; Birge et al. 1985) to 421 mg Cl- /L (Elphick et al. 2011a). These values all correspond to values 
utilized in the CCME (2011) long-term SSD derivation with the exception of C. dubia. Whereas only 
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the 7 d IC25 (reproduction) endpoint of 454 mg Cl- /L (Elphick et al. 2011a) was used in the CCME 
SSD derivation, the current dataset draws from the IC25 (reproduction) endpoints of both Elphick et al. 
(2011a) and Lasier and Harden (2010). 
 
The 336 h NOEC of 1,213 mg Cl- /L for the rotifer Brachionus patulus (Peredo-Alvarez et al. 2003) 
represents an addition to the CCME dataset. The most tolerant invertebrate species was found to be 
the midge, C. tentans, with a 20 d growth IC10 of 2,316 mg Cl- /L (Elphick et al. 2011a). 
 
Long-term toxicity to plants / algae 
 
Two aquatic macrophytes and five algae species were included in the long-term SSD. The endpoint 
included for the macrophyte L. minor (duckweed) was a 168 h EC10 (growth) of 496 mg Cl- /L 
(Simmons 2012), while a 336 h LOEC (growth) of 1773 mg Cl- /L represented the floating fern 
Salvinia. Natans (Jampeetong and Brix 2009).  
 
Vascular plants are used less frequently than algae in toxicity assays for sodium chloride and other 
chloride salts.  Where macrophytes (vascular plants) are used, duckweed (Lemna spp.) is the most 
commonly selected test organism due to their small size, ease of culture and rapid reproduction. It 
has been suggested that the limited use of macrophytes in toxicological research may be attributed 
to high levels of variability between replicates (Lewis 1995). Such variability can be seen in the 
present database where chronic 168 h EC50 (growth) values varied between 1,525 to 4,167 mg Cl- /L 
(Buckley et al. 1996, Keppeler 2009, Simmons 2012; Appendix A).  Furthermore, the 168h EC10 
(growth - # live thalli) currently used in the long-term SSD (496 mg Cl- /L; Simmons 2012) is less than 
half that of the 168 h MATC value used in the CCME derivation (1,171 mg Cl- /L; Taraldsen and 
Norberg-King 1990). Evidence of chloride (NaCl) sensitivity has been found in field studies using 
semi-aquatic bryophytes. Wilcox (1984) and Wilcox and Andrus (1987) found that growth was 
retarded in two Sphagum species (S. fimbriatum and S. recurvum) exposed to chloride 
concentrations between 300 and 1500 mg/L. However, for L. minor, the low endpoint obtained by 
Simmons (2012) is anomalous compared to previous laboratory work on this species and positions L. 
minor with well-established sensitive species on the long-term SSD (i.e. at similar sensitivity to 
daphnids). 
 
Algae are the major primary producers in the aquatic food chain; therefore setting a chloride WQG 
that is protective of these species is imperative for overall ecosystem protection. Despite this, algae 
have not been traditionally used in standard bioassays and are relatively poorly represented in the 
ecotoxicology literature for chloride. Evidence suggests that some species of algae may be 
particularly sensitive to various toxicants. A review using the Toxic Substances Control Act database 
found that algae were more sensitive than invertebrates and fish in 50% of reports while being less 
sensitive in 30% (Lewis 1995). In the CCME 2011 guideline derivation for chloride, all of the algae 
species included in the long-term SSD fell at the upper end of the distribution. These species 
(Chlorella minutissimo, C. zofingiensis, and C. emersonii) are also included in the present SSD, 
however, it is important to note that these are all green algae of the same genus. Further 
investigations found one species in particular, Pseudokirchneriella subcapitata, which was particularly 
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sensitive to chloride. In the database three studies (Geis et al. 2000, Santos et al. 2007, and 
Simmons 2012) and one unpublished toxicity assessment (Geis and Hemming 2014) examine the 
toxicity of chloride towards this species. 72-96 h IC50 values (cell density) for this species range 
between 528 mg Cl- /L (Santos et al. 2007) and 780 mg Cl- /L (Simmons 2007), whereas 96 h EC50 
values (population estimate based on fluorescence) vary more widely from 1,820 mg Cl- /L (Geis et 
al. 2000) to 674 mg Cl- /L (Simmons 2012). The long-term value included in the present SSD was 
derived by averaging 96 h EC10 (fluorescence) results from Geis and Hemming (1270 and 955 mg Cl- 
/L) with the lower effect concentration found by Simmons (96 mg Cl- /L). Note that the dilution water 
used by Simmons contained 15 mg CaCO3/L, a hardness comparable to Very Soft Reconstituted 
Water (US EPA classification). This low hardness concentration could be a factor contributing to 
results which are approximately 10-fold lower than comparable toxicity assays performed by Geis 
and Hemming where dilution waters of 85 and 170 mg CaCO3 were used. 
 
4.1.2 Derivation of the Long-Term SSD and Water Quality Guideline  

The SSD chloride concentrations (Table 4.1) were plotted against their corresponding Hazen plotting 
position values. Cumulative distribution functions were then fitted to the data using the maximum 
likelihood approach of the BMDS software (US EPA 2013a). The best model was selected based on 
goodness -of-fit and model feasibility. Using BMDS software, the Log-Logistic Function provided the 
best overall fit for the data with the lowest AIC (Akaike’s Information Criteria) value. This model also 
minimized the scaled residuals of each of the data points. The equation of the model was: 
 

y = 1 / [ 1 + e - ( b + m * ln(x ) ) ]   (Eq. 3.1) 
 
Where y is the proportion of species affected and x is the chloride concentration. The slope of the line 
(m) and the y-intercept (b) were calculated to be 1.40 and -9.57 respectively.   
 
Figure 4.1 shows the long-term SSD made up of the no and low effect endpoints and corresponding 
Hazen plotting position values (Table 4.1), along with the fitted Log-Logistic function (Eq. 3.1). The 
long-term WQG, defined as the 5th percentile along the derived Log-Logistic function was 112 mg/L 
chloride with a lower-bound confidence limit of 106 mg/L chloride. 
 
Compared to CCME (2011) the long-term WQG concentration derived here is 8 mg/L lower (CCME 
value = 120 mg/L). The more sensitive guideline is the result of new additions to the SSD dataset, 
along with revised effect concentrations for a number of species located relatively low on the curve. 
Three data points in particular are important, and likely the primary factors driving the greater 
sensitivity of the current model. One is a 96h EC10 endpoint of 96 mg Cl- /L for the green algae P. 
subcapitata (Simmons 2012). This data point represents a departure from the CCME derivation 
where algae species were only represented high on the curve with effect concentrations > 6000 mg 
Cl- /L (See Section 4.1.1 for further discussion). Two data points representing C. dubia and L. minor 
have also been reduced from 454 to 337 mg Cl- /L and 1171 to 496 mg Cl- /L respectively with the 
addition of data from Elphick et al. (2011a), Lasier and Harden (2010), and Simmons (2012). 
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Figure 4.1. Long-term SSD – no and low effect endpoint toxicity data for NaCl 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes:1) SSD derived by plotting no and low effect concentrations (preferred endpoints: EC/ICx representing a no-effect 
threshold > EC/IC10 > EC/IC11-25 > MATC > NOEC > LOEC > EC/IC26-49 > nonlethal EC/IC50) for 32 species of aquatic 
organism against their corresponding Hazen plotting position (HPP); 2) Red hashed line indicates the 5th percentile (y-axis) 
and the resulting long-tern water quality guidelines derived by the CCME (x-axis at hashed line) and derived in this report (x-
axis at red arrow) of 112 mg Cl- /L.    
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5 HARDNESS MODIFICATION 

As has been conducted by regulatory agencies for various substances of concern, including chloride, 
the influence of hardness on toxicity was evaluated for deriving a hardness-based WQG for aquatic 
life.  The background to this concept, including theoretical considerations, is provided in Section 5.1.  
Sections 5.2 and 5.3 examine hardness relationships based on short-term and long-term toxicity 
datasets, respectively.  Information in these sections are used to derive short-term and long-term 
pooled hardness-toxicity slopes, along with the associated hardness adjusted SSDs (adjusted to 50 
mg CaCO3 / L hardness), which can be used to express short-term benchmarks and long-term 
WQGs based on water hardness.  
 

5.1 BACKGROUND AND THEORETICAL CONSIDERATIONS 

Hardness has been identified as an important variable regarding the toxicity of chloride salts towards 
aquatic organisms.  For example, Gillis (2011) studied the effects of water hardness on Lampsilis 
siliquoidea (Fatmucket mussel), a species found in Alberta.  The 24 hour EC50 values in soft (47 mg/L 
CaCO3), moderately hard (99 mg/L CaCO3), hard (172 mg/L CaCO3), and very hard (322 mg/L 
CaCO3) reconstituted water were 763, 1,430, 1,962, and 1,870 mg/L chloride.  Within this range of 
hardness, an approximate 2-fold decrease in toxicity was observed with harder water (Figure 5.1). 
 

 
Figure 5.1. Hardness-toxicity relationship established for Lampsilis siliquoidea (Gillis 2011) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: data is for 24 h EC50 (glochidia survival) values including 95% confidence intervals. 
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The CCME (2011) summarized studies where hardness reduced chloride toxicity (by up to 5-fold) for 
a variety of aquatic species including the Wavy-rayed lampmussel, water flea, fingernail clam, 
tubificid worm, snail, and isopod.  And Gillis (2011) determined hardness reduced the toxicity of 
chloride the towards Fatmucket mussel.  Similar relationships have been observed for metals such 
as zinc and cadmium, although the mechanism may be distinct for chloride salts (CCME 2011).  The 
issue is complicated for chloride salts by the presence of toxicity studies showing results as equivocal 
or where the amelioration of chloride toxicity due to increasing water hardness was relatively minor 
(or negligible), for species such as water flea, fingernail clam, fathead minnow, snail, and damselfly.  
However, in some studies where minimal hardness effects were observed, the hardness levels were 
relatively low (e.g., < 100 mg/L CaCO3), suggesting the studies were of insufficient power to discern a 
hardness related effect. 
 
The CCME (2011) stated “Jurisdictions will have the option of adjusting for site-specific hardness 
conditions, if they so choose, with the development of site-specific water quality guidelines (or 
objectives)”.  Furthermore, the CCME (2011) stated “CCME will re-visit the chloride guidelines when 
sufficient studies are available”.  Studies in this regard refers to chronic toxicity endpoints and a 
hardness relationship that meets required parameters defined in guidance from the US 
Environmental Protection Agency (US EPA 2001), “...such as the highest hardness is at least 3 times 
the lowest and the highest hardness is at least 100 mg/L higher than the lowest)”. 
 
In contrast to major ions, it is well known that water hardness ameliorates the toxicity of metals to 
aquatic organisms. For metals, the mitigating mechanism involves competition for binding sites on 
the surface of cell membranes (Paquin et al. 2002).  The US EPA (2014b) National Recommended 
Water Quality Criteria outlines seven metals in which guidelines are derived based on hardness. 
Table 5.1 outlines the functions utilized the derived chronic guidelines for cadmium, chromium III, 
copper, lead, nickel, and zinc. 
 

Table 5.1. Summary of chronic hardness dependent WQGs for metals  

Metal mc bc 
Freshwater conversion 

factor (FC) 
Chronic guidelines (µg /L) 
at hardness of 100 mg / L 

Cadmium 0.741 -4.719 
1.101672 - 

[(ln hardness)( 0.041838 )] 
0.25 

Chromium III 0.819 0.685 0.86 74 

Copper 0.855 -1.702 0.96 *BLM calc 

Lead 1.273 -4.705 
1.46203 - 

[(ln hardness)(0.145712)] 2.5 

Nickel 0.846 0.058 0.997 52 

Zinc 0.847 0.884 0.986 118 

**Silver mA = 1.72 bA = -6.59 Acute = 0.85 Acute = 3.2 
* BLM calc: guidelines for copper are calculated using the Biotic Ligand Model. 
** Silver: guidelines provided are acute, chronic hardness-adjusted guidelines have not been developed. 
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Precedent has been set by regulatory agencies for developing major ion water quality guidelines that 
incorporate aspects of hardness. The US EPA, the Great Lakes Environmental Centre (GLEC), and 
the Illinois Natural History Survey (INHS) in collaboration with the state of Iowa have developed an 
algorithm for the adjustment of a chloride water quality guidelines based on hardness (IDNR 2009a). 
The Iowa acute and chronic chloride guidelines are derived using the equations 287.8 * 
(hardness)0.205797(sulphate)-0.07452 ; and 177.87 * (hardness)0.205797(sulphate)-0.07452 respectively (IDNR 
2009b). Within Canada, British Columbia has recently established a hardness adjusted guideline for 
the sulphate ion which draws (among other sources) from research conducted by Elphick et al. 
(2011a) and the Pacific Environmental Science Centre (PESC). The approved 30-day average water 
quality guidelines are 128, 218, 309, and 429 mg SO4 /L for very soft (0-30 mg/L), soft / moderately 
soft (31-75 mg/L), moderately soft / hard (76-180 mg/L), and very hard (181-250 mg/L) water 
respectively (BCME 2013).   
 
Water hardness has also been identified as an ameliorating factor in aquatic guideline policy.  In their 
National Water Quality Management Strategy, the Australian and New Zealand governments 
recognise that greater water “softness” in freshwater ecosystems dominated by chloride and sodium 
can cause a greater risk to biota, from classes of contaminants for which water hardness and acid 
buffering capacity may ameliorate toxicity (ANZECC, 2000). Finally, the effects of hardness 
amelioration have been incorporated into site specific guidelines for chloride in Canada.  For the 
EKATI diamond mine (Northwest Territories), a site specific guideline (calculated as: 124 * ln 
(hardness) -128) was established for waters with hardness varying from 10 to 160 mg/L (Rescan 
2007). A similar site-specific hardness dependent guideline has been recommended for the Snap 
Lake diamond mine (Northwest Territories) (De Beers 2013).  Given the growing application of 
hardness derived guidelines to major ion toxicity, an important component of any future research on 
the toxicity of chloride towards sensitive aquatic organisms is to incorporate varying hardness levels 
and produce information that can be used to improve the accuracy of guidelines developed on a 
provincial or national scale. 
 
Variability in water hardness across Canada is graphically presented below (Figure 5.2), and it should 
be noted that hardness definitions differ.  In Alberta, the following scheme has been used for water 
hardness (Alberta Government 2011):  1) Soft (0 to 50 mg/L); 2) Moderately Soft (50 to 100 mg/L); 3) 
Moderately Hard (100 to 200 mg/L); 4) Hard (200 to 400 mg/L); 5) Very Hard (400 to 600 mg/L); and, 
6) Extremely Hard (> 600 mg/L). 
 
 



2014 AUPRF/PTAC Report  Chloride Aquatic Life Guideline with Hardness 
 

Equilibrium Environmental Inc.    December 2014                                     Page 32  

Figure 5.2.  Regional water hardness trends in Canada 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note: Total hardness of surface waters indicated as calcium carbonate (CaCO3) in mg/L. Figure from NRCAN 1978 

 
 
Water hardness is defined as the sum of all polyvalent cations in solution.  In natural aquatic 
systems, calcium (Ca2+) and magnesium (Mg2+) occur at much higher concentrations compared to 
other polyvalent cations, hence, water hardness can be measured based on these divalent cations 
alone.  Hardness is generally expressed as total hardness in CaCO3 equivalents using the following 
formula (Hiscock 2005):  
 

Total hardness (mg CaCO3 /L) = 2.5[Ca2+] + 4.1[Mg2+]  (Eq. 5.1) 
 

Numerous studies have shown an inverse relationship between water hardness and chloride toxicity. 
Naumann (1934), working with Daphnia magna, found that deleterious concentrations of CaCl2 and 
KCl could be ameliorated with increased hardness. Garrey (1916) reported a reduction in chloride 
(NaCl, KCl, MgCl2) toxicity towards minnows (Notropis sp.) using increasing concentrations of CaCl2. 
More recently, Grizzle and Mauldin (1995) reported a 13-fold reduction in chloride (NaCl) toxicity 
towards juvenile striped bass (Morone saxatilis) by increasing calcium concentrations from 3 to 100 
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mg/L. Examining various reconstituted water formulations and NaCl toxicity, Lasier et al. (2006) 
demonstrated reduced Ceriodaphnia dubia reproductive success in lower hardness concentrations. 
At a chloride concentration of 565 mg/L, reproduction was reduced by 21 % after water hardness 
was lowered from 100 to 45 mg CaCO3 /L.  

The exact mechanism by which calcium and magnesium ameliorate chloride toxicity may be variable 
between species, and different in the magnitude and direction of effect. Several researchers have 
shown that calcium is more important than magnesium in ameliorating toxicity (Leblanc and 
Surpenant 1984, Jackson et al. 2000, Welsh et al. 2000).  One plausible rationale is that calcium 
reduces membrane permeability, thereby protecting organisms from the toxic effects of other ions. 
Evidence for this has been found in fish (Eddy 1975, Pic and Maetz 1981, Potts and Fleming 1970, 
Penttinen et al. 1998) and invertebrates (Robertson 1941). Ca2+ and Mg2+ are also known to reduce 
the toxicity of metals by competing for binding sites on the surface of cell membranes (e.g. Paquin et 
al. 2002). The same mechanism has been suggested to be responsible for the hardness amelioration 
of NaCl (and NaSO4) toxicity (Soucek et al. 2011, Davies and Hall 2007, Elphick et al. 2011a).  

In their 1997 work, Mount et al. tested the toxicity of 12 salts (NaCl, Na2SO4, NaHCO3, KCl, K2SO4, 
KHCO3, CaCl2, CaSO4, MgCl2, MgSO4, CaCO3, and MgCO3) on two daphnids and one fish species 
(C. dubia, D. magna, and P. promelas). Based on their results, they suggest that the amelioration of 
chloride (NaCl, KCl, CaCl2, and MgCl2) and other major ion toxicity may have been caused by a 
multi-ion effect rather than the result of hardness itself (i.e. specifically Ca2+ and Mg2+ ions).  As an 
example, the C. dubia 48 h LC50 values for NaCl and CaCl2 of 1187 and 1172 mg Cl- / L are 
highlighted. Here it is reasoned that if hardness was an important ameliorating factor, the exposure 
with CaCl2 would be expected to produce a higher LC50 compared to NaCl, results which were not 
found. However, this assertion does not account for the extreme hardness concentration in the CaCl2 
assay (1702 mg CaCO3 /L) which, viewed another way could be considered a toxic level of water 
hardness. Indeed, ameliorating effects of hardness are not expected to follow linear relationships. As 
the Gillis (2011) data suggests (Figure 5.1) there is an upper bound at which increasing water 
hardness no longer provides an ameliorating benefit to a given organism. Figure 5.1 demonstrates 
that for L. siliquoidea, the upper threshold likely occurs at a hardness concentration between 172 and 
322 mg CaCO3 / L. The CCME (2011) cites the Mount et al. (1997) study as potential evidence that 
amelioration of chloride toxicity may be based on a multi-ion effect rather than a hardness effect. 
However, the methods utilized in this study are not designed to evaluate the influence of water 
hardness on chloride toxicity and hardness ranges are extreme between treatment groups 
(moderately hard reconstituted water is the only test medium utilized). Thus, no conclusions about 
the ameliorating effect of water hardness on chloride toxicity should be drawn from this paper.  

What the Mount et al. (1997) results do demonstrate is that major ion toxicity is ameliorated by a 
multiple ion effect in complex solutions containing multiple salts. Within the literature, this study is 
unique. Very few studies have examined the toxicity of complex solutions at an individual ion basis. 
Such research requires a sophisticated experimental design with a large number of ion combinations 
(in the case of Mount et al. 1997, over 2,900 ion solutions), thus data outlining the ameliorating effect 
that multiple ions have on one another is limited. Regardless, the majority of the studies examined in 
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the current literature review demonstrate a reduction in chloride toxicity in solutions of higher 
hardness. In consideration of the Mount et al. (1997) results, Elphick et al. (2011a) suggests that in 
addition to its observed ameliorating influence, water hardness may represent a proxy for higher 
overall ionic strength or more balanced ionic ratios for major ions. 
 
5.1.1 Effects of Water Hardness on the Toxicity of Chloride to Aquatic Life    

Table 5.2 summarizes literature that has directly tested the toxicity modifying effects of water 
hardness on chloride salt toxicity over acute and chronic timeframes. In these studies, 11 species of 
aquatic organisms were exposed to sodium or potassium chloride salts in 20 individual investigations 
of hardness-toxicity relationships. Of these 20 investigations 4 found no relationship between water 
hardness and the toxicity of chloride to the species tested. The studies outlined in Table 5.2 are 
examined in more detail in the following discussion.  
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Table 5.2. Studies investigating the effect of water hardness on chloride toxicity to aquatic life 

Species 
End-
point 

Exp. 
time 
(h) 

ST/LT 
(SSD)A 

Data 
QualityB 

Effect 
Concentration 

(mg Cl- /L) 

Hardness  
(mg CaCO3 /L)

Toxicity - hardness relationship 
Δ Cl- : Δ Hardness (logarithmic slope) 

Lifestage Citation 

Sodium chloride (NaCl) 

ACTINOPTERYGII 
Pimephales 

promelas  
(Fathead minnow) 

LC50 96 Acute ? 
2,457 

(ave: 2,790, 2,123)
44.0 Not comparable due to lifestage differences 524 h old * US EPA (1991) 

Pimephales 
promelas  

(Fathead minnow) 
LC50 96 Acute ? 2,244 300.0 

 
<24 h old * US EPA (1991) 

Pimephales 
promelas  

(Fathead minnow) 
LC50 96 ST ? 4,167 84.8 -0.5 (-0.01) No apparent effect of hardness on toxicity N/S WISLOH (2007) 

Pimephales 
promelas  

(Fathead minnow) 
LC50 96 ST ? 4,127 169.5 

 
N/S WISLOH (2007) 

BRANCHIOPODA 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 Acute ? 
1,436 

(ave: 1,638, 1,274, 
1,395) 

44.0 1.0  (0.09) <24 h old US EPA (1991) 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 Acute ? 1,698 300.0 
 

<24h old US EPA (1991) 

Ceriodaphnia dubia 
(Water flea) 

IC25 
(repro) 

168 LT P/S 117 10 3.0 (0.54) <24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

IC25 
(repro) 

168 LT P/S 264 20 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

IC25 
(repro) 

168 LT P/S 146 40 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

IC25 
(repro) 

168 LT P/S 454 80 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

IC25 
(repro) 

168 LT P/S 580 160 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

IC25 
(repro) 

168 LT P/S 521 320 No effect of hardness from 160 to 320 mg CaCO3 /L <24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

IC50 
(repro) 

168 LT P/S 161 10 4.6 (0.62) <24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

IC50 
(repro) 

168 LT P/S 301 20 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

IC50 
(repro) 

168 LT P/S 481 40 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia IC50 168 LT P/S 697 80 <24 h old Elphick_etal (2011a) 
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Table 5.2. Studies investigating the effect of water hardness on chloride toxicity to aquatic life 

Species 
End-
point 

Exp. 
time 
(h) 

ST/LT 
(SSD)A 

Data 
QualityB 

Effect 
Concentration 

(mg Cl- /L) 

Hardness  
(mg CaCO3 /L)

Toxicity - hardness relationship 
Δ Cl- : Δ Hardness (logarithmic slope) 

Lifestage Citation 

(Water flea) (repro) 

Ceriodaphnia dubia 
(Water flea) 

IC50 
(repro) 

168 LT P/S 895 160 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

IC50 
(repro) 

168 LT P/S 700 320 No effect of hardness from 160 to 320 mg CaCO3 /L <24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

LC50 168 Chronic P/S 132 10 3.5 (0.67) <24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

LC50 168 Chronic P/S 316 20 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

LC50 168 Chronic P/S 540 40 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

LC50 168 Chronic P/S 1134 80 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

LC50 168 Chronic P/S 1240 160 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

LC50 168 Chronic P/S 1303 320 
 

<24 h old Elphick_etal (2011a) 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 ST P/S 977 28 1.2 (0.22) <24 h old 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 ST P/S 861 47 
 

<24 h old 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 ST P/S 1,249 96 
 

<24 h old 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 ST P/S 1,402 187 
 

<24 h old 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 ST P/S 1,589 388 
 

<24 h old 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 ST P/S 1,779 565 
 

<24 h old 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 ST P/S 1,836 796 
 

<24 h old 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Ceriodaphnia dubia 
(Water flea) 

IC25 
(repro) 

144-
168 

LT P/S 147 
40 (45 mg/L 

alkalinity) 
11.2 (0.74) <24 h old Lasier&Harden(2010) 

Ceriodaphnia dubia 
(Water flea) 

IC25 
(repro) 

144-
168 

LT P/S 340 
40 (101 mg/L 

alkalinity) 
 <24 h old Lasier&Harden(2010) 

Ceriodaphnia dubia 
(Water flea) 

IC25 
(repro) 

144-
168 

LT P/S 456 
85 (66 mg/L 

alkalinity) 
 <24 h old Lasier&Harden(2010) 

Ceriodaphnia dubia 
(Water flea) 

IC50 
(repro) 

144-
168 

LT P/S 342 
40 (45 mg/L 

alkalinity) 
 <24 h old Lasier&Harden(2010) 

Ceriodaphnia dubia 
(Water flea) 

IC50 
(repro) 

144-
168 

LT P/S 563 
40 (101 mg/L 

alkalinity) 
 <24 h old Lasier&Harden(2010) 
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Table 5.2. Studies investigating the effect of water hardness on chloride toxicity to aquatic life 

Species 
End-
point 

Exp. 
time 
(h) 

ST/LT 
(SSD)A 

Data 
QualityB 

Effect 
Concentration 

(mg Cl- /L) 

Hardness  
(mg CaCO3 /L)

Toxicity - hardness relationship 
Δ Cl- : Δ Hardness (logarithmic slope) 

Lifestage Citation 

Ceriodaphnia dubia 
(Water flea) 

IC50 
(repro) 

144-
168 

LT P/S 653 
85 (66 mg/L 

alkalinity) 
 <24 h old Lasier&Harden(2010) 

Ceriodaphnia dubia 
(Water flea) 

EC22 
(repro) 

168 LT P/S 342 45.0 
Reduced toxicity with Increasing hardness: 2.2-fold 
increase in hardness results in higher ECx values 

(chloride concentration constant) 
<24 h old Lasier_etal(2006) 

Ceriodaphnia dubia 
(Water flea) 

EC35 
(repro) 

168 LT P/S 342 46.0 
 

<24 h old Lasier_etal(2006) 

Ceriodaphnia dubia 
(Water flea) 

EC17 
(repro) 

168 LT P/S 342 99.0 
 

<24 h old Lasier_etal(2006) 

Ceriodaphnia dubia 
(Water flea) 

EC13 
(repro) 

168 LT P/S 342 100.0 
 

<24 h old Lasier_etal(2006) 

Ceriodaphnia dubia 
(Water flea) 

EC54 
(repro) 

168 LT P/S 565 45.0 
Reduced toxicity with Increasing hardness: 2.2-fold 
increase in hardness results in higher ECx values 

(chloride concentration constant) 
<24 h old Lasier_etal(2006) 

Ceriodaphnia dubia 
(Water flea) 

EC59 
(repro) 

168 LT P/S 565 46.0 
 

<24 h old Lasier_etal(2006) 

Ceriodaphnia dubia 
(Water flea) 

EC44 
(repro) 

168 LT P/S 565 99.0 
 

<24 h old Lasier_etal(2006) 

Ceriodaphnia dubia 
(Water flea) 

EC33 
(repro) 

168 LT P/S 565 100.0 
 

<24 h old Lasier_etal(2006) 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 ST ? 1,677 84.8 -2.1 (-0.16) No apparent effect of hardness on toxicity N/S WISLOH (2007) 

Ceriodaphnia dubia 
(Water flea) 

LC50 48 ST ? 1,499 169.5 
 

N/S WISLOH (2007) 

BIVALVIA 
Sphaerium simile 
(Fingernail clam) 

LC50 96 ST P/S 740 51 2.5 (0.30) Juvenile 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Sphaerium simile 
(Fingernail clam) 

LC50 96 ST P/S 1,100 192 
 

Juvenile 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Sphaerium tenue 
(Fingernail clam) 

LC50 96 ST 

U (no 
mention of 

control 
survival) 

698 20.0 -0.4 (-0.03) No apparent effect of hardness on toxicity N/S Wurtz&Bridges(1961) 

Sphaerium tenue 
(Fingernail clam) 

LC50 96 ST 

U (no 
mention of 

control 
survival) 

667 100.0 
 

N/S Wurtz&Bridges(1961) 

Lampsilis 
siliquoidea  

(Wavy-rayed 
lampmussel) 

EC50 24 ST P/S 763 47.0 4.0 (0.45) Glochidia Gillis(2011) 
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Table 5.2. Studies investigating the effect of water hardness on chloride toxicity to aquatic life 

Species 
End-
point 

Exp. 
time 
(h) 

ST/LT 
(SSD)A 

Data 
QualityB 

Effect 
Concentration 

(mg Cl- /L) 

Hardness  
(mg CaCO3 /L)

Toxicity - hardness relationship 
Δ Cl- : Δ Hardness (logarithmic slope) 

Lifestage Citation 

Lampsilis 
siliquoidea  

(Wavy-rayed 
lampmussel) 

EC50 24 ST P/S 1,430 84.6 
 

Glochidia Gillis(2011) 

Lampsilis 
siliquoidea 

(Wavy-rayed 
lampmussel) 

EC50 24 ST P/S 1,430 99.0 
 

Glochidia Gillis(2011) 

Lampsilis 
siliquoidea 

(Wavy-rayed 
lampmussel) 

EC50 24 ST P/S 1,962 172.0 
 

Glochidia Gillis(2011) 

Lampsilis 
siliquoidea  

(Wavy-rayed 
lampmussel) 

EC50 24 ST P/S 1,870 322.0 
 

Glochidia Gillis(2011) 

GASTROPODA 

Gyraulus parvus 
(Planorbid snail) 

LC50 96 ST P/S 3,078 56 -0.4 (-0.01) No apparent effect of hardness on toxicity Adult 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Gyraulus parvus 
(Planorbid snail) 

LC50 96 ST P/S 3,009 212 
 

Adult 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Physa 
heterostropha 

(Snail) 
LC50 96 ST 

U (no 
mention of 

control 
survival) 

2,487 20.0 11.8 (0.20) N/S Wurtz&Bridges(1961) 

Physa 
heterostropha 

(Snail) 
LC50 96 ST 

U (no 
mention of 

control 
survival) 

3,427 (ave: 3,034, 
3,761) 

100.0 
 

N/S Wurtz&Bridges(1961) 

CLITELLATA 

Tubifex tubifex 
(Tubifex worm) 

LC50 96 ST P/S 4,278 52 11.7 (0.24) Adult 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

Tubifex tubifex 
(Tubifex worm) 

LC50 96 ST P/S 6,008 197.1 
 

Adult 
Soucek_etal(2011) [derived 
from: GLEC & INHS (2008)] 

INSECTA 

Argia sp. 
(Damselfly) 

LC50 96 ST 

U (no 
mention of 

control 
survival) 

1,3952 20.0 7.6 (0.03) nymph Wurtz&Bridges(1961) 
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Table 5.2. Studies investigating the effect of water hardness on chloride toxicity to aquatic life 

Species 
End-
point 

Exp. 
time 
(h) 

ST/LT 
(SSD)A 

Data 
QualityB 

Effect 
Concentration 

(mg Cl- /L) 

Hardness  
(mg CaCO3 /L)

Toxicity - hardness relationship 
Δ Cl- : Δ Hardness (logarithmic slope) 

Lifestage Citation 

Argia sp. 
(Damselfly) 

LC50 96 ST 

U (no 
mention of 

control 
survival) 

1,4558 100.0 
 

nymph Wurtz&Bridges(1961) 

MALACOSTRACA 

Asellus communis 
(Isopod) 

LC50 96 ST 

U (no 
mention of 

control 
survival) 

3,094 20.0 23.9 (0.30) N/S Wurtz&Bridges(1961) 

Asellus communis 
(Isopod) 

LC50 96 ST 

U (no 
mention of 

control 
survival) 

5,004 100.0 
 

N/S Wurtz&Bridges(1961) 

Potassium chloride (KCl) 

BIVALVIA 

Musculium 
transversum 

(Fingernail clam) 
LC50 96 ST P/S 907 243 19.2 (3.57) Juvenile Anderson_etal (1978) 

Musculium 
transversum 

(Fingernail clam) 
LC50 96 ST P/S 2,267 314  Juvenile Anderson_etal (1978) 

CHROMADOREA 

Caenorhabditis 
elegans 

(Nematode) 
LC50 48 ST 

U (soil 
nematode)

18,613 76 128.11 (0.54) 72 h old Cressman&Williams(1994) 

Caenorhabditis 
elegans 

(Nematode) 
LC50 48 ST 

U (soil 
nematode)

19,766 85  72 h old Cressman&Williams(1994) 

A ST/LT (SSD): SSD experimental duration requirements for long-term data (CCME 2007). “ST” or “LT” indicates that the data point meets the requirements for short or long-term SSD data 
respectively. “Chronic” or “Acute” indicates that the data is classified as chronic or acute, but does not meet the specific requirements for SSD derivation. 
B Data quality: “P/S” indicates that toxicity data is classified as primary or secondary and can be used in guideline derivation. “U” indicates data points that are deemed unacceptable for 
guideline derivation.”?” Indicates that unclassified data (original document could not be obtained for review). 
* US EPA (1991): results for P. promelas were deemed incomparable for examining hardness-toxicity relationships because of differences in lifestages (<24 h versus 524 h old). Note however that these 
two endpoints are compared by the CCME (2011). 
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Soucek et al. 2011 
This 2011 publication stems from work originally published by the Great Lakes Environmental Center 
and the Illinois Natural History Survey in association with the US EPA (GLEC and INHS, 2008). The 
project was initiated to guide the state of Iowa in the derivation of WQGs for chloride and sulfate. 
Tests were conducted on a water flea (Ceriodaphnia dubia), a fingernail clam (Sphaerium simile), a 
tubifex worm (Tubifex tubifex), and a planorbid snail (Gyraulus parvus).  C. dubia was exposed to 
chloride in waters ranging in hardness from 28 to 796 mg CaCO3/L, with a constant sulfate 
concentration of 65 mg/L. Mean 48 h LC50 values ranged from 977 to 1,836, demonstrating a strong 
correlation between increasing water hardness and reduced toxicity (power function R2 = 0.85). The 
other 3 test organisms were exposed to two hardness concentrations, soft water (51-56 mg CaCO3 
/L) and hard water (192-210 mg CaCO3 /L). The most sensitive species, S. simile, along with T. 
tubifex, both demonstrated increasing 96 h LC50 values with increasing hardness. An ameliorating 
effect of hardness was not observed for G. parvus (see Section 5.1.2 for further discussion).  
 
Gillis 2011  
Gillis (2011) examined chloride toxicity in relation to water hardness using the glochidia life-stage of 
the freshwater mussel Lampsilis siliquoidea.  Using 24 h EC 50 values for glochidia survival (ability to 
close valve), a 6.8-fold increase in hardness (47-322 mg CaCO3) corresponded to a 2.5-fold 
decrease in toxicity.  
 
Elphick et al. 2011a 
Chronic relationships have been established by Elphick et al. (2011a), Lasier and Harden (2010) and 
Lasier et al (2006). Elphick et al. used both reproductive (IC25 and IC50 values) and mortality (LC50) 
endpoints to examine hardness effects over durations of168 hours for C. dubia. Increases in 
hardness from 10 to 160 mg CaCO3/L demonstrated 5- and 5.6-fold increases in IC25 and IC50 
values, although hardness concentrations of 320 mg CaCO3 /L produced no ameliorating effect when 
compared to the 160 mg CaCO3 /L treatment. Examining mortality endpoints, a 9.8-fold reduction in 
toxicity was observed after a 32-fold increase in hardness, representing a substantial ameliorating 
effect (logarithmic slope = 0.67). 
 
Lasier and Harden 2010 and Lasier et al. 2006 
Using a C. dubia three-brood reproduction test, Lasier and Harden (2010) found chloride to be 
significantly less toxic in moderate-hardness water when compared to low-hardness water (85 versus 
40 mg CaCO3 /L). Alkalinity was also found to have an ameliorating impact, as IC25 and IC50 values 
were increased in low-hardness moderate-alkalinity water compared to exposures in low-hardness 
low-alkalinity water. Of all the studies examined, the results of Lasier and Harden (2010) 
demonstrated the largest ameliorating effect of hardness on chloride toxicity (NaCl exposures) with a 
logarithmic slope of 0.74. These results corroborate earlier work by Lasier et al. (2006) where the 
same 168 h three-brood test was performed on C. dubia. Here, two solutions with static chloride 
concentrations of 342 and 565 mg/L were exposed to varying levels of water hardness. It was found 
that a 2.2-fold increase in hardness (45-100 mg CaCO3 /L) resulted in reduced deleterious impacts 
on water flea reproduction. 
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Wurtz and Bridges 1961 
In an earlier study by Wurtz and Bridges (1961) four species of aquatic organisms (fingernail clam: 
Sphaerium tenue, snail: Physa heterostropha, isopod: Asellus communis, Damselfly: Argia sp.) were 
tested for their tolerance to elevated chloride. 96 h TLm values (Median Tolerance Limit, equivalent 
to LC50) were tested across two hardness levels (20 and 100 mg CaCO3 /L). All species, with the 
exception of S. tenue, showed an inverse relationship between chloride toxicity and higher hardness 
concentrations. For S. tenue, 48 h LC50 values did increase in harder water (LC50 of 1183 and 940 for 
hard and soft waters respectively) but at 24, 72, and 96 h no ameliorating effects were demonstrated. 
One potential problem with this analysis was highlighted by the CCME (2011), where it was 
suggested that the lower range of hardness tested (20 to 100 mg CaCO3 /L) may not be sufficient to 
elucidate any toxicity-hardness relationships. Testing the same genus of clam (Sphaerium simile), 
Soucek et al. (2011) showed that an ameliorating relationship could be established over a higher and 
broader hardness range (51-192 mg CaCO3 /L). Because control group survival was not reported for 
any species throughout this article, the work did not meet the data requirements for SSD derivation 
(CCME, 2007). 
 
US EPA 1991 
Data from toxicological work conducted by the Environmental Research Laboratory in Duluth (ERL-
Duluth) was presented in US EPA 1991 along with other sources as a summary of toxicological data 
for 4 aquatic organisms. For C. dubia, 48 h LC50 values showed an inverse relationship to water 
hardness, although this ameliorating effect was small (logarithmic slope = 0.09). The ERL-Duluth 
data also presented 96 h LC50 values for Pimephales promelas exposed to NaCl in both soft (44 mg 
CaCO3 /L) and very hard (300 CaCO3 /L) reconstituted waters, however, this data was deemed 
incomparable since the age of tested organisms varied across hardness treatments (524 h and < 24 
h fish used in soft and hard water treatments respectively). Note that this differs from the CCME 
(2011) where these two values are compared and cited as evidence against an ameliorating effect of 
hardness on chloride toxicity. The US EPA 1991 data should be interpreted with caution as the 
original ERL-Duluth data is not provided. Other than life-stage and water hardness, no other 
environmental or toxicity modifying factors were specified, similarly, no control group survival is 
specified.  
 
WISLOH 2007 
Data presented by WISLOH 2007 (originally referenced in IDNR 2009b) suggests that hardness 
does not ameliorate chloride toxicity for the water flea C. dubia or the cyprinid fish P. promelas. Of the 
studies examining the influence of hardness on chloride toxicity, C. dubia represents the most studied 
species with four peer-reviewed articles examining mortality and reproductive endpoints. In all of 
these studies, ameliorating relationships were established, such that the data from WISLOH 2007 is 
anomalous. For P. promelas, no other studies are available to compare to the WISLOH results, 
although research has shown that hardness ameliorates the toxicity of sulfate, another major anion 
(Elphick et al. 2011b). The original WISLOH data was not obtained, thus it was not possible to 
confirm that minimum data requirements were met (CCME 2007). For the CCME 2011 chloride 
guideline derivation, the original data was similarly unavailable, thus it was rejected for WQG 
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derivation. Despite this, this work is cited by the CCME as evidence showing no relationship between 
water hardness and chloride (NaCl) toxicity. 
 
Anderson et al. 1978; Cressman and Williams 1994 
Studies examining the toxicity of chloride in the form of potassium, calcium, or magnesium are less 
common in the literature and even fewer have examine hardness-toxicity relationships using these 
chloride salts. For potassium chloride, two studies have examined hardness relationships. Anderson 
et al. (1978) found that increasing hard water solutions from 243 to 314 mg CaCO3 /L caused a 
significant reduction in toxicity for the fingernail clam Musculium transversum (96 h LC50 increase 
from 907 to 2267 mg Cl- /L).  Additionally, For the soil nematoad Caenorhabditis elegans, a small 
change in hardness (76 to 85 mg CaCO3 /L) was found to increase 48 h LC50 values by a factor of 
1.1 (Cressman and Williams 1994).  
 
5.1.2 Studies Showing no Ameliorating Effect of Hardness on Chloride Toxicity 

After reviewing the literature, four instances were found in which no ameliorating effect of hardness 
was observed on chloride toxicity:  

1) Wurtz and Bridges 1961 – Sphaerium tenue; 
2) WISLOH 2007 – Ceriodaphnia dubia; 
3) WISLOH 2007 – Pimephales promelas; 
4) Soucek et al. 2011 – Gyraulus parvus. 

 
Of these occurrences, three were presented in studies / data tables with data quality issues such that 
the results cannot be used in guideline derivation. In Wurtz and Bridges 1961, no control survival was 
reported and in WISLOH (2007) the original data was not available. In the case of the C. dubia 
results reported by WISLOH, four other peer-reviewed articles demonstrated ameliorating effects of 
hardness for this species, such that the data from WISLOH (2007) is considered herein as 
anomalous. Similarly, subsequent tests on the clam genus Sphaerium (Soucek et al. 2011) have 
demonstrated hardness amelioration where this was not observed previously by Wurtz and Bridges 
(1961). For the Wurtz and Bridges (1961) data, one possible explanation for the neutral response of 
Sphaerium tenue may be the limited hardness range tested. Toxicity treatments were conducted in 
soft (20 mg CaCO3 /L) and hard (100 mg CaCO3 /L) water and it is possible that this range was not 
sufficient to observe a response when accounting for potential variability in the assay. 
 
In the case of fish, the un-verified WISLOH results for P. promelas directly tested the effect of 
hardness on chloride toxicity. Although these results did not support a hardness-toxicity relationship, 
the inverse relationship between hardness and major ion toxicity has been established for P. 
promelas using sulfate (Elphick et al. 2011b).   
 
Although the amelioration of chloride toxicity to the planorbid snail P. heterostropha was 
demonstrated by Wurtz and Bridges (1961), such a relationship was not found by Soucek et al. 
(2011) using G. parvus. The authors suggest that the unique respiration mechanism of planorbid 
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snails (they lack gills) may explain the unique results, however this seems unlikely in light of the 
results of Wurtz and Bridges (1961) who found an inverse hardness-toxicity relationship for P. 
heterostropha (also a planorbid snail). Soucek et al. (2011) tested G. parvus of variable ages (3-5 
mm diameter).  If snails across these different age ranges respond differently to elevated chloride salt 
concentrations than the results of this work may have been affected, however no indication of age 
related effects was identified in the study.  
 
It is important to note that the hardness-toxicity assessment conducted on G. parvus in this study 
utilized different Ca2+:Mg2+ ratios between the soft and hard water treatments (56 and 212 mg CaCO3 
/L respectively). During the soft water treatment the ratio of calcium to magnesium ions was 4.44 
(13.5 mg Ca2+/L : 3.04 mg Mg2+/L), whereas the hard water treatment had a ratio of 2.23 (49.9 mg 
Ca2+/L : 22.4 mg Mg2+/L). It is known that different species specific hardness-toxicity modifying effects 
occur under different ratios of calcium to magnesium (Welsh et al. 2000). As a result, the two-fold 
difference in calcium to magnesium ratios between the soft and hard water treatments for G. parvus 
may explain the lack of an ameliorating effect of water hardness. Furthermore, if calcium is assumed 
to be of greater importance in ameliorating toxicity, as has been suggested in the literature (Leblanc 
and Surpenant 1984, Jackson et al. 2000, Welsh et al. 2000), then the absents of an ameliorating 
effect may be the result of a lower calcium to magnesium ratio in the hard versus soft water 
treatments.   
 
The literature demonstrates that the bulk of evidence supports the hypothesis that an ameliorating 
relationship exists between increasing water hardness and chloride toxicity, thus applying a measure 
of this relationship to derived chloride guidelines is appropriate. However, further research is needed 
using species where this relationship has not been extensively explored, where weak and 
inconsistent relationships exist in the literature, or where data quality issues introduce an 
unacceptable level of uncertainty. One example is aquatic snails such as G. parvus and P. 
heterostropha in which conflicting results exist in the literature (Wurtz and Bridges 1961 versus 
Soucek et al. 2011). Another priority is to establish hardness-toxicity relationships for those species 
making up the lower portions of the acute and chronic SSDs. This will insure that any future hardness 
adjusted guidelines are protective of the most sensitive aquatic organisms. Further research using 
fingernail clam species of the genus Sphaerium is especially important since they are known to be 
sensitive to chloride (Section 3) and have been examined in the literature (Sphaerium simile in 
Soucek et al. 2011; Sphaerium tenue in Wurtz and Bridges (1961)). Other Bivalves such as 
Epioblasma torulosa rangiana (glochidia lifestage), Musculium secures, Villosa iris (glochidia 
lifestage), Elliptio complanata (glochidia lifestage), and members of the genus Lampsilis (glochidia 
lifestage) occur low on the acute and chronic SSDs and have limited or no hardness-toxicity 
relationships established for them (Section 8), as such they should also be a focus of further 
research. 
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5.2 HARDNESS ADJUSTED SHORT-TERM SSD 

The following section outlines the results from toxicological analysis of the short-term dataset and 
WQG, adjusted for water hardness.  The short-term hardness-toxicity relationships developed herein 
were used to establish an overall best-fit hardness-toxicity slope, and subsequently to adjust the SSD 
to a minimum hardness of 50 mg CaCO3 / L as well as other hardness thresholds.  From this 
information, a mathematical relationship was developed that can be used to derive an acute (short-
term) hardness-adjusted WQG, reflective of variable hardness levels and corresponding influence on 
toxicity. 
 
5.2.1 Short-Term Hardness Adjustment Equation 

From the short-term data, nine species had comparable effect concentration across the minimum 
hardness range required: O. mykiss (rainbow trout), P. promelas (fathead minnow), L. siliquoidea 
(freshwater mussel), S. simile (fingernail clam) C. dubia (water flea), D. magna (water flea), L. 
variegatus (California blackworm) and T. tubifex (tubificid worm), and G. parvus (Pulmonate snail). 
Appendix B summarizes the hardness-toxicity dataset which was utilized to analyze the relationship 
between water hardness and short-term toxicity. Comparing log chloride versus log hardness, linear 
regression was used to calculate a best-fit hardness-toxicity slope for each of the eight species. 
Slopes ranged from -0.017 to 0.476, with R2 values between 0.534 and 0.998 (Table 5.3; Figure 5.3).  
 
Within the dataset, toxicity-hardness relationships were also found for six additional species which 
were deemed unacceptable for hardness-toxicity slope calculations (Table 5.3). In most cases these 
data points were not included because effect concentrations were not available over the required 
minimum range of water hardness (Stephan et al 1985). Despite being excluded, most of these 
species still demonstrated an ameliorating of hardness. Exceptions to this occurred for the fish 
species L. macrochirus and the midge C. dilutes.  However, in these cases, it is important to note the 
small sample size (n = 2) which reduces the statistical power of the data. In each case, the data 
comes from completely separate experiments, unlike the data limited S. simile (both data points from 
Soucek et al. 2011) which was used in hardness-toxicity slope calculations.  
 
For L. macrochirus, the 96h LC50 reported by Birge et al. (1985) (5,870 mg Cl- /L; Hardness: 102 mg 
CaCO3 /L) was from a flow-through experiment, whereas the value reported by Trama (1954) (7,853 
mg Cl- /L; Hardness: 44 mg CaCO3 /L) was from a static toxicity assay. The test design used is 
known to adversely alter toxicity tesing results (CCME 2007), therefore the two studies may have 
limited comparability.  
 
For C. dilutes, comparisons were made between the 96 h LC50 values reported by Elphick et al. 
(2011a) and Wang and Ingersoll (2010), however the original data from Wang and Ingersoll was not 
obtained.  Is unclear if experimental conditions may be impacting the comparability of these results.  
 
Over a hardness range of 83 to 170 mg CaCO3 /L, the effect concentrations reported for the glochidia 
of the freshwater mussel L. fasciola (Valenti et al. 2007, Bringolf et al. 2007, Gillis 2011) varied widely 
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(113-1868 mg Cl- /L), thus no relationship could be determined from the data (R2: 0.003). This 16 fold 
difference in chloride sensitivity was not unlike variations observed by Gillis (2011) who found an 
eight fold difference in L. siliquoidea (glochidia) 24 h EC50 values for mussels collected at  two 
separate locations (113 and 1,430 mg Cl- /L). As such, determining relationships between hardness 
and chloride toxicity for mussel glochidia may be best achieved under a single toxicity assay 
sampling from a single population. An example of this is the L. siliquoidea (glochidia) data reported 
by Gillis (2011) which was used to derive the short-term hardness-toxicity slope (Table 5.3).  
 
Data for the fresh water snail G. parvus (Soucek et al. 2011) was included in the hardness-toxicity 
slope calculation. Here the two 96 h LC50 values of 3,078 and 3,009 mg Cl- /L were reported for 
hardness values of 56 and 212 mg CaCO3 /L respectively, suggesting that no hardness-toxicity 
relationship exists for this species. However, these findings may be the product of a two-fold 
difference in Ca2+:Mg2+ ratios between the soft and hard water treatments (Section 5.1.2). Other work 
by Wurtz and Bridges (1961) has shown a strong ameliorating effect of water hardness on the 
freshwater snail P. heterostropha (Table 5.2). The Wurtz and Bridges results could not be included in 
the hardness-toxicity slope calculation as control survival was not reported. Despite this, these 
contrasting results suggest that further research is required to elucidate the effect of hardness on 
chloride toxicity towards fresh water snails.  
 
An F-test was conducted on the slopes of the nine species deemed acceptable for the hardness-
toxicity pooled slope calculation. Results from this test showed that the regression slopes for the nine 
species were not significantly different from one another (p = 0.630), thus an analysis of covariance 
(ANCOVA) was run to calculate a pooled slope across the whole dataset.  The log transformed 
chloride effect concentration served as the dependant variable, the nine species formed the grouping 
variable, and the logarithm of hardness was the independent variable. From the ANCOVA analysis, 
the pooled slope was calculated to be 0.294 with a corresponding R2 value of 0.941.  The calculated 
pooled slope of 0.294 was then used to normalize all of the toxicity values in the short-term SSD 
(Section 3) to a hardness of 50 mg/L, using equation 2.2. 
 

STECx(50 mg CaCO3 /L) = 10 { ( [ log(50) - log(hardness) ] x STPS) + log(STECx) }  (Eq. 2.2) 
 
Where STECx (50 mgCaCO3 /L) is the short-term normalized effect concentration (in mg/L) and hardness 
was measured as CaCO3 equivalents in mg/L. 
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Table 5.3. Short-term hardness-toxicity regression slopes 

Species n Slope R2 df 

Oncorhynchus mykiss  (LC50 - juveniles) 3 0.380 0.973 1 

Pimephales promelas  (LC50 - juveniles/larva) 3 0.292 0.994 1 

Lampsilis siliquoidea  (EC50 - glochidia) 5 0.476 0.813 3 

Sphaerium simile  (LC50 - juveniles) 2 0.299 - 0 

Ceriodaphnia dubia  (LC50 - adults) 14 0.318 0.587 12 

Daphnia magna  (LC50 - neonate) 13 0.180 0.534 11 

Lumbriculus variegatus  (LC50 - adults) 5 0.456 0.998 3 

Tubifex tubifex  (LC50 - adults) 4 0.303 0.630 2 

Gyraulus parvus 2 -0.017 - 0 

POOLED SLOPE 51 0.294 0.941 - 

* Brachionus calyciflorus 2 0.067 - 0 

* Hyalella azteca 3 3.080 0.851 1 

* Villosa iris 2 0.914 - 0 

* Chironomus dilutus 2 -0.637 - 0 

* Lampsilis fasciola 2 0.250 0.003 0 

* Lepomis macrochirus 2 -0.352 - 0 
* Data not used in hardness-toxicity slope calculation but plotted in Figure 5.3 for comparative purposes. 
Note: Summary of data points used here can be found in Appendix B  
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Figure 5.3. Short-term hardness-toxicity relationships 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note: Red hashed regression lines represent data not meeting the hardness range or other requirements (Stephan et al. 
1985). See Appendix B further details. 
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5.2.2 Short-Term Hardness Adjusted SSD and Benchmark Concentration  

In order to construct a hardness adjusted short-term SSD, 10 of the 56 species from the unadjusted 
curve (Table 3.1) were excluded, since no hardness data was available for these data points. The 
species excluded were: A. maculatum (spotted salamander), H. attenuate (hydra), Pycnopsyche sp. 
(caddisfly), P. crucifer (spring peeper) L. sylvaticus (wood frog), A. americanus (American toad), G. 
pseudolimnaeus (amphipod), C. attenatus (midge), Lepidostoma sp. (caddisfly), and G. affins 
(mosquito fish). With the exception of A. maculatum (HPP = 0.15), these excluded species were not 
found to be sensitive to chloride toxicity on the unadjusted SSD, therefore removing them was not 
expected to have a substantial impact on the SSD benchmark derivation. 
 
Using the remaining 46 species, a short-term SSD was constructed with effect concentrations 
normalized to a hardness of 50 mg CaCO3 /L, using Eq. 2.2 and the pooled slope of 0.294 derived in 
the previous section. SSD derivation followed the same methods as described previously. The Log-
Logistic Function provided the best overall fit for the data with the lowest AIC (Akaike’s Information 
Criteria) value. This model also minimized the scaled residuals of each of the data points. The 
equation of the model was:   
 

y = 1 / [ 1 + e - ( b + m * ln(x ) ) ]   (Eq. 3.1) 
 
Where y is the proportion of species affected and x is the chloride concentration. The slope of the line 
(m) and the y-intercept (b) were calculated to be 2.16 and -16.26 respectively. The Log-Probit model 
also provided a good fit to the data.  
 
Figure 5.4 shows the short-term hardness adjusted SSD made up of EC/LC50 (severe endpoints) 
chloride concentrations normalized to 50 mg CaCO3 /L with corresponding Hazen plotting position 
values. The short-term benchmark concentration, defined as the 5th percentile along the derived 
Log-Logistic function (Eq. 5.1) was 478 mg/L chloride with a lower-bound confidence limit of 463 
mg/L chloride.  
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Figure 5.4. Hardness adjusted short-term SSD – severe endpoints (EC/LC50) for NaCl 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes:1) SSD derived by plotting severe (EC/LC50) chloride effect concentrations adjusted to a hardness of 50 mg CaCO3 /L 
for 46 species of aquatic organism against their corresponding Hazen plotting position (HPP); 2) Red hashed line indicates 
the 5th percentile (y-axis) and the resulting short-term benchmark concentration (x-axis) of 478 mg Cl- /L; 3) Grey hashed 
curve and black crosses represent the unadjusted SSD (Figure 3.2). 
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5.2.3 Hardness Equation for the Short-Term Benchmark  

The short-term hardness equation, used for calculating benchmark concentrations across various 
hardness levels, is based on the US EPA procedure outlined in Stephan et al. (1985). The function 
was derived using the short-term hardness-toxicity slope of 0.294 calculated in Section 5.2.1 (m) and 
the derived short-term benchmark concentration of 478 mg Cl- /L (y) at a hardness of 50 mg CaCO3 
/L (x) derived in Section 5.2.2. Since the slope (m), x, and y variables were known, the general 
equation log(y) = m*log(x)+b was rearranged to solve for b (y-intercept) which was found to be 2.179. 
Using this value the equation of the line to determine the long-term hardness dependant water quality 
guideline concentration can be expressed as: 
 

Short-term benchmark = 10[ 0.294 (log(hardness)) + 2.179 ]   (Eq. 5.3) 
 
Where the benchmark concentration is measured in mg/L chloride and hardness is in CaCO3 
equivalents (mg/L).  
 
Figure 5.5 provides a visual representation of the 50 mg CaCO3 /L hardness adjusted SSD along 
with modeled curves at hardness concentration of 100, 200, 400, and 600 mg CaCO3 /L. These 
values represent the upper bound thresholds for water classified as soft, moderately soft, moderately 
hard, hard, and very hard respectively (Alberta Government 2011). The short-term benchmark 
chloride concentrations corresponding to these hardness levels are indicated in Figure 5.5 and are 
summarized in the upper half of Table 5.4. 
 
In order to compare the short-term dataset and the resulting benchmark WQGs to existing national 
WQGs, the CCME (2011) short-term SSD was adjusted for water hardness. The approach paralleled 
methods outlined previously, and involved transforming raw effect concentrations to a standard 
hardness of 50 mg CaCO3 /L using Equation 2.2. The short-term pooled slope estimate (0.294) 
derived in Section 5.2.1 was utilized in data transformations.  Nine data points from the original 
CCME (2011) dataset were not associated with water hardness concentrations and were therefore 
removed. The most sensitive of these data points was the Spotted Salamander (A. maculatum), 
which occurred below the 20th percentile of the unadjusted SSD (CCME 2011).  All other removed 
data points occurred above the 40th percentile (L. sylvaticus, P. crucifer, R. clamitans, G. 
pseudolimnaeus, C. attenatus, A. americanus, Lepidostoma sp., G. affinis), and are expected to have 
a relatively minor influence on adjustments to the SSD.  Three data points representing effect 
concentrations for CaCl2 (all occurring above the 70th percentile) were also removed (D. hyaline, E. 
padanus padanus, C. abyssorum prealpinus).  A 50 mg CaCO3 /L adjusted SSD was then modeled 
using the Log-Logistic function, where a short-term BMDL of 413 mg Cl- /L was obtained. Using the 
modeled Log-Logistic function derived from the SSD analysis, a hardness equation was established 
to calculate short-term benchmark concentrations at various hardness levels, based on the 
underlying CCME (2011) dataset. These results, along with the equation used to derive them, are 
presented in the lower half of Table 5.4. 
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Table 5.4. Short-term hardness-adjusted benchmarks concentrations 
 

Hardness 
(mg CaCO3/L) 

Short-term benchmark 
(mg Cl-/L) 

Current derivation ( 10[ 0.294 (log(hardness)) + 2.179] ) 

50    (soft) 478

100  (moderately soft) 586

200  (moderately hard) 719

400  (hard) 881

600  (very hard) 993

CCME 2011 data ( 10[ 0.294 (log(hardness)) + 2.115] ) 

50    (soft) 413

100  (moderately soft) 506

200  (moderately hard) 621

400  (hard) 761

600  (very hard) 858
Note: The SSD utilized to derive CCME short-term hardness-adjusted guidelines was made up of n=39 data points, 12 less 
than the original 2011 dataset (n=51). This was the result of the loss of 9 data points where hardness data was not available 
and 3 data points which were based on CaCl2 data in the original CCME dataset.  

 
 
From Table 5.4, it can be seen that the short-term guidelines are approximately 1.2 times higher than 
hardness adjusted guidelines using the original CCME (2011) dataset. This difference may be the 
result of changes to the modeled SSD curve caused by additions to the hardness adjusted dataset 
(current: n = 46; CCME: n=39), or effect concentrations which have been updated to higher values 
compared to the CCME (e.g. L. siliquoidea, C. dubia, and D. pulex; outlined in Section 3.2.2).  In 
particular, data added since the CCME derivation has the potential to increase the calculated 
hardness-adjusted guidelines depending on the reported water hardness.  For example, new 48h 
LC50s for D. pulex (Robinson 2011) corresponded to water hardness values of 38-66 mg CaCO3/L, 
whereas hardness values associated with this species in the older CCME dataset ranged from 85-93 
mg CaCO3/L.  When adjusted to a standard hardness of 50 mg CaCO3/L, effect concentrations for 
the newer data would generally increase or remain unchanged, whereas CCME effect concentrations 
would be reduced. Data in the current dataset representing additions since the CCME (2011) 
derivation will affect the current short-term benchmark concentrations, depending on associated 
hardness concentrations.  
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Figure 5.5. Adjusted short-term SSD at various water hardness levels 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes:1) Black curve represents the 50 mg CaCO3 /L hardness adjusted SSD with associated species ; 2) Red hashed line 
indicates the 5th percentile (y-axis) and the resulting short-term benchmark concentrations (x-axis) of 478, 586, 719, 881, 993 
mg Cl- /L corresponding to hardness values of 50, 100, 200, 400, 600 mg CaCO3 /L respectively. 
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5.3 HARDNESS ADJUSTED CHRONIC SSD 

The following section outlines the results from toxicological analysis of the long-term dataset and 
WQG, adjusted for water hardness.  The long-term hardness-toxicity relationships developed herein 
were used to establish an overall best-fit hardness-toxicity slope, and subsequently to adjust the SSD 
to a minimum hardness of 50 mg CaCO3 / L as well as other hardness thresholds.  From this 
information, a mathematical relationship was developed that can be used to derive a chronic (long-
term) hardness-adjusted WQG reflective of variable hardness levels and corresponding influence on 
toxicity. 
 
 
5.3.1 Long-Term Hardness Adjustment Equation 

From the long-term data, four species had comparable effect concentration across the minimum 
hardness range required: C. dubia (water flea), D. magna (water flea), L. minor (duckweed), and P. 
subcapitata (green algae). Appendix B summarizes the hardness-toxicity dataset which was utilized 
to analyze the relationship between water hardness and long-term toxicity. Comparing log chloride 
versus log hardness, linear regression was used to calculate a best-fit hardness-toxicity slope for 
each of the three species. Slopes ranged from 0.332 to 0.583, with R2 values between 0.488 and 
0.958 (Table 5.5; Figure 5.6).  
 
Two additional datasets were found to demonstrate hardness-toxicity relationships but were excluded 
from slope calculations. These included an additional IC50 (reproduction) dataset for C. dubia and a 
set of EC10-30 (glochidia survival) values for the freshwater mussel L. fasciola. The C. dubia IC50 
values showed that hardness ameliorated chloride toxicity with a slope of 0.422 (R2 = 0.578), 
however, the data was excluded since the IC25 values (reproduction) already available for this 
species were the more preferred endpoint. For L. fasciola, results from Bringolf et al. (2007) and Gillis 
(2011) also suggested an ameliorating effect of hardness on chloride toxicity but the data was 
excluded since it was not reported over a sufficiently wide hardness range. 
 
An F-test was conducted on the four species represented by datasets deemed acceptable for 
hardness-toxicity slope calculations. Results from this test showed that the regression slopes for the 
eight species were not significantly different from one another (p = 0.905), thus an analysis of 
covariance (ANCOVA) was run to calculate a pooled slope across the whole dataset. The log 
transformed chloride effect concentration served as the dependant variable, the three species formed 
the grouping variable, and the logarithm of hardness was the independent variable. From the 
ANCOVA analysis, the pooled slope was calculated to be 0.473 with a corresponding R2 value of 
0.939. 
 
The calculated pooled slope of 0.473 was then used to normalize all of the toxicity values in the long-
term SSD (Section 4) to a hardness of 50 mg/L using Equation 2.3.  
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LTECx(50 mg CaCO3 /L) = 10 { ( [ log(50) - log(hardness) ] x LTPS) + log(LTECx) }  (Eq. 2.3) 
  
Where LTECx(50 mg CaCO3 /L) is the short-term normalized effect concentration measured in mg/L and 
hardness was measured as CaCO3 equivalents in mg/L. 
 
 

Table 5.5. Long-term hardness-toxicity regression slopes 
 

Species n Slope R2 df 

Ceriodaphnia dubia  

(IC25  - repro) 
10 0.483 0.662 8 

Daphnia magna  

(IC/EC50 - repro) 
5 0.583 0.531 3 

Lemna minor  

(EC50 - growth) 
5 0.332 0.958 3 

Pseudokirchneriella subcapitata 

(E50 –population florescence) 
3 0.488 0.888 1 

POOLED SLOPE 23 0.473 0.939 - 

*Ceriodaphnia dubia  

(IC50 - repro) 
22 0.422 0.578 20 

*Lampsilis fasciola  

(EC10 -30 glochidia survival) 
2 1.491 - 0 

* Data not used in hardness-toxicity slope calculation but plotted in Figure 5.6 for comparative purposes. 
Note: Summary of data points used here can be found in Appendix B.  
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Figure 5.6. Long-term hardness-toxicity relationships 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
Note: Red hashed regression lines represent data not meeting the hardness range or other requirements (Stephan et al. 
1985). See Appendix B further details. 
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5.3.2 Long-Term SSD and Water Quality Guideline 

In order to construct a hardness adjusted long-term SSD, 7 of the 32 species from the unadjusted 
SSD curve (Table 4.1) were excluded since no hardness data was available for these data points. 
The species excluded were: M. securis (fingernail clam), S. natans (floating fern), a species of fresh 
water snail (Physa sp.), G. pseudolimnaeus (Amphipod), and three species of algae (C. zofingiensis, 
C. minutissimo, and Synechocystis sp.).  With the exception of M. securis (HPP = 0.11), these 
excluded species were not found to be sensitive to chloride toxicity on the unadjusted SSD, therefore 
removing them was not expected to have a substantial impact on the SSD benchmark derivation. 
 
Using the remaining 25 species, a long-term SSD was constructed with effect concentrations 
normalized to a hardness of 50 mg CaCO3 /L utilizing Eq. 2.3 and the pooled slope of 0.473 derived 
in the previous section. SSD derivation followed the same methods as described previously. The 
Log-Logistic Function provided the best overall fit for the data with the lowest AIC (Akaike’s 
Information Criteria) value. This model also minimized the scaled residuals of each of the data points. 
The equation of the model was:   
 

y = 1 / [ 1 + e - ( b + m * ln(x ) ) ]   (Eq. 3.1) 
 
Where y is the proportion of species affected and x is the chloride concentration. The slope of the line 
(m) and the y-intercept (b) were calculated to be 1.85 and -11.60 respectively.   
 
Figure 5.7 shows the long-term hardness adjusted SSD made up of no and low effect concentrations 
normalized to 50 mg CaCO3 /L with corresponding Hazen plotting position values. The short-term 
benchmark concentration, defined as the 5th percentile along the derived Log-Logistic function (Eq. 
5.1) was 108 mg/L chloride with a lower-bound confidence limit of 103 mg/L chloride.  
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Figure 5.7. Hardness adjusted long-term SSD – no and low effect concentrations for NaCl 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes:1) SSD derived by plotting no and low effect concentrations (preferred endpoints: EC/ICx representing a no-effect 
threshold > EC/IC10 > EC/IC11-25 > MATC > NOEC > LOEC > EC/IC26-49 > nonlethal EC/IC50) adjusted to a hardness of 
50 mg CaCO3 /L for 32 species of aquatic organism against their corresponding Hazen plotting position (HPP); 2) Red 
hashed line indicates the 5th percentile (y-axis) and the resulting long-term WQG (x-axis) of 108 mg Cl- /L; 3) Grey hashed 
curve and black crosses represent the unadjusted SSD (Figure 4.1). 
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5.3.3 Hardness Equation for Calculating Long-Term Water Quality Guidelines 

The long-term hardness equation, used for calculating water quality guidelines across various 
hardness levels is based on the US EPA procedure outlined in Stephan et al. (1985). The function 
was derived using the long-term hardness-toxicity slope of 0.473 calculated in Section 5.3.1 (m) and 
the derived long-term WQG of 108 mg Cl- /L (y) at a hardness of 50 mg CaCO3 /L (x) derived in 
Section 5.3.2. Since the slope (m), x, and y variables were known, the general equation log(y) = 
m*log(x)+b was rearranged to solve for b (y-intercept) which was found to be 1.227. Using this value 
the equation of the line to determine the long-term hardness dependant water quality guideline 
concentration can be expressed as: 
 

Long-term WQG = 10[ 0.473 (log(hardness)) + 1.227]   (Eq. 5.2) 
 
Where the WQG concentration is measured in mg/L chloride and hardness is in CaCO3 equivalents 
(mg/L).  
 
Figure 5.8 provides a visual representation of the 50 mg CaCO3 /L hardness adjusted SSD along 
with modeled curves at hardness concentration of 100, 200, 400, and 600 mg CaCO3 /L. These 
values represent the upper bound thresholds for water classified as soft, moderately soft, moderately 
hard, hard, and very hard respectively (Alberta Government 2011). The long-term WQG chloride 
concentrations corresponding to these hardness levels are indicated in Figure 5.8 and are 
summarized in the upper half of Table 5.6 
 
In order to compare the long-term dataset and the resulting WQGs to existing national guidelines, the 
CCME (2011) long-term SSD was adjusted for water hardness. The approach paralleled methods 
outlined previously and involved transforming raw effect concentrations to a standard hardness of 50 
mg CaCO3 /L using Equation 2.3. The long-term pooled slope estimate (0.473) derived in Section 
5.3.1 was utilized in data transformations. Five data points from the original CCME (2011) dataset 
were not associated with water hardness concentrations and were therefore removed. The most 
sensitive of these data points was the Fingernail Clam A. maculatum that occurred below the 10th 
percentile of the unadjusted SSD (CCME 2011).  All other removed data points occurred above the 
70th percentile (Physa sp., G. pseudolimnaeus, C. minutissimo, C. zofingiensis), and is expected to 
have a minor influence on the results.  A 50 mg CaCO3 /L adjusted SSD was then modeled using the 
Log-Logistic function where a BMDL of 109 mg Cl- /L was obtained.  Using the modeled Log-Logistic 
function derived from the SSD analysis, a hardness equation was established to calculate long-term 
WQG concentrations at various hardness levels. These results, along with the equation used to 
derive them, are presented in the lower half of Table 5.5.  From the results presented in Table 5.6 it 
can be seen that the long-term guidelines are approximately equivalent to the hardness adjusted 
guidelines using the original CCME (2011) dataset.  
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Table 5.6. Long-term hardness-adjusted WQG concentrations 
 

Hardness 
(mg CaCO3/L) 

Long-term WQG 
(mg Cl-/L) 

Current derivation ( 10[ 0.473 (log(hardness)) + 1.227] ) 

50    (soft) 108

100  (moderately soft) 149

200  (moderately hard) 207

400  (hard) 288

600  (very hard) 348

CCME 2011 data ( 10[ 0.473 (log(hardness)) + 1.234] ) 

50    (soft) 109

100  (moderately soft) 152

200  (moderately hard) 210

400  (hard) 292

600  (very hard) 354
Note: The SSD utilized to derive CCME long-term hardness-adjusted guidelines was made up of n=23 data points, 5 less 
than the original 2011 dataset (n=28). This was the result of the loss of 5 data points where hardness data was not available.  
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Figure 5.8. Adjusted long-term SSD at various water hardness levels 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes: 1) Black curve represents the 50 mg CaCO3 /L hardness adjusted SSD with associated species; 2) Red hashed line 
indicates the 5th percentile (y-axis) and the resulting long-term WQG concentrations (x-axis) of 108, 149, 207, 288, 348 mg Cl- 
/L corresponding to hardness values of 50, 100, 200, 400, 600 mg CaCO3 /L respectively. 
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6 ASSESSMENT OF GUIDELINE PROTECTIVENESS 

To evaluate the protectiveness of the both the short- and long-term hardness adjusted guidelines, an 
assessment was conducted that involved plotting the applicable effect concentrations available in the 
database (short-term: severe effect LC/EC50s; long-term: no and low effect data) as a function of 
hardness. The associated short- and long-term guidelines were then plotted, and data points 
occurring below these respective guidelines examined in detail to assess protectiveness. 
 

6.1 PROTECTIVENESS OF THE SHORT-TERM BENCHMARK 

As outlined previously (Section 5.2.1), the hardness adjustment equation for the short-term 
benchmark was based on the hardness-toxicity relationship established for nine species. To test the 
protectiveness of this guideline, all acceptable chloride toxicity values (uncorrected for hardness) 
were plotted against their respective hardness values (Figure 6.1). These values were then 
compared to the derived short-term benchmark, which is represented by the straight line in the figure. 
All values falling below the derived guideline are examined in detail in order to determine if the 
derived guideline is adequately protective to all endpoints. The CCME used a similar approach in the 
derivation of guidelines for cadmium (CCME 2014). 
 
Of the 361 data points plotted in Figure 6.1, eight fell under the short-term benchmark: one point for 
the water flea C. dubia (48 h LC50 from Hoke et al. 1992); two points for the water flea D. magna (24 
and 48 h LC50 values from Khangarot and Ray 1989); one point for the fresh water mussel E. 
torulosa rangiana (24 h EC50 (glochidia survival) from Gillis 2011); two points for the fresh water 
mussel L. fasciola (both 24 h EC50 values (glochidia survival) from Gillis (2011); and, two points for L. 
siliquoidea (24 and 48 h EC50 values (glochidia survival).  For four of the five species, there were a 
number of other data points above the short-term benchmark, specifically 28, 28, 4, and 8 for C. 
dubia, D. magna, L. fasciola, and L. siliquoidea respectively. Interestingly, all of the data points that 
fell below the short-term benchmark threshold in Figure 6.1 were incorporated into the short-term 
SSD (Tables 3.1 and 3.2). For C. dubia, L. fasciola, and L. siliquoidea the collated values used in the 
SSD (1151, 746, and 892 mg Cl- /L respectively) all plot above short-term benchmark.  
 
E. torulosa rangiana represents the second most sensitive effect concentration in the short-term data 
set (Figure 6.1), and the most sensitive species in the short-term SSD (Section 5.2.2).  Only one 
short-term data point exists for this species (a 25 h EC50 (glochidia survival) of 244 mg Cl- /L from 
Gillis 2011), thus no comparisons are possible across studies.  Although D. magna is represented by 
28 data points above the short-term benchmark (Figure 6.1) the species is the second most sensitive 
on the short-term SSD and with E. torulosa rangiana, represents the only other species occurring 
below the 5th percentile benchmark value (478 mg Cl- /L) on the 50 mg CaCO3 /L hardness adjusted 
SSD. The same data points were also utilized in the 2011 CCME chloride guideline derivation.  One 
point representing C. dubia occurs at the benchmark concentration threshold, however all other 
values for this species occur above the guideline. Although two values occur below the guideline for 
the mussel L. fasciola, the majority (5 out of 7) occur above. Similarly, for the mussel L. siliquoidea, 
the two values occurring below the guideline represent only 11% of the data for this species (the rest 
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of the data points occur above the guideline), thus the guideline is protective for this species.  Based 
on Figure 6.1, short-term exposures to levels of chloride exceeding the benchmark concentration 
may pose the greatest hazard to the glochidia lifestage of certain freshwater mussel species and to 
Daphnia magna. However, as the short-term benchmark concentration is intended for assessing the 
potential for severe effects following intermittent or short-lived chloride exposure, the protection 
clause does not apply (CCME 2007) and meeting the proposed long-term guideline will protect from 
severe effects. 
 
Calcium chloride was also incorporated into Figure 6.1. No CaCl2 data points were found to occur 
below the NaCl derived short-term benchmark.  Thus, based on the current dataset, the short-term 
benchmark appears to be protective of aquatic organisms from exposures to CaCl2.  This is 
supported by comparative toxicity results (Section 3.1) in which sodium and calcium chloride salts 
were found to have similar toxicities with calcium being slightly less toxic.  This guideline, however, 
will not be protective to chloride exposures from the other major chloride salts, KCl and MgCl2, which 
are comparatively more toxic than NaCl towards aquatic organisms.  
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Figure 6.1. Protectiveness of the short-term benchmark 
 
 
 
 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes: 1) All toxicity values, including those not utilized in the SSD derivation, are plotted; 2) Black line represents the short-
term benchmark concentration over a continuous hardness range, constrained to the hardness range used in deriving the 
short-term hardness adjustment equation (Figure 5.3.). 3) Effect concentration with no reported hardness data are plotted for 
context (black x) and were set to an arbitrary hardness of 1 mg CaCO3 /L. 
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6.2 PROTECTIVENESS OF THE LONG-TERM WATER QUALITY GUIDELINE 

The hardness adjustment applied to the long-term data was based on the slopes of the hardness-
toxicity relationships of a limited number of species (n=4). The appropriateness of this guideline for 
extrapolation to other species, including sensitive species in the chronic SSD that drives the chronic 
water quality guideline, has limitations as these species may respond differently to hardness 
influence on chloride salt toxicity. In order to assess the protectiveness of the hardness-adjusted 
guideline to all aquatic organisms, acceptable toxicity values uncorrected for hardness were plotted 
against the hardness adjusted guideline (Figure 6.2). Some of the data points plotted on Figure 6.2 
have been incorporated into the SSD (as well as CCME’s 2011 SSD), but in other cases the data 
could not be included in the SSD for various reasons. Their assessment here provides a better 
understanding of the protectiveness of the derived guideline 
 
Of the 404 acceptable long-term values plotted in Figure 6.2, four fell below the long-term WQG for 
chloride (Table 6.1).  These include the 24h EC10 values of 24 mg Cl- /L and 42 mg Cl- /L for 
Lampsilis fasciola and E. torulosa rangiana, respectively. Both of these unionid mussels are 
considered species at risk by COSEWIC, L. fasciola is classified as special concern, while E. torulosa 
rangiana is classified as endangered. These results are similar to the CCME (2011) derivation where 
the same data points were the sole occurrences below the long-term SSD 5th percentile value of 120 
mg Cl- /L. As part of the CCME (2011) guideline derivation, the Protection Clause (CCME, 2007) was 
applied to ensure that these species at risk received adequate protection. The protection clause may 
be invoked for COSEWIC species at risk when no-effect or low-effect data points occur at levels 
lower than the proposed guideline. Based on the analysis conducted here, the same protection 
clause can be applied: 
  

“In areas where the COSEWIC special concern mussel (L. fasciola) or the 
COSEWIC endangered mussel (E. torulosa rangiana) are present, the 
protection clause can be implemented, resulting in a guideline value ranging 
from 24 to 42 mg Cl- /L. In all other areas where non-endangered freshwater 
mussels are present, the long-term SSD 5th percentile value should be used 
as the guideline value” 

 
Traditionally, toxicity assays using standard laboratory-cultured species have found daphnids to be 
the most sensitive species to chloride salt toxicity (IDNR 2009a, US EPA 1986). However, the results 
presented here suggest that freshwater mussels and clams may be more sensitive receptors to 
sodium chloride. The five closest points to the guideline regression are occupied by freshwater 
bivalves (labeled points in Figure 6.2), while the next most sensitive endpoints are 168 h IC25 and 
NOECs (reproduction) of 146-152 mg Cl- /L for C. dubia at 39-47 mg CaCO3 /L hardness (Elpick et 
al. 2011, Lasier and Harden 2010, Aragao and Pereira 2003).  
 
All of the sensitive endpoints for freshwater mussels and clams are from studies examining the 
glochidia lifestage. Evidence suggests that free-living glochidia survive in the water column for 
durations varying between 24 h to 10 days (ASTM 2013, Cope et al. 2008). In the current dataset, 
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glochidia endpoints at durations greater than 24h were available from four studies (Valenti et al. 
2007, Pandlfo et al. 2012, Echols et al. 2012, Bringolf et al. 2007; Appendix A). Glochidia exposures 
at 48 h compared to 24 h generally showed either comparable effect concentrations or demonstrated 
slightly greater toxicity (e.g. Bringolf et al. (2007): V.constricta EC50 of 1674 (24h) and 1571 mg Cl-/ L 
(48h); E. complanata EC50 of 1620 (24h) and 1353 mg Cl-/ L (48h); and L. fasciola EC50 of 1116 (24h) 
and 1056 mg Cl-/ L (48h)), with the exception of V. delumbis in which the 24 h exposure was more 
toxic (Bringolf et al. (2007): V.delumbis EC50 of 2008 (24h) and 2202 mg Cl-/ L (48h)). However, as 
outlined by the CCME (2011), glochidia data was limited to 24 h exposures due to a lack of species-
specific knowledge on glochidia lifespans. Recently, studies by Bringolf et al. (2013) have resulted in 
the recommendation of a maximum test duration of 24 hours for glochidia which has been adopted in 
the US EPA guideline for ammonia (US EPA 2013b). The current derivation utilizes glochidia data 
only at exposure durations of ≤ 24h. 
 
There was insufficient data (as outlined in Table 2.1) to conduct a Type A (SSD) analysis of the long-
term CaCl2 data set, and as a result a long-term WQG for CaCl2 was not established. However, it is 
important to assess the protectiveness of the derived long-term WQG (NaCl based) to this chloride 
salt, since sodium and calcium chloride have been found to have similar toxicities, with slight greater 
toxicity for sodium (Section 3.1). From the comparison of short-term toxicities, the 5th percentile 
benchmark concentration for CaCl2 was 703 mg Cl- /L, 44 mg Cl- /L higher than the derived guideline 
for NaCl (659 mg Cl- /L).  Although data limitations are reflected in the wide confidence limits for 
CaCl2 (Table 3.1, BMDL), the current dataset and literature review suggests that the long-term WQG 
derived based on NaCl data should also provide protection to exposures from CaCl2. To test this, all 
available long-term toxicity endpoints for CaCl2 and associated water hardness concentrations were 
plotted against the long-term WQG (NaCl).  
 
Figure 6.2 shows that none of the available chloride effect concentrations from CaCl2 toxicity assays 
(Appendix A) fell below the long-term WQG derived for NaCl.  As a result, based on the current 
dataset, the long-term WQG will protect aquatic organisms from exposures to CaCl2.  This guideline, 
however, will not be protective to chloride exposures from the other main chloride salts, KCl and 
MgCl2, which are comparatively more toxic than NaCl towards aquatic organisms (Section 3.1).  
 
Table 6.1. Studies reporting endpoints near or below the long-term hardness adjusted WQG 

Species 
Common  

name 
Salt Endpoint

Endpoint 
criteria 

Effect conc.
(mg Cl- /L) 

Hardness 
(mg CaCO3/L) 

Citation 

L. fasciola 
Freshwater 

mussel 
NaCl 24 h EC10

Wavy-Rayed
lampmussel 

24 169 
Bringolf et al. 
(2007) 

E. torulosa rangiana 
Freshwater 

mussel 
NaCl 24 h EC10

Northern 
Riffleshell 

42 105 Gillis (2009) 

E. torulosa rangiana 
Freshwater 

mussel 
NaCl 24 h EC20

Northern 
Riffleshell 

111 105 Gillis (2009) 

L.  siliquoidea 
Freshwater 

mussel 
NaCl 24 h EC30

Glochidia 
survival 

117 105 Gillis (2009) 

E. torulosa rangiana 
Freshwater 

mussel 
NaCl 24 h EC30

Northern 
Riffleshell 

161 105 Gillis (2009) 
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Figure 6.2. Protectiveness of the long-term WQG 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
Notes: 1) All toxicity values, including those not utilized in the SSD derivation, are plotted; 2) Black line represents the long-
term WQG concentration over a continuous hardness range, constrained to the hardness range used in deriving the long-
term hardness adjustment equation (Figure 5.6.). 3) Effect concentration with no reported hardness data are plotted for 
context (black x) and were set to an arbitrary hardness of 1 mg CaCO3 /L. 
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7 GUIDELINE SUMMARY 

Of the four major chloride salts (NaCl, CaCl2, KCl, MgCl2), only sodium chloride met both short- and 
long-term toxicological and statistical requirements for Type A guideline derivation (SSD method) as 
per CCME (2007).  Results obtained by comparing short-term SSDs confirmed literature results on 
the relative toxicity of salt pairs occurring in the order of KCl > MgCl2 > NaCl ≈> CaCl2. Based on 
evidence that the toxicity of KCl and MgCl2 can be attributed to the corresponding cation (rather than 
chloride), these salts were not assessed further in this review which follows the rational of the CCME 
(2011).  
 
The short-term (NaCl) data met all of the requirements for Type A guideline derivation with 56 
species specific data points. The log-logistic model provided the best fit to the data and the derived 
short-term benchmark concentration was 659 mg/L, in relatively close proximity to the value of 640 
mg/L established by the CCME (2011). Using toxicity-hardness relationships from 8 species, a 
pooled slope of 0.294 was established and used to adjust the short-term SSD to a hardness of 50 mg 
CaCO3 /L which produced a short-term benchmark of 478 mg/L. From this analysis the hardness 
equation used for calculating benchmark concentrations was established (Table 7.1). 
 
The long-term (NaCl) data met all of the requirements for Type A guideline derivation with 32 species 
specific data points. The log-logistic model provided the best fit to the data and the derived long-term 
WQG was 112 mg/L, 8 mg/L lower than the 120 mg/L value established by the CCME (2011). Using 
toxicity-hardness relationships from 3 species, a pooled slope of 0.473 was established and used to 
adjust the long-term SSD to a hardness of 50 mg CaCO3 /L which produced a long-term WQG of 108 
mg/L. From this analysis, the hardness equation used for calculating appropriate water quality 
guidelines was established (Table 7.1).  Although a full Type A analysis was not possible for CaCl2, 
the sodium chloride derived guidelines were found to be protective towards all appropriate CaCl2 
toxicity values available in the database (Section 7). 
 

 
Table 7.1. Summary of chloride guidelines for the protection of aquatic life 

 Short-term exposure (mg/L) Long-term exposure (mg/L) 

Hardness  
equation 

 
Benchmark = 

10[ 0.294 (log(hardness)) + 2.179] 
 

 
WQG = 

10[ 0.473 (log(hardness)) + 1.227] 
 

Notes: 1) hardness measured as mg/L as CaCO3; 2) the short-term hardness equation is applicable between the 5th and 95th 
percentile values of 42 to 563 mg CaCO3 /L and should not be applied outside of this range; 3) the long-term hardness 
equation is applicable between the 5th and 95th percentile values of 20 to 699 mg CaCO3 /L and should not be applied outside 
of this range. 

 
In the CCME (2011) guideline derivation for chloride, reasonable extremes of water hardness in 
Canada are presented as 5 to 240 mg CaCO3 /L. However, in the context of Alberta and other 
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provinces where water bodies generally contain harder water (Figure 5.2), an alternative range may 
be more appropriate.  Table 7.2 is adapted from data presented in CCME (2011). The average 
hardness in Alberta surface waters was reported to be 126 mg CaCO3 /L with 10th and 90th percentile 
values of 86 and 207 mg CaCO3 /L, respectively (range of 23-602 mg CaCO3 /L). These values 
agree with those reported by Mitchell (1990) who found an average hardness of 134 (range of 35-
328) mg CaCO3 /L from 100 lakes across Alberta. Applying the long-term WQG equation to the 10th 
and 90th percentiles of water hardness (Table 7.2), suggests that chloride guidelines could be 
expected to range between approximately 140 - 210 mg Cl- /L for major surface waters in Alberta. It 
is important to note that the province’s Canadian Shield region and some brown water lakes in 
northern Alberta are known to contain soft water with concentrations less than 10 mg CaCO3 /L 
(Michell 1990). Alternatively, water hardness in sloughs and other small water bodies can reach 
concentration much higher than the 90th percentile shown in Table 7.2., highlighting the importance of 
the site-specific applications of the derived chloride guidelines. 
 
 

Table 7.2. Water hardness summary for major surface waters across Canada 

Province 

Hardness (mg CaCO3 /L) 

Min 
10th 

percentile 
50th  

percentile 
90th 

percentile 
Max 

Newfoundland and  
Labrador4 

0.45 2.4 6.3 40 664 

Nova Scotia4 0.25 1.2 2.1 4.6 94 

New Brunswick4 0.62 2.2 9.7 66 831 

P.E.I.4 0.17 33 54 110 459 

Quebec4 2.9 9 38 112 1078 

Ontario 
5.81 
0.22 

931 
472 

2261 
1182 

3181 
1702 

19201 
19202 

Manitoba4 41 46 287 402 590 

Saskatchewan4 25 145 300 531 702 

Alberta4 23 86 126 207 602 

British Columbia3 0.33 39 68 185 267 

Yukon4 0.24 44 85 147 688 

Northwest Territories4 42 99 134 214 357 

Nunavut NA NA NA NA NA 

Notes: 1) adapted from CCME (2011); 2) NA = data was not available. 
1PWQMN data collected 2003 to 2007 (P.Desai, Ontario MOE, 2009, pers.comm.). 
2Great Lakes - Great Lakes Connecting Channel data from Environmental Monitoring and Reporting Branch collected 1990 
to 2007 (P.Desai, Ontario MOE, 2009, pers.comm.) 
3British Columbia Federal-Provincial river trend sites, with data collected from 1979 to 2009 (T. Dessouki, British Columbia 
MOE, 2009, pers.comm.) 
4C. Lochner, Water Quality Monitoring and Surveillance, Environment Canada, 2009, pers.comm 

 
 
The derivation of the unadjusted short-term and long-term SSDs allows for comparisons with those 
derived by the CCME (2011). In terms of the short-term SSD, the 5th percentile benchmark 
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concentration obtained was approximately 20 mg/L higher than that obtained by the CCME of 640 
mg/L. This disparity might be explained by the different modeling approach (log-Normal model used 
by the CCME), the five additional species (Hydra attenuate, Tricorythus sp., Pycnopsyche sp., Hyla 
chrysoscelis, Chironomus xanthus) used in the current data set, or from the higher effect 
concentration used for the fatmucket clam (L. siliquoidea). The collated effect concentration used for 
this species was increased from 709 mg Cl- /L (CCME 2011) to 892 mg Cl- /L with the addition of 
data from Cope et al. (2008) and because of its low position on the SSD, may have resulted in a 
higher modeled benchmark concentration. Overall the 20 mg/L increase was not seen as a 
significant departure from the results obtained by the CCME (2011).  
 
The unadjusted long-term WQG of 112 mg Cl- /L is lower than the CCME derived guideline of 120 
mg/L. In both derivations (CCME and herein), the Log-Logistic model was found to best fit the data. 
The more sensitive guideline is the result of new additions to the SSD dataset, along with revised 
effect concentrations for a number of species located relatively low on the curve. Three data points in 
particular are important, and likely the primary factors driving the greater sensitivity of the current 
model. One is a 96h EC10 endpoint of 96 mg Cl- /L for the green algae P. subcapitata (Simmons 
2012). This data point represents a departure from the CCME derivation where algae species were 
only represented high on the curve with effect concentrations > 6000 mg Cl- /L (See Section 4.1.1 for 
further discussion). Two data points representing C. dubia and L. minor have also been reduced from 
454 to 337 mg Cl- /L and 1171 to 496 mg Cl- /L respectively with the addition of data from Elphick et 
al. (2011a), Lasier and Harden (2010), and Simmons (2012). 
 



2014 AUPRF/PTAC Report  Chloride Aquatic Life Guideline with Hardness 
 

Equilibrium Environmental Inc.    December 2014                                     Page 70  

8 KNOWLEDGE GAPS AND RESEARCH RECOMMENDATIONS 

Knowledge gaps are discussed within the context of species for which hardness data are available, 
or not, for adjusting SSDs used to derive a hardness-based WQG.  Particular focus is given to those 
species that are considered sensitive taxa, with effect concentrations that occurred below the 20th 
percentile of the two SSDs (short-term and long-term).  
 
Research recommendations are provided for each of the major taxonomic groups, which take into 
account sensitivity to chloride, current gaps in knowledge of hardness-toxicity relationships, 
applicability to Alberta native species, and data currently available in the literature. 
  

8.1 SUMMARY OF HARDNESS-TOXICITY DATA LIMITATIONS 

In Figure 8.1 both the short- and long-term SSDs are presented. Data points circled in green 
represent species in which a hardness-toxicity relationship has been established, which was applied 
in SSD derivation. Purple circles represent those species where the ranges of hardness values 
available do not meet the minimum requirements for guideline derivation. More specifically, they do 
not meet the requirement that the highest hardness is at least three times the lowest and the highest 
is also at least 100 mg/L higher than the lowest (US EPA 2001; Stephan 1985). The absence of 
green or purple circles indicates that no hardness data is available (species below the 20th percentile 
with no available hardness data are indicated in red text).  
 
For the short-term SSD, the majority of sensitive species occurring below the 20th percentile, have 
hardness data available such that a hardness-toxicity relationship can be calculated, although two of 
these species, Lampsilis fasciola and Villosa iris, do not meet the minimum range requirements of the 
CCME (sensu Stephan et al. 1985). Three unionid bivalves (E. torulosa rangiana, L. cardium, E. 
complanata) represent the only sensitive organisms where no hardness-toxicity relationship has 
been established.   
 
In contrast to the short-term SSD, long-term hardness-toxicity data is limited. Below the 20th 
percentile, only the most sensitive species, L. fasciola, has an established hardness-toxicity 
relationship; however it does not meet minimum range requirements for SSD derivation (sensu 
Stephan et al. 1985). Five sensitive species E. tarulosa rangiana, M. secures, P. subcapitata, E. 
complanata, and D. Ambigua have no hardness-toxicity relationship established. The sensitive 
endpoint available for the M. secures did not have any water hardness data associated with it and 
could not be included in the long-term adjusted SSD (see asterisk in Figure 8.1). On the long-term 
SSD, the three species used in the hardness-toxicity pooled slope calculation (L. minor, C. dubia, D. 
magna) occur between the 30th and 40th percentile.  
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Figure 8.1. Short- and long-term SSDs with associated hardness-toxicity relationships 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Notes: 1) Species on the short- (solid line, right side) and long-term (solid line, left side) hardness adjusted (to 50 mg CaCO3 
/L) SSDs are circled in green if a hardness-toxicity relationship has been established which was applied in SSD derivation. 
Purple circles represent those species where the ranges of hardness values available do not meet the minimum 
requirements for guideline derivation (sensu Stephan et al. 1985). Sensitive species (occurring on the SSD below the 20th 
percentile) which lack any established hardness-toxicity relationship are indicated in red text; 2) grey hashed curve and black 
crosses represent the unadjusted short- (right) and long-term (left) SSDs (Figures 3.2 and 4.1). 
*Musculium secures: this species was found to hold a sensitive position on the long-term unadjusted SSD but could not be 
included in the hardness adjusted SSD since no water hardness data was provided in the original paper (Mackie 1978). 
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8.2 SUMMARY OF TAXA SPECIFIC RESEARCH RECOMMNDATIONS 

Based on the findings presented in Figure 8.1, future research should focus on determining long-term 
hardness-toxicity relationships for the sensitive unionid mussels, fingernail clam, algae, and daphnid 
species, which occur below the 20th percentile of the SSD.  Because of the apparent long-term data 
limitations, future research should target chronic endpoints for sensitive species. Table 8.1 provides a 
list of appropriate species for future research based on their sensitivity to chloride, the current gaps in 
knowledge of hardness-toxicity relationships, the applicability to Alberta native species, and data 
currently available in the literature. Section 8.2 to 8.8 describes the species mentioned in this table, in 
greater detail. 
 

Table 8.1. Targeted species and toxicity assays for future research into chronic endpoints 

Species 
Long-term 
endpoint 

Exposure 
duration (h) 

Lifestage Rational Related literature 
Priority 

level 

BIVALVES 

Lampsilis 
siliquoidea 

EC10 (glochidia 
functional 
survival) 

24 glochidia

1) sensitive unionid mussel; 2) 
native to Alberta; 3) 

establishment of long-term 
hardness-toxicity relationship 

Cope et al. 2008; Wang 
& Ingersoll 2010; Bringolf 

et al. 2007; Gillis 2011 
1 

Sphaerium 
secures / 
simile 

ECx (low-effect 
data) 

≥168 (non-
lethal); ≥504 

(lethal)  
juvenile 

1) sensitive sphaeriid mussel; 
2) native to Alberta; 3) 

establishment of long-term 
hardness-toxicity relationship 

Soucek et al. 2011; 
Mackie 1978 

1 

Lampsilis 
fasciola 

EC10 (glochidia 
functional 
survival) 

24 glochidia
1) sensitive unionid mussel; 2) 

establishment of long-term 
hardness-toxicity relationship 

Valenti et al 2007; Echols 
et al 2012; Bringolf et al 

2007; Gillis 2011 
1 

OTHER 
SENSITIVE 
UNIONIDS - 
Elliptio 
complanata, 
Lampsilis 
cardium 

EC10 (glochidia 
functional 
survival) 

24 glochidia

1) sensitive unionid mussel; 2) 
establishment of long-term 

hardness-toxicity for unionids 
occurring low on the SSD (i.e. 
Elliptio complanata, Lampsilis 

cardium) 

Valenti et al 2007; US 
EPA 2010; Soucek et al 
2011; Waller et al 1996; 

Pandolfo et al 2012; 
Wurtz & Bridges 1961; 

Echols et al 2012; Mackie 
1978; Cope et al. 2008; 
Wang & Ingersoll 2010; 
Bringolf et al 2007; Gillis 

2011; Wang 2007  

2 

BRANCHIOPODA 

Ceriodaphni
a dubia 

ECx 
(reproduction, 

low-effect data) 
≥168 < 24 h old 1) standard test organism 

CHRONIC DATA: 
Elphick et al 2011a; 

Lasier & Harden 2010; 
Cowgill & Milazzo 1990; 

Aragao & Pereira; 
Cooney et al 1992; Lasier 
et al 2006; Diamond et al 
1992; Harmon et al 1992

3 

ALGAE 

Pseudokirch
neriella 
subcapita 

ECx (low-effect 
data) 

≥24 N/A 

1) highly sensitive algae 
species; 2) establishment of 
long-term hardness-toxicity 

relationship 

Simmons 2012; Santos 
et al 2007; Geis et al 

2000 
1 
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Table 8.1. Targeted species and toxicity assays for future research into chronic endpoints 

Species 
Long-term 
endpoint 

Exposure 
duration (h) 

Lifestage Rational Related literature 
Priority 

level 

SPECIES 
BATTERY 
APPROAC
H 

ECx (low-effect 
data) 

≥24 N/A 
1) Little data available for 
sensitive algae species 

Swanson et al. (1991) 
provides a list of potential 

species 
2 

GASTROPODA 

Gyraulus 
parvus  

ECx (low-effect 
data) 

≥168 (non-
lethal); ≥504 

(lethal) 

Most 
sensitive 
lifestage 

1) establishment of long-term 
hardness-toxicity relationship; 

2) gastropods are not 
represented in the long-term 

SSD; 3) native to Alberta 

Soucek et al 2011; Birge 
et al 1985 

1 

Physa (or 
Physella) 
gyrina 

ECx (low-effect 
data) 

≥168 (non-
lethal); ≥504 

(lethal) 

Most 
sensitive 
lifestage 

1) establishment of long-term 
hardness-toxicity relationship; 

2) gastropods are not 
represented in the long-term 

SSD; 3) native to Alberta 

Soucek et al 2011; Birge 
et al 1985 

1 

AMPHIBIANS 

Ambystoma 
maculatum 

ECx (low-effect 
data, preferably 

non-lethal) 
≥504 

Egg/embr
yo 

1) poor representation of 
amphibians in long-term SSD; 
2) establishment of long-term 
hardness-toxicity relationship; 
3) genus is native to Alberta 

Karraker & Ruthig; 
Collins 2010; Collins & 

Russell 2009; Karraker & 
Gibbs 2011 

1 

ACTINOPTERYGII 

Pimephales 
promelas 

ECx (low-effect 
data, preferably 

non-lethal) 
≥504 

Egg/embr
yo 

1) establishment of long-term 
hardness-toxicity relationship in 
conjunction with available data

CHRONIC DATA: 
Elphick et al 2011a; Beak 

1999; Rescan 2007; 
Birge et al 1985; 

Diamond et al 1992; 
Pickering et al 1996  

1 

Oncorhynch
us mykiss 

ECx (embryo 
viability test, low-

effect data) 
≥504 

Egg/embr
yo 

1) evidence of sensitivity 
(BCME 2013); 2) 

establishment of long-term 
hardness-toxicity relationship 

Elphick et al 2011a; 
Vosyliene 2006; Spehar 

1986; Camargo & 
Tarazona 1991; Kosteck 

& Jones 1983; Beak 
1999; Rescan 2007; Dow 

et al 2010 

2 

VASCULAR PLANTS 

Lemna 
minor 

ECx 
(growth/biomass 
low-effect data) 

Case-by-case N/A 
1) supplementing existing long-

term hardness-toxicity data  

Buckley et al 1996; 
Taraldsen & Norberg-
King 1990; Simmons 
2012; Keppeler 2009 

1 

       

 
 
8.2.1 Bivalvia 

Previously, standard toxicity assays using daphnids were believed to represent the most sensitive 
receptors to chloride (IDNR 2009a; US EPA 1986).  However, more recent work (Wang et al. 2013, 
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CCME 2011, Gillis 2011, Bringolf et al. 2007) has demonstrated that freshwater bivalves (mussels 
and clams) may be more sensitive to chloride. 
 
Recent research has been published that compares the sensitivity of six mussel and two snail 
species to commonly tested invertebrates (Hyalella azteca, C. dubia and D. Magna), through acute 
exposures to 10 chemicals representing different toxic modes of action (Wang et al. 2013). 
Preliminary results have shown that: 1) mussels from different tribes or families generally have similar 
sensitivity to the chemicals; 2) mussels were found to be sensitive to the majority toxicants when 
compared to the standard test organisms; and, 3) the current US EPA chloride Ambient Water 
Quality Criteria may not be protective of mussels. 
 
As a result, toxicity testing of freshwater mussels and clams will be an important component of future 
research in order to ensure that water quality guidelines for chloride are protective of all aquatic 
organisms.  As summarized by Clifford (2012) and Clarke (1973), there are two families of clams and 
mussels in Alberta:   
 
1) Unionidae (large clams or mussels); and, 
2) Sphaeriidae (fingernail clams). 
 
Within the Unionidae Family, there are four genera (Anodonta, Lampsilis, Anodontoides, and, 
Lasmigona) comprised of six species in Alberta (bolded species are those that had relevant toxicity 
testing data considered by CCME): 
 
• Anodonta grandis (including A. g. simpsoniana)  
• Anodonta kennerlyi  
• Anodontoides ferussacianus 
• Lampsilis siliquoidea  
• Lasmigona complanata  
• Lasmigona compressa  
 
 
 

 
Lampsilis radiata 
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left to right: Lampsilis compressa; Lampsilis complanata 

 
These species produce glochidia, which can be a sensitive lifestage of exposure to contaminants 
(CCME 2011, Wang et al. 2013).  Glochidia are a larval stage of development and are released in a 
cloud formation from an adult when a fish host has been lured into close proximity.  The glochidia 
attached to the host and go through a parasitic phase during which organ development occurs, and 
after which they detach from their host and settle into their new environment as juveniles (Clarke, 
1973).    
 
Toxicity testing data were available for one of the Alberta Unionidae species listed above (Lampsilis 
siliquoidea (Fatmucket mussel)), which were included by CCME in the development of a Canada-
wide chloride water quality guideline.  This species is considered COSEWIC Currently Stable and not 
of Special Concern or Endangered.  An Effect Concentration 10% (EC10) of 1,474 mg/L for the 
endpoint of glochidia survival was developed by CCME (2011) for this species, based on the data of 
Bringolf et al. (2007). 
 
Toxicity data were also available for two other species within the same genera (Lampsilis fasciola 
(Wavy-Rayed lampmussel, the Great Lake Special Concern mussel species) and Lampsilis cardium 
(Plain pocketbook)) – neither of these species has been identified in Alberta.  These two species in 
addition to Lampsilis siliquiodea are mantle lure spawners that produce glochidia (CCME, 2011).  
Toxicity data for Plain pocketbook was not used in the development of a chronic chloride limit, 
although data for the Wavy-Rayed Lampmussel was utilized.  A 24 hour EC10 of 24 mg/L for the 
endpoint of glochidia (larval lifestage) survival was developed by the CCME based on the study of 
Bringolf et al. (2007).   
 
Although of a different genera, the Endangered Ontario Great Lake mussel species Epioblasma 
torulosa rangiana (Northern Riffleshell) produces glochidia, and it was a sensitive species in terms of 
chloride exposure.  An EC10 of 42 mg/L for the glochidia survival endpoint was derived from the data 
of Gillis (2010) for the Northern Riffleshell and used by CCME (2011).  This species is similarly not 
encountered in Alberta. 
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Within the Sphaeriidae Family, there are two genera (Pisidium and Sphaerium) comprised of 22 
species in Alberta (bolded species are those that had relevant toxicity testing data considered by 
CCME): 
 
• Pisidium casertanum  
• Pisidium compressum  
• Pisidium conventus  
• Pisidium fallax   
• Pisidium ferrugineum  
• Pisidium idahoense  
• Pisidium lilljeborgi  
• Pisidium milium  
• Pisidium nitidum  
• Pisidium punctatum  
• Pisidium rotundatum  
• Pisidium subtruncatum  
• Pisidium variabile  
• Pisidium ventricosum  
• Pisidium walkeri  
• Sphaerium lacustre  
• Sphaerium nitidum  
• Sphaerium rhomboideum  
• Sphaerium (Musculium) secures 
• Sphaerium simile 
• Sphaerium striatinum  
• Sphaerium transversum 
 
 

 
Left to Right: Sphaerium (Sphaeriidae); Pisidium (Sphaeriidae) 
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Two of the species above (Sphaerium securis or Musculium securis (Pond Fingernail clam) and 
Sphaerium simile (Grooved Fingernail clam)) had available toxicity testing data that was incorporated 
by CCME (2011) into the development of a Canada-wide chloride water quality guideline.  The 
species of this Family do not produce glochidia and instead the juveniles develop within the gills of 
adults.  The key difference between genera in the Family is based on the number of different 
lifestages contained at any one time on the adult gills.  The toxicological endpoint considered by the 
CCME for the species Sphaerium securis was reduced natality.  A 60 to 80 day LOEC of 121 mg/L 
was derived, although Mackie (1978) produced data that could potentially be used to derive an EC10. 
This species is not considered Special Concern or Endangered. 
 
The three species Lampsilis siliquoidea, Sphaerium secures, and Sphaerium simile should be 
considered in future toxicity testing as they are native to Alberta and have been investigated in the 
literature (Gillis 2011, Soucek et al. 2011, Wang and Ingersoll 2010, Bringolf et al. 2007, Cope et al. 
2008, Mackie 1978). Sphaerium (Musculium) secures may be especially important as it was the third 
most sensitive species on the unadjusted long-term SSD. Unfortunately, the results from Mackie 
(1978) did not quantify the hardness of the test medium, therefore examining potential hardness-
toxicity relationships should be a priority for future toxicity testing using this species. For the species 
L. siliquoidea and S. simile, hardness data was available for equivalent endpoints over a sufficient 
range to be incorporated into the short-term hardness-toxicity relationship. Though presented in 
LC/EC50 form, original data could potentially be used to derive EC10 endpoints with application to 
long-term hardness-toxicity relationships. Because of the sensitivity of the glochidia life-stage, 
Unionid mussels will be an important component of future research. The Unionid L. siliquoidea is well 
represented in the literature (Gillis 2011, Wang and Ingersoll 2010, Bringolf et al. 2007, Cope et al. 
2008) but its representation on the long-term SSD was based on an adult stage endpoint, therefore 
chronic glochidia life-stage toxicity testing is a priority for this species. Opportunities to utilize the most 
sensitive mussel species, L. fasciola, though not native to Alberta would also be valuable. Although L. 
fasciola is listed as “special concern” by COSEWIC, it may not be imperilled in other jurisdictions 
where testing might be appropriate. 
 
8.2.2 Branchipoda 

Water fleas, in particular C. dubia and D. magna, have conventionally been used as standard test 
organisms in aquatic toxicity bioassays. Although recent work (Wang 2013, CME 2011, Gillis 2011, 
Bringolf et al. 2007) suggests that mussels and clams (particularly the glochidia lifestage) may be 
more sensitive to chloride, all species of water flea plotted under the 30th percentile in the current 
short- and long-term SSDs with D. magna as the second most sensitive species in the short-term 
SSD. Although data on this group is extensive, the use of either C. dubia or D. magna in potential 
future toxicity assays might be important as a reference organism providing comparative controls. 
Branchipoda has been given a low priority for future research (Table 8.1) 
 
Although D. ambigua occurs below the 20th percentile on the long-term SSD, it has not been 
suggested for toxicity testing as it appears to be uncommonly used in chloride toxicity testing (only 
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utilized by Harmon et al. 2003) and is a member of the same genus as D. magna, an extensively 
studied daphnid. 
 
8.2.3 Algae 

As discussed previously (Section 4.1.1) algae have not been traditionally used in standard bioassays 
and despite their important role as primary producers are relatively underrepresented in the aquatic 
ecotoxicology literature for chloride.  Algae species range widely in there sensitivity to chloride salts.  
In the long-term SSD, algae represented some of the more tolerant species (Chlorella minutissimo, 
C. zofingiensis, C. emersonii), while Pseudokirchneriella subcapitata represented the 4th most 
sensitive, with an EC10 of (population growth) of 124 mg Cl-/L based on recent data published by 
Simmons (2012). The difference in toxicological response between various species of algae to the 
same toxicant has been shown to be several orders of magnitude for metals, pesticides, surfactants, 
and effluents (Blanck et al. 1984, Stratton 1987, Wangberg and Blanck 1988; Swanson et al. 1991, 
Lewis 1995), and this may in part explain results observed for sodium chloride.  Different strains and 
geographical races of algae have been shown to vary substantially in their toxicological responses 
(Lewis 1995). Due to this high variability, a species battery approach is suggested in which several 
unrelated species are exposed to chloride.  Swanson et al. (1991) provides a list of potential species 
for toxicity assays using pesticides and recommends a representative of each of the following 
classes be included (bolded genus / species can be found in Appendix A): 
 

1. Chlorophyseae (Green algae):  
Pseudokirchneriella subcapitata, Scenedesmus quadricauda, Scenedesmus 
obliquus, Scenedesmus bijuga, Chlorella pyrenoidosa, Chlorella vulgaris, Chlorella 
emersonii, Chlamydomonas reinhardtii, Chlamydomonas spp., 
Chlamydomonas dysosmos, Ankistrodesmus spp., Tetraedron minimum, 
Schroederia setigera, Oedogonium cardiacum, Spirogyra spp., Stigeoclonium spp., 
Stigeoclonium spp., Ulothrix spp., Kirchneriella subsolitaria, Elakatothrix spp., 
Chlorococcum hypnospermum, Sphaerocystis schroeteri, Oocystis lacustris, 
Coccomyxa subellipsoidea, Stichococcus bacillaris, Spongiochloris excentrica, 
Golenkinia sp., Pediastrum sp., Klebsormidium marinum, Raphidonema longiseta, 
Monoraphidium pussilum 

2. Cyanobacteria (Blue-green algae): 
Microcystis aeruginosa, Anabaena flos-aquae, Anabaena cylindrical, Oscillatoria 
spp., Gloeocapsa alpicola, Anacystis nidulans, Aphanizomenon flos-aquae, 
Cylindrospermum sp., Aulosira fertillissima, Plectonema boryanum, Synechococcus 
leopoliensis  

3. Bacillariophyceae (Diatoms): 
Navicula pelliculosa, Navicula incerta, Cyclotella menghiniana (& spp.), Nitzschia 
palea, Rhizosolenia sp., Diatom sp. 

4. Xanthophyceae (Yellow-green algae): 
Vaucheria geminate, Tribonema sp. 

5. Chrysophyceae (Golden Brown algae): 
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Dinobyron sp. 
6. Dinophyceae (Dinoflagellates): 

Glenodinium sp., Gymnodinium sp. 
7. Cryptophyceae: 

Rhodomonas sp. 
8. Rhodophyseae: 

Batrachospermum sp. 
 
 
8.2.4 Gastropoda 

Gastropods, like bivalves, are members of the phylum mollusc. They are represented by 2 species of 
aquatic snail (Gyraulus parvus and Physa gyrina) in the short-term SSD (Soucek et al. 2011; Birge et 
al. 1985) and have no representation in the long-term SSD. The work of Wurtz and Bridges (1961) 
established acute endpoints for three species of aquatic snail (Helisoma campanulata, Gyraulus 
circumstriatus, Physa heterostropha), however this data was excluded from this analysis since no 
control group survival was reported.  
 
The relationship between water hardness and the amelioration of chloride toxicity remains unclear for 
gastropods (results of Soucek et al. (2011) contrasted against Wurtz and Bridges (1961); see Section 
5.1). Ongoing research by Wang et al. (2013) is expected to establishing toxicological endpoints for 
two species of aquatic snail though no results have yet been published. Future research should aim 
to investigate hardness-toxicity relationships for species already represented in the literature, of 
which Gyraulus parvus, Physa gyrina, and Gyraulus circumstriatus are native to Alberta. 
 
8.2.5 Amphibia 

In general, the results from the short-term SSD suggest that early lifestage amphibians are more 
sensitive to chloride toxicity when compared to fish.  Although amphibians appear to be less sensitive 
in the long-term dataset, two studies that could not be included in the long-term SSD demonstrated 
more sensitive endpoints over chronic time frames. A study by Karraker and Gibbs (2011) 
demonstrated an 18 day LOEC (egg biomass) for the Spotted Salamander (Ambystoma maculatum) 
of 145 mg Cl- /L (study excluded from current analysis due to the use of road salt), while a LOEC 
(mortality) of 625 mg Cl- /L was found for the wood frog (Rana sylvatica) over a 10 day exposure 
(Sanzo and Hecnar 2006; study excluded due to high control mortality).  
 
Given that only mortality endpoints are available for amphibians in the current long-term SSD and 
that evidence (though unsuitable for incorporation following CCME methodology) suggests greater 
sensitivity under non-lethal exposures, future research should incorporate such non-lethal testing 
using the most sensitive amphibian species, the salamanders.  The fact that the most sensitive 
amphibian in the short-term SSD (Ambystoma maculatum) is represented by an effect concentration 
lower than the most sensitive species on the long-term SSD (short-term SSD: A. maculatum, 1,178 
mg/L; long-term SSD: X. laevis, 1,307 mg/L) highlights the need for further research examining the 
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toxicity of chronic, non-lethal exposure to chloride. Although A. maculatum does not occur in Alberta, 
the only two species of salamander inhabiting the province are from the same genus, Ambystoma 
(the Long-toed Salamander (A. macrodactylum) and the Tiger Salamander (A. tigrinium)). 
Consequently, toxicity results using A. maculatum may have applicability to the entire salamander 
population in Alberta. The ameliorating effect of water hardness on the toxicity of chloride to 
amphibians is poorly understood. None of the reviewed articles in the database addressed this 
relationship and amphibians are not represented in either the short- or long-term hardness-toxicity 
pooled slope calculation.  As such, toxicity assays designed to evaluate hardness amelioration of 
chloride toxicity for sensitive amphibian species and lifestages will be important. 
 
8.2.6 Actinopterygii 

The fathead minnow (P. promelas) was found to be the most sensitive fish species both on the short-
term and long-term SSDs.  Although a toxicity-hardness relationship was established for this species 
using short-term toxicity data, chronic data was not comparable due to differences in exposure 
durations and/or the endpoint criteria examined. Five studies in the database examined chronic 
endpoints for P. promelas over durations from 7 to 33 days (Elphick et al. 2011a, Beak 2009, Rescan 
2007, Pickering et al. 1996, Birge et al. 1985).  Utilizing this existing data in conjunction with toxicity 
testing would allow for the establishment of a long-term hardness-toxicity relationship.  
 
A 7 day EC25 of 989 mg Cl- /L for O. Mykiss (embryo viability) represented the only non-lethal 
endpoint for vertebrates in the long-term SSD (Beak 1999). British Columbia recently derived a 
provincial guideline for sulphate which incorporated a similar early lifestage toxicity test for O. Mykiss 
(BCME 2013). The 21 day LC10 eyed embryo to alevin lifestage toxicity assay was found to be the 
most sensitive endpoint and the basis for the derived guideline.  Thus, incorporating an O. Mykiss 
embryo viability assay similar to previous work may be appropriate for future research. 
 
8.2.7 Vascular Plants 

Vascular plants are used less frequently than algae in toxicity assays for sodium chloride and other 
chloride salts.  Where macrophytes (vascular plants) are used, duckweed (Lemna spp.) is the most 
commonly selected test organism due to their small size, ease of culture and rapid reproduction. It 
has been suggested that the limited use of macrophytes in toxicological research may be attributed 
to high levels of variability between replicates (Lewis 1995). Such variability can be seen in the 
present database where chronic 168 h EC50 (growth) values varied between 1,525 to 4,167 mg Cl- /L 
(Buckley et al. 1996, Keppeler 2009, Simmons 2012; Appendix A).  Furthermore, the 168h EC10 
(growth - # live thalli) currently used in the long-term SSD (496 mg Cl- /L; Simmons 2012) is less than 
half that of the 96 h MATC value used in the CCME derivation (1,171 mg Cl- /L; Taraldsen and 
Norberg-King 1990).  For future toxicity testing, utilizing a 168 h growth (# of live thalli) endpoint 
would be useful as it would allow comparisons with the sensitive data from Simmons (2012). 
Furthermore, since only two studies were utilized to establish a hardness-toxicity slope for Lemna 
minor (Simmons 2012 and Buckley et al. 1996), further testing at a range of water hardness would 
provide valuable hardness-toxicity slope data for Lemna minor. 
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8.3 SUMMARY OF CHLORIDE SALT RESEARCH RECOMMENDATIONS 

Of the four major chloride salts (NaCl, CaCl2, KCl, and MgCl2), only sodium chloride was found to 
meet the requirements of both short- and long-term SSD derivation (CCME 2007; Table 2.1). 
Although all but magnesium chloride met the short-term requirements (Section 3.1), both a short- and 
long-term SSD is required for Type A (SSD) guideline derivation (CCME 2007).  Table 8.2 
summarizes the data limitations for long-term SSD derivation using CaCl2, KCl, and MgCl2 as well as 
limitations for short-term MgCl2 SSD derivation. These findings, along with research 
recommendations are outlined in Section 8.3.1 to 8.3.3. 
 
8.3.1 Calcium Chloride – Data Limitations and Research Recommendations  

To establish Type A (SSD) guidelines for CaCl2, additional long-term data is required. As outlined in 
Table 8.2, the requirements for fish and invertebrate taxa are not currently met. For fish, although 
acute data is available from seven studies, toxicity testing has not been conducted meeting the 
minimum exposer durations for long-term SSD data of ≥ 21 days (larva: ≥ 7 days). For invertebrates, 
adequate data is available for D. magna and P. corneus, however long-term toxicity results for one 
additional invertebrate species is required (requirement of three species from three studies).  
 
Future research investigating chronic endpoints for an additional invertebrate species and potentially 
a battery approach targeting three fish species (1 of which must be a salmonid) would provide 
sufficient data to calculate a long-term SSD for CaCl2.  However, based on short-term toxicity findings 
in the literature and in the current dataset, CaCl2 appears to have a similar toxicity towards aquatic 
organisms as NaCl (Section 3.1). Thus the derived guidelines herein (NaCl based) should provide 
adequate protection to aquatic organisms exposed to CaCl2. This was demonstrated for both the 
short-term benchmark and the long-term WQG (Section 6). 
 
8.3.2 Potassium Chloride – Data Limitations and Research Recommendations  

To establish Type A (SSD) guidelines for KCl, additional long-term data is required. As outlined in 
Table 8.2, the requirements for invertebrate taxa are not currently met.  Adequate long-term KCl 
exposure data is available for M. transversum and D. magna (Biesinger and Christensen 1972 and 
Anderson et al. 1978) but an additional species is a requirement for long-term SSD derivation.  In 
terms of fish taxa, following protocols (CCME 2007), only a 168 h LOEC for P. promelas (Pickering et 
al. 1996) is currently available. However, minor exceptions to the protocols set out in by the CCME 
(2007) can be made if sufficient support is provided (sensu CCME 2011).  In the current database, 
168 h IC25 (growth) endpoints are available for the fry lifestage of O. mykiss and S. fontinalis, but do 
not meet the exposure duration requirement of 21 days (504 h) for test organism matured past the 
larval stage (larval duration requirement = 168 h). Including these data points would follow a similar 
allowance made by the CCME (2011) where a 192 h NOEC concentration of 607 mg Cl- /L was 
utilized for fish at the fingerling lifestage. Although NOEC values are generally less preferred and 
requirements (CCME 2007) are for exposure durations of ≥ 504 h for juvenile fish, the CCME (2011) 
task group chose to include this data point in their long-term SSD (Section 4.1.1).  
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Future research investigating chronic endpoints for an additional invertebrate species would provide 
sufficient data to calculate a long-term SSD for KCl (assuming that exceptions for fish taxa could be 
made as outlined above) and allow for short-term benchmark and long-term WQG derivation. 
Deriving such guidelines should be a high priority since KCl has been identified as the most toxic of 
the four major chloride salts (Section 3.1).   
 
8.3.3 Magnesium Chloride – Data Limitations and Research Recommendations 

MgCl2 is the most data limited of all the major chloride salts. Currently, there is insufficient data to 
meet the requirements of short- or long-term SSD derivation. As outlined in table 8.2, the short-term 
requirements for invertebrates are met by LC50 endpoints for C. dubia, D. hyalina, D. magna, C. 
abyssorum, and E. padanus (Mount et al. 1997, Baudouin and Scoppa 1974, Biesinger and 
Christensen 1972), however only one shot-term data point is available for fish (P. promelas LC50; 
Mount et al. 1997). No long-term requirements are currently met within the database. 
 
Potassium chloride has been shown to be more toxic towards aquatic organisms compared to 
Magnesium chloride (Section 3.1). As a result establishing a short-term benchmark and long-term 
WQG for KCl would likely provide adequate protection to aquatic organisms exposed to MgCl2. An 
approach similar to that utilized in herein (Section 6) could be utilized to demonstrate this protection. 
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Table 8.2. Summary of short- and long-term SSD requirements not met by calcium, potassium, and magnesium chloride salts 
 

Requirement 
Required 
durations 

(days) 
Req. Met? Rational Related literature Species 

Calcium chloride (CaCl2) 
Long-term SSD 

Fish - 3 studies on 3 different species; 1 
salmonid, 1 non-salomnids 

≥ 21 (larva: ≥ 7) No Minimum exposure duration requirements not met - - 

Invertabrates - 3 studies on 3 different species; 1 
planktonic crustacean, 2 others 

≥ 7 (short-lived: ≥ 4) 
(lethal: ≥21) 

No Only 2 species from 2 studies 
Biesinger&Christensen(1972), 

Mazuran_etal(1999) 
D. magna, P. corneus 

Plant/Algae - At least 1 study 
≥ 1 (Algae), case-by-

case (Plants) 
Yes 2 species from 1 study Simmons(2012) L. minor, P. subcapitata 

Potassium chloride (KCl) 
Long-term SSD 

Fish - 3 studies on 3 different species; 1 
salmonid, 1 non-salomnids 

≥ 21 (larva: ≥ 7) No/Yes 
- Scenario 1: 1 study and 1 species; 
- Scenario 2: 3 species from 2 studies if 168 h IC25 (growth) endpoints (Lazorchak&Smith 
2007) are deemed acceptable for the fry lifestage of O. mykiss and S. fontinalis 

Scenario 1: Pickering_etal(1996); 
Scenario 2: Pickering_etal(1996), 

Lazorchak&Smith(2007) 

Scenario 1: P. promelas; 
Scenario 2: P. promelas, O. 

mykiss,  S. fontinalis 
Invertabrates - 3 studies on 3 different species; 1 
planktonic crustacean, 2 others 

≥ 7 (short-lived: ≥ 4) 
(lethal: ≥21) 

No 
2 species from 2 studies; Note: 240 h exposures from Trimble_etal(2010) for H. azteca 
and C. dilutus deemed unacceptable due to mortality endpoints (LC50s) 

Biesinger&Christensen (1972), 
Anderson_etal (1978) 

M. transversum, D. magna 

Plant/Algae - At least 1 study 
≥ 1 (Algae), case-by-

case (Plants) 
Yes 6 species from 2 studies Simmons(2012), Dai_etal(2008) 

P. subcapitata, L. minor, 
Nostoc sp., M. aeruginosa, 
A. azotica, Synechococcus 

sp. 

Magnesium chloride (MgCl2) 
Short-term SSD 
Fish - 3 studies on 3 different species; 1 
salmonid, 1 non-salomnids 

≤ 4 No Only 1 species represented Mount_etal(1997) P. promelas 

Invertabrates - 3 studies on 3 different species; 1 
planktonic crustacean, 2 others 

≤ 4 Yes 5 species from 3 studies 
Mount_etal(1997), 

Baudouin&Scoppa(1974), 
Biesinger&Christensen(1972) 

C. dubia, D. hyalina, D. 
magna, C. abyssorum, E. 

padanus 
Long-term SSD 
Fish - 3 studies on 3 different species; 1 
salmonid, 1 non-salomnids 

≥ 21 (larva: ≥ 7) No 
No studies meeting requirements; Note: 672 h exposures from Birge_etal (1980) for O. 
mykiss deemed unacceptable due to mortality endpoints (LC50s) 

- - 

Invertabrates - 3 studies on 3 different species; 1 
planktonic crustacean, 2 others 

≥ 7 (short-lived: ≥ 4) 
(lethal: ≥21) 

No Only 1 species represented Biesinger&Christensen(1972) D. magna 

Plant/Algae - At least 1 study 
≥ 1 (Algae), case-by-

case (Plants) 
No No studies meeting requirements - - 
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8.4 TOXICITY TESTING WORK 

Technical recommendations are provided for target chloride dose concentrations in addition to levels 
of hardness for dilution water. These recommendations provide a sufficient range of concentrations 
for toxicity endpoint calculation, along with hardness ranges that provide useful estimates of 
hardness-toxicity relationships. 
  
8.4.1 Target Chloride Concentrations for Testing 

The following chloride water concentrations (representing doses) would be considered for the toxicity 
testing work with all recommended species:  0, 25, 75, 225, 675, 2,025 and 3000 mg/L.  This 
concentration range will provide resolution towards where an EC10 may be expected for guideline 
development and an upper bound of exposure producing more extensive effects for confirmation of 
toxicity (e.g., EC50).  The experiments will be conducted in re-constituted water to allow for 
comparison with other toxicity testing data and the consistent control of parameters that may relate to 
toxicity.   An appropriate number of animals per dose group should be considered to allow for 
reproducible results and statistical analysis. 
 
8.4.2 Target Hardness Levels for Testing 

For each species tested, selected chloride dose levels (n=3) will involve an assessment of chloride 
toxicity in the presence of varying water hardness levels.  The following hardness levels are 
recommended (expressed as CaCO3):  25 (Soft), 75 (Moderately Soft); 150 (Moderately Hard); 300 
(Hard); and, 500 mg/L (Very Hard).  Testing under water conditions of Extremely Hard (> 600 mg/L) 
was considered to be of lesser relevance given it is expected to represent a relatively minor portion of 
the water hardness environments encountered in Alberta. Where possible, testing should aim to 
identify upper boundaries where hardness derived amelioration is reduced, or possibly where 
hardness levels themselves become toxic to the test organism. This upper bound of amelioration 
effectiveness will be necessary in establishing a hardness range over which a guideline is applicable 
and may vary across species.  
 
Due to the potential differences in toxicity modifying effects among calcium and magnesium cations 
(Leblanc and Surpenant 1984, Jackson et al. 2000, Welsh et al. 2000), differences in responses to 
chloride toxicity can be expected depending on the ratio of these ions. Furthermore, calcium to 
magnesium ratios recommended by the American Society for Testing and Materials (ASTM 2007) 
and the US EPA (2002) in standard reference water are different from ratios found in most natural 
surface waters (BCME 2013). Future research conduct toxicity assays in standard dilution water with 
Ca2+:Mg2+ ratios similar to what is found in relevant natural surface waters. A similar approach is 
utilized by Soucek et al. (2011) where a calcium to magnesium ratio of 2.25 was suggested to be 
representative of natural conditions. This ratio is similar to Mitchell’s (1990) assessment of fresh 
water lakes in Alberta in which an average Ca2+:Mg2+ ratio of 1.9 was obtained and a USGS (2006) 
assessment of the Powder River drainage basin where ratios ranged from 1.9 to 3. Long-term water 
quality monitoring data is available from the Alberta Government (2014). 
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9 CLOSURE 

Equilibrium Environmental Inc. has prepared this document for the exclusive use of the Petroleum 
Technology Alliance Canada (PTAC) and the organizations it represents via the AUPRF funding 
mechanism.  This use is exclusive for the purpose of assisting in the decision making process for 
developing chloride aquatic life guidelines.  Additional information may change any opinions 
presented herein.   
 
No further warranty is made, either expressed or implied. Any uses which a third party makes of this 
document, or any reliance on decisions made based on it, are the responsibility of such third parties. 
Equilibrium Environmental Inc. accepts no duty or care to any other person or any liability or 
responsibility whatsoever, for any losses, expenses, damages, fines, penalties, or other harm that 
may be suffered or incurred by any other person as a result of the use of, reliance on, any decision 
made, or any action taken based on this document.  Nothing in this document is intended to 
constitute or provide a legal opinion.  The accuracy of investigation work and chemistry data collected 
by other parties cannot be verified and is not implied.  Equilibrium Environmental Inc. believes 
information presented in this report is accurate but cannot guarantee or warrant its accuracy.  Any 
questions regarding this document should be directed to Anthony Knafla at (403) 862 7758. 
 
 
EQUILIBRIUM ENVIRONMENTAL INC. 
 
 
 
 
Ian McIvor, M.Sc. 
Aquatic Biologist / Environmental Scientist 
 

 
  
 
 
 
Anthony L. Knafla, M.Sc., DABT    
Risk Assessment Specialist / Toxicologist   
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