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Potentiation of copper toxicity to rainbow trout by potassium and implications for

environmental risk assessment

Abstract: Copper (Cu) toxicity to aquatic organisms is influenced by various water chemistry
parameters, including known relationships with hardness, pH and dissolved organic carbon
(DOC). Comparatively less is known about the influence of potassium (K) on Cu toxicity, and
ambient K levels are rarely considered when evaluating the potential for Cu toxicity. However, Cu
toxicity influences the regulation of both sodium (Na) and K. Acute toxicity tests with juvenile
rainbow trout (Oncorhynchus mykiss) were conducted to further explore the relationship between
K and Cu effect levels. Mixture toxicity tests demonstrated a more-than-additive response between
the K and Cu. Tests with Cu conducted at four sub-lethal K concentrations (0.2 to 100 mg K/L)
reduced median lethal concentrations (LC50s) of Cu in very soft water from 40 to <10 pg Cu /L,
with the increase in Cu toxicity correlated with K concentration (»p=0.001). The increase in Cu
toxicity as a result of K occurred regardless of whether the K salt contained an inorganic (chloride)
or organic (acetate) counter-ion, and was observed in two low-hardness waters with different
mineral compositions. Estimation of Cu risk based on Biotic Ligand (CuBLM) and Multiple Linear
Regression (CuMLR) models were unchanged by elevated K, introducing uncertainty in Cu risk
characterization, and were further confounded by DOC originating from acetate, which did not
empirically modify Cu toxicity. Environmental concentrations of K, and corresponding ratios of
Na/K, at which Cu risk may increase were identified and contextualized using real-world
examples, including applications of potassium acetate (e.g., to mitigate ice buildup) and potassium
chloride (e.g., to control invasive mussels).

Keywords: aquatic toxicology, metal availability, mixtures, copper, potassium
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Introduction

Copper (Cu) is a ubiquitous element in aquatic environments, and while it is essential for aquatic
organisms, it can cause adverse effects at elevated concentrations (Chowdhury et al., 2016).
Copper exposure may result in the disruption of ionoregulation, primarily through adverse effects
on the sodium/potassium (Na/K) exchange pump and its associated ATPase enzyme (Chowdhury
et al., 2016; Li et al., 1996). This impairment of the Na/K pump has been documented through
altered Na/K ATPase activity in numerous freshwater organisms after exposure to Cu (e.g., fishes:
Liao etal., 2023, molluscs: Jorge et al., 2013, and crustaceans: Chen et al., 2025). However, despite
the intrinsic role of Na/K pumps in ionoregulation, research exploring the effect of increased K on
Cu toxicity has been limited in comparison to studies conducted with Na, which has generally been
shown to be protective of Cu toxicity (Brown et al., 2012; De Schamphelaere and Jannsen, 2002;
Grosell and Wood, 2002).

In response to elevated environmental Cu concentrations originating from a variety of
anthropogenic sources (Rehman et al., 2019), regulatory bodies have developed water quality
criteria for Cu (Mebane, 2023). Historically, Cu criteria have integrated water hardness as it offers
protection from Cu toxicity (U. S. Environmental Protection Agency [USEPA], 2007). In addition,
other water quality parameters, including pH and dissolved organic carbon (DOC), have also been
shown to influence Cu toxicity, leading to the development of models that also incorporate these
parameters, including the Biotic Ligand Model (CuBLM; Santore et al., 2001) and Multiple Linear
Regression (CuMLR; Brix et al., 2017, 2020). The integration of these parameters has successfully
predicted Cu toxicity in many environmental scenarios (Garman et al., 2020; Janssen et al., 2003),
leading to the adoption of the BLM and MLR as guideline-setting tools by various regulatory

agencies (e.g., BC MOECC, 2019; USEPA, 2007 and 2022). However, the effect of other aqueous
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constituents on Cu toxicity may contribute uncertainty to assessments performed with the currently
available models. For example, K has been shown to have an appreciable influence on Cu toxicity
to fathead minnow (Pimephales promelas) by Erickson et al. (1996), but related information is
limited and its application to “real-world” exposure scenarios has not been readily apparent.
Consequently, K is generally not considered in the assessment of possible environmental effects
of Cu.

The lack of work conducted with Cu and K has been, at least partly, due to the fact that most
natural waters contain relatively low concentrations of K (e.g., <5 mg K/L; Talling, 2010). In this
context, Erickson et al. (1996) suggested that the K concentrations associated with increased
toxicity of Cu to fathead minnows (i.e., >75 mg K/L) were not likely to be applicable to natural
waters. However, recent trends of increasing salinization of watersheds have been linked to
potassium-based agricultural inputs (Buvaneshwari et al., 2020; Kaushal et al., 2017), and specific
uses of potassium-based compounds (e.g., de-icers, molluscicides) can lead to elevated
concentrations of K (Densmore et al., 2018; Sulej et al., 2012). Indeed, we have performed
empirical investigations (i.e., toxicity identification evaluations; USEPA, 1991) that suggested the
presence of Cu toxicity in ambient water samples in conjunction with elevated concentrations of
K (e.g., 15-50 mg K/L) under circumstances where inspection of analytical results did not indicate
any potential for adverse effects from Cu (Nautilus Environmental, unpublished data). Thus,
additional data on the extent to which K may alter Cu toxicity would provide further insight
regarding the results from these empirical investigations and inform assessments of environmental
risk from Cu across a range of potentially relevant K concentrations.

To better understand the underlying relationships, a series of acute toxicity tests with juvenile

rainbow trout (Oncorhynchus mykiss) were conducted to evaluate the potential for interactive
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effects between K and Cu, and quantify the extent of potentiation of Cu toxicity to a salmonid
across a range of K concentrations possibly found in the environment. These empirical data were
then compared to predicted outcomes of Cu toxicity models to assess model uncertainty associated
with different concentrations of K. Of note, the primary focus of this study was on the organic
acetate-based K salt (KAc) due to its commercial application as a de-icer. However, given the role
of organics (i.e., DOC) in mitigating Cu toxicity (Al-Reasi et al., 2012), comparative data were
also developed using an inorganic salt (i.e., potassium chloride; KCl) to compare the potential
contribution of an organic versus inorganic counter-ion.

Materials and methods

Test organisms, dilution water and acute toxicity test methods

Juvenile (0.3-0.5g) rainbow trout were obtained from local hatcheries. The water used in this study
was dechlorinated Vancouver (British Columbia) tap water; this water was routinely used at the
testing laboratory for culturing of rainbow trout and as dilution/control water for the regulatory
testing of effluents. Culturing conditions followed the guidelines outlined in Environment Canada
(2000), which included holding the trout for a minimum of 14 days in the laboratory water prior
to testing, and tracking of organism health to ensure they met survivability criteria at the time of
testing (i.e., <2 % cumulative mortality over the previous 7 days).

The dechlorinated water used this study is characterized by low hardness and overall
mineralization. Concentrations of major ions in the laboratory are provided in the online
supplementary material, Table S-1. Specific constituents pertinent to the toxicity of Cu were:
Hardness and alkalinity of 9-13 mg/L as CaCOs;; 0.10-0.30 mg/L of potassium; 1.0-3.0 mg/L of
sodium; pH 6.7-7.3, and 0.5-0.9 mg/L DOC. The final round of testing was conducted after

adjustments (i.e., addition of Ca and HCO; with lime) were made to the tap water (Metro
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Vancouver, 2021) which resulted in an increase of the hardness and alkalinity (to 20 mg/L as
CaCQOs), as well as an increase in pH (i.e., to 7.5 from 7.0). Of note, low hardness (< 20 mg/L as
CaCO0;) is a common condition for the local region (i.e., Southwest BC; Sullivan and Samis, 1988)
and is not particularly unique from a North American perspective where most of the coastal
freshwaters and large swaths of interior freshwaters (e.g., the Canadian shield) exhibit low calcium
and hardness (<5 mg/L Ca; Guerin et al., 2024). In addition, low hardness tends to be associated
with stormwater run-off due to intrinsically low ion composition associated with rain and
snowmelt. Thus, low hardness is a water quality condition that supports numerous populations of
salmonids and is observed under common environmental circumstances. However, low hardness
has been shown to alter rainbow trout physiology (Dussault et al., 2008) and increase the
subsequent sensitivity to trace metal exposure (Mebane et al., 2010).

Toxicity tests followed procedures outlined in the Environment Canada method for acute (96 hr)
lethality to rainbow trout (1/RM/9; Environment Canada, 1990). Briefly, the tests were conducted
in glass aquaria containing 10 fish in 10—15 L test solution maintained at 15 = 1 °C under static
aerated conditions, and a loading density factor of <0.5 grams of fish per litre of test water. During
the tests, water quality and survival were monitored on a daily basis over the 96-hr exposure period.
A distinct batch of fish was used for each of the three different components of the study; Batch 1:
Individual and mixture toxicity tests; Batch 2: Cu toxicity under sublethal K conditions; and Batch
3: Comparative testing in water with higher mineralization. Reference toxicant tests were also
performed on each batch of fish, using the same testing methodology described above to assess
Cu, and compared to the historical range of LC50 values generated at the laboratory to ensure that
the organisms were of appropriate sensitivity and the test methods reproducible. Tests were

conducted at a commercial laboratory accredited by the Canadian Association for Laboratory
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Accreditation (International Organization for Standardization ISO/IEC 17025). For additional
details on test organisms, dilution water and test methods, see Online Supplementary Material.

Individual and mixture toxicity tests

Tests were conducted on individual salts added to laboratory water to obtain 96-hr LC50s for each
of the ions of interest (i.e., Cu, K). Salts used for all tests were of high purity (> 99%) and obtained
from Thermo Scientific Chemicals. Five concentrations with an individual replicate were included
in each dilution series in conjunction with a dilution water control, according to Environment
Canada methods (1990); each concentration was achieved with the addition of a volume of high-
concentration stock (copper chloride dihydrate) or through the direct addition of the potassium salt
(chloride [KCI] or acetate [KAc]), followed by thorough mixing (i.e., each concentration was
prepared individually and not using serial dilutions).

Following LC50 determinations for the individual ions, an LC50 test of a mixture of Cu and K
was conducted to evaluate toxicant additivity by combining equitoxic proportions of Cu and K in
laboratory dilution water. These tests were initiated within four days of the toxicity tests with
individual compounds using the same batch of trout. The Cu and K concentrations were prepared
with individual salt additions in the same manner as above (using KAc for the K), to achieve a
dilution series representing toxic unit (TU) equivalents. For example, a single TU of Cu was
equivalent to the Cu LC50 determined from the individual ion tests. The dilution series in the
mixture test of Cu and K had a top concentration of 2+2 TUs (i.e., twice the individual LC50 of
Cu + twice the individual LC50 of K), with additional concentrations prepared in a half-series to
create 1+1, 0.5+0.5, 0.25+0.25, and 0.12+0.12 TUs. Thus, the nominal concentration series
represented total TUs (i.e., the sum of the Cu and K individual TUs) of 4, 2, 1, 0.5 and 0.25. The

LC50 from the mixture test was estimated based on TUs to provide information on their combined
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toxicity; for example, an LC50 for the mixture at a combined TU (i.e., XTUs) of less than 1 would
indicate more-than-additive toxicity, an LC50 for the mixture of 1 TU would indicate additivity,
and an LC50 of >1 TU would indicate less-than-additive toxicity (Kingsley, 2019). For additional
details on the toxic unit approach and additivity categories See Online Supplementary Material
(Figure S-1).

Copper toxicity in conjunction with exposure to sub-lethal potassium concentrations

The LC50 tests were also performed to evaluate the influence of sub-lethal concentrations of K on
Cu toxicity. Test solutions were prepared across a Cu dilution series (i.e., 10, 20, 40, and 80 pg
Cu/L) in water that was also amended with a range of K concentrations (i.e., nominal
concentrations of 0.2 [background], 10, 33, and 100 mg K/L, added with KAc). Thus, the LC50
values for Cu obtained at each K concentration should directly reflect the extent to which K
influences Cu toxicity. A second batch of fish was used for this testing.

Role of the potassium counter-ion in copper toxicity

A parallel test was conducted with KCI in conjunction with the previously-described Cu and KAc
series to determine if Cu exhibited a similar level of toxicity regardless of whether chloride or
acetate was the K counter-ion. Thus, the same Cu dilution series (i.e., 10, 20, 40, and 80 pg Cu/L)
tested with KAc was also tested at a single concentration of KCI (i.e., 33 mg K/L) to obtain
comparative data for the KAc test conducted at the same K concentration. A toxicant-additivity
mixture test was also conducted with Cu and K originating from KCl and compared to the test with
KAc; due to shortage of organisms, this mixture test with KCI was conducted with fewer organisms
per replicate (n=3) in comparison to all other tests conducted in the study (#=10), with the intent

of obtaining further qualitative evaluation of the influence counter-ions. The tests with KCI were
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conducted with the same batch of fish as the equivalent tests with KAc (i.e., Batch 1 for the mixture
test and Batch 2 for the 33 mg/L K test).

Potassium potentiation at higher calcium and alkalinity

Tests with Cu and K were also conducted after the municipal tap water had been increased to a
hardness of 20 mg/L to reduce its potential to cause corrosion across the City’s supply system.
This testing used a third batch of fish that were acclimated to this water type prior to testing. First,
an LC50 test was conducted with Cu to identify any change in toxicity as a result of the different
water type; concentrations for this test were 160, 80, 40, 20, and 10 ug Cu/L, plus the laboratory
control. Second, to determine the extent to which the additional hardness and alkalinity may have
altered the influence of K on Cu toxicity, a test with 100 mg K/L (KCI added to the laboratory
water) was conducted with concentrations of 80, 40, 20, 10, and 5 pug Cu/L; the K-amended
laboratory water without Cu addition was also tested.

Influence of Na on toxicity

Finally, a test with 100 mg Na/L (added as NaCl to the laboratory water with 20 mg/L hardness)
was conducted at concentrations of 320, 160, 80, 40, and 20 pg Cu/L, in conjunction with Na-
amended laboratory water without Cu addition. This test was conducted to better understand the
extent that changes in Na concentrations might affect Cu toxicity.

Analvtical Chemistry

Concentrations of primary constituents were confirmed by analyzing solutions used in the toxicity
tests. The individual and mixture toxicity tests were analyzed for Cu and K from solutions
representing the control, low, medium and high exposure concentrations. For the test series
evaluating the effects of sublethal concentrations of K on Cu, subsamples were analyzed from low

and high Cu treatments for tests conducted at a hardness of 10 mg/L, and from low, medium and
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high Cu treatments for tests conducted at a hardness of 20 mg/L. Analysis for Cu and K for the
tests at 10 mg/L hardness used ICP-OES or ICP-MS (ALS Environmental, Burnaby, British
Columbia, Canada), and the tests at 20 mg/L hardness used ICP-MS (Brooks Applied Laboratories,
Calgary, Alberta, Canada). DOC was determined by combustion by ALS Environmental on the
dilution water, as well as in tests with (potassium) acetate. In the cases where the dilution water
was not manipulated for a certain parameter, that parameter was assumed to be the concentration
determined in the baseline dilution water chemistry (e.g., DOC was not analyzed in tests with
KCI).

Data Analysis and Statistics

Analyzed Cu and K concentrations were used in LC50 calculations for both the individual and
mixture tests; values for unmeasured concentrations were interpolated between adjacent measured
concentrations. Toxic Units were calculated by dividing the analyzed concentrations for Cu and K
by their respective LC50s from the toxicity tests on the individual compounds. LC50 estimates
and associated confidence intervals were calculated using CETIS (Version 1.9.4; Tidepool
Scientific Software, McKinleyville, California, USA). The LC50s were estimated for the
individual and mixture tests (Cu, K and Cu+K) with linear regression (Log-Normal Probit) if two
partial responses were observed and Spearman-Karber if one partial response was observed (as per
guidance in ECCC, 1990); although, for consistency, only the (trimmed) Spearman-Karber method
was used to derive Cu LC50s for the Cu datasets in sub-lethal K conditions (as partial responses
were observed in 7 out of 8 these tests and a consistent statistical method was desired).
Relationships between selected variables were evaluated with linear regression.

Comparisons with the Biotic Ligand and Multiple Linear Regression Models
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Results from the Cu LC50 tests were compared to the levels of toxicity predicted by the CuBLM
software (BC MOECC, 2019, Biotic Ligand Model software, Version 1.11) and a CuMLR
equation (Brix et al., 2021) to evaluate the extent to which they characterized the observed
responses under varying K conditions.

The CuBLM software was run with water chemistry conditions from the individual tests (i.e., pH,
temperature, DOC and major ions); variables not part of the treatments (i.e., calcium, sodium,
magnesium, sulfate and alkalinity) were determined in the dilution water and assumed to be
constant across tests in that water type. Chloride concentrations were calculated proportionally to
the nominal K additions in tests adjusted with KCl, but were constant otherwise. Measured DOC
values were used as the DOC input values; the percent humic acid (%HA) content of the DOC was
assumed to be 50% in the dilution water, which was estimated based on Specific UV Absorbance
(at 254nm) measures of 2.5-5.3 L/mg-m in the source Metro Vancouver drinking water
(Chowdhury et al., 2008) which would correspond to an estimate of 20-80% humic acid content
(Edzwald and Tobiason, 1999; Obee et al., 2013). The %HA of the DOC was adjusted
proportionally in waters with added acetate so that the absolute HA level was constant (at the
baseline level) in cases where the acetate was increasing overall DOC levels. To ensure
comparability, the effects endpoints (i.e., LC50s) in the CuBLM output for rainbow trout were
sorted to include only those that represented the life-stage of the fish used in this study (i.e., 0.3g—
1.0g; or 50-160 days post-hatch), and an LC50 was calculated from those values for each
simulated test condition. For the CuBLM input and output data See Online Supplementary
Material (Tables EXS-1 and EXS-2).

The hardness, DOC and pH from the tests were used as input variables for the CuMLR (Brix et

al., 2021); the acute pooled CuMLR model was used, with a species-specific intercept for rainbow
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trout. Specifically, the formula Ln(LC50) = -0.465 + (0.700*Ln(DOC)) + (0.579*Ln(Hardness))
+ (0.778*pH), was used to estimate the Cu LC50s under the conditions tested in this study.
Results

Quality assurance

Results of the reference toxicant tests conducted on the three batches of rainbow trout fell within
the laboratory’s acceptable historical control range. Water quality parameters (e.g., temperature,
dissolved oxygen, pH) remained within ranges deemed acceptable by the standardized method
throughout all tests (ECCC, 1990). For rainbow trout survival and the analyzed Cu concentrations
See Online Supplementary Material (Tables S-4 to S-7, and Table EXS-4). Cu concentrations were
within 20% of nominal, with deviations from nominal accounted for by the use of analyzed
concentrations in determination of LC50s. Thus, the sensitivity of the organisms and general test
conditions were considered appropriate for the purposes of this study.

Baseline Toxicity of Copper and Potassium

Baseline toxicity associated with Cu and K (as KAc and KCl) are summarized in Table 1. All three
toxicity tests exhibited clear concentration-response patterns over the concentration ranges tested,
with no mortalities in the controls. Based on similarity in LC50 values and overlapping confidence
intervals, there was no difference in the toxicity of K related to the presence of acetate or chloride
counter-ions.

Evaluation of mixture toxicity of copper and potassium

The responses to equi-toxic mixtures of Cu and K are shown in Table 2. Again, clear responses
were observed across the range of concentrations tested, with no mortalities observed in the
controls. The LC50 estimate for the mixture was a combined 0.49 TUs, which is appreciably lower

than the 1 TU that would have been expected under the assumption of toxicant additivity.
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Comparing the concentration of Cu at the LC50 of the mixture (i.e., 10 pg/L) to the LC50 of Cu
in the absence of K (Table 1; 35 ng/L), indicated toxicity based on Cu increased by a factor of
approximately 3.5 in the presence of potassium, providing clear evidence of potentiation.

Evaluation of sublethal concentrations of potassium on the toxicity of copper

The effect of concentrations of 0 (0.2; analyzed), 10 (11.9), 33 (34.6), and 100 (103) mg K/L (as
KAc) on the acute Cu toxicity is presented in Figure 1. Decreasing survival was observed with
increasing K concentration resulting in R? values of 0.98 for regressions between survival and K
at three Cu exposure concentrations (10, 20, and 40 pg/L). As a result, LC50 estimates from these
tests declined monotonically with each sequential increase in K, from 40 (32.1-49.8) ug/L Cu at
0.2 mg K/L to an LC50 of <10 pg Cu/L in the presence of 103 mg K/L (Figure 2A; and See Online
Supplementary Material Table S-4).

Evaluation of the role of the counter-ion on copper toxicity

The concentration-responses and resulting LC50 estimates from the tests comparing the effects of
the different counter-ions on the toxicity of Cu demonstrated that the Cu LC50s were virtually
identical regardless of whether the water was amended with KCl or KAc (See Online
Supplementary Material; Table S-6); specifically, the test with 33 mg K/L (as KCI) resulted in an
LC50 estimate of 24.2 ug Cu/L compared with the LC50 of 26.0 pg Cu/L in the test at 33 mg K/L
that used KAc. Further, the qualitative mixture toxicity test conducted with Cu and KCI also
demonstrated a more-than-additive response between Cu and K (i.e., LC50 < 1 TU; See Online
Supplementary Material Table S-6), similar to that observed in the parallel mixture test with KAc.
Collectively, these results indicate that there was no difference in the potentiation of Cu by K
regardless of whether the K salt contained an inorganic (chloride) or organic (acetate) counter-ion.

Effect of higher hardness on the interaction between copper and potassium
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Increasing the hardness and alkalinity of the dilution water to 20 mg/L (as CaCOs) increased the
Cu LC50 to 68.2 (54.3-85.8) ug Cu/L (See Online Supplementary Material Table S-5), compared
to values of 35.1 and 40.0 pg Cu/L obtained at 10 mg/L hardness and alkalinity (Table 1 and See
Online Supplementary Material S-4, respectively). Notably, the addition of 100 mg K/L (added as
KCl) to the 20 mg/L hardness water reduced the Cu LC50 to 24.7 (17.8-34.4) ug/L, a factor of
2.8, indicating that a doubling of the hardness and alkalinity concentration did not materially alter
the potentiation of Cu toxicity by K.

Effect of sodium on copper toxicity

Adding 100 mg/L Na to the 20 mg/L hardness dilution water did not significantly alter Cu toxicity
(See Online Supplementary Material Table S-5). The Cu LC50 estimate with Na amended water
was 57.6 (44.9-73.9) ng Cu/L, with 95% confidence limits overlapping the LC50 estimate in the
absence of sodium amendment (68.2 pg Cu/L). Thus, there was no evidence that, under the
conditions tested, the addition of 100 mg/L of Na (equivalent to 4.4 mM) modified the acute
toxicity of Cu to rainbow trout, despite the observation that 100 mg/L of K (equivalent to 2.6 mM)
substantially altered it.

Estimation of threshold for potassium effects on copper toxicity

Plotting the results of tests conducted in the initial dilution water (i.e., 10 mg/L hardness), a linear
regression between Cu LC50 and ambient K concentration was significant (p=0.001; n=8; See
Online Supplementary Material Table S-8); Cu LC50s in comparison to K concentration are
presented in Figure 2A. Thus, consistent with Figure 1, the data provide clear indication that K
potentiates the toxicity of Cu; yet, it was problematic to quantitatively identify a clear threshold
for the interaction, largely because the test design utilized 10 organisms per treatment which

limited the ability to clearly separate lower potassium additions from each other, as well as baseline

920z AInr 7z uo Jesn sse00Yy JaquisN OV.L3S A $6601.8/9026ebA/|Uf018/60 L 0 |/10p/a[01e-80UBAPE/}8/WO0D dNO"DlWaped.//:sdly Wol) papeojumo(q



oNOYTULT D WN =

Environmental Toxicology and Chemistry

conditions, due to overlapping confidence intervals. However, two datasets were available for
baseline (0.2 mg/L) and intermediate (33 mg/L) K treatments at 10 mg/L hardness, which were
each pooled and the dose responses compared across Cu concentrations (Figure 3; for the
associated dose-response model methodology See Online Supplementary Material). Importantly,
the LC50 estimate for the baseline dataset was 40.3 pg Cu/L, with 95% confidence intervals of
36.0 and 44.6 ng Cu/L, whereas the LC50 estimate for the 33 mg K/L dataset was 24.5 pg Cu/L,
with 95% confidence intervals of 20.6 and 28.4 ug Cu/L. The clear separation of the confidence
intervals for the LC50 estimates from the two datasets indicates that trout exhibited greater
sensitivity to Cu at 33 mg K/L than under baseline conditions (0.22 mg K/L). Taking this analysis
one step further, data from the Cu exposure at 10 mg K/L were subsequently plotted in Figure 3,
and essentially all fall within the 95% confidence interval of the baseline (0.2 mg K/L) condition,
strongly implying that 10 mg K/L exhibited no-observable effect on Cu toxicity.

Comparison of empirical data to Biotic Ligand Model and Multiple Linear Regression estimates

of toxicity

The conditions from the tests at 10 mg/L hardness were input into the CuBLM and CuMLR models
(for input and output data See Online Supplementary Material; Tables EXS-1 and EXS-2,
respectively), and the results compared to empirical responses in Figure 2. Figure 2A shows the
actual LC50 estimates obtained for Cu at different concentrations of K in this study, and clearly
illustrates the decrease in LC50 values as K concentrations increase to 100 mg/L. These same data
are shown in Figure 2B, along with the CuBLM simulations across the range of K concentrations
assuming no additional DOC component beyond what was present in the dilution water. Notably,
the CuBLM-simulated LC50 values exhibited a relatively consistent response to Cu regardless of

the concentration of K present (i.e., LC50s ranged between 29.7 and 33.1 ug Cu/L). In contrast to
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the CuBLM, the CuMLR does not include K or CI input variables and, therefore, predicted LC50
estimates by the CuMLR were similarly unchanged as a result of KCl additions (See Online
Supplementary Material; Table EXS-1). In summary, both models provided no indication of any
interaction between Cu and K, whereas the actual toxicity of Cu increased several-fold across the
range of K concentrations tested.

The empirical data was further compared to model simulations across the range of K
concentrations tested, but with acetate as the counter anion, reflecting its contribution to the DOC
component of the CuBLM and CuMLR models. Under these conditions, elevated DOC
concentrations attributable to acetate substantially increased the Cu LCS50s predicted by the
CuBLM (Figure 2C) and CuMLR (Figure 2D), predicting that Cu bioavailability would have been
reduced in the presence of acetate. The actual LC50s were more than 20-fold lower than the model-
predicted values under elevated KAc conditions, demonstrating the negligible role of acetate in
terms of contributing to the DOC pool typically associated with mitigating Cu toxicity.
Discussion

General Considerations

In evaluating relationships between toxicity and water chemistry variables, it is important that the
underlying experimental procedures yield a representative response rather than artifacts of
experimental stress. Consequently, test organisms were acclimated to the very soft conditions of
the dilution water for a minimum of two weeks prior to testing to minimize any potential stress
related to maintaining homeostasis in water with low mineralization (Dussault et al, 2008). The
culturing and testing conditions of our study were those which were routinely used at the
commercial laboratory for regulatory tests with rainbow trout, and the tests presented here met the

quality assurance requirements at the laboratory for this species and methodology (i.e., culture
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health and performance, control acceptability criteria and reference toxicant sensitivity). Thus,
there was no suggestion that the three batches of organisms used in this study were stressed or
otherwise responding abnormally.

Comparisons of our baseline Cu LC50 estimates to those reported previously for rainbow trout
provided insights on the relative response to Cu by the rainbow trout used in our study. There have
been numerous Cu LC50 estimates reported in the literature under generally similar water
conditions (pH: 6.5-7.7 and hardness <25 mg/L. CaCO3), with most of them reporting lower Cu
LC50s than we observed (e.g., five different studies reported LC50s ranging from 2.7 to 9.2 ug Cu
/L; See Online Supplementary Material Table S-3 for summary). However, those tests reported
DOC concentrations under 0.5 mg/L and, therefore, represent a worse-case condition for Cu
toxicity (i.e., low hardness in conjunction with low DOC). Importantly, the toxicity reference value
which is most similar to the DOC condition in this study (a DOC of 0.7-0.9 mg/L), is from
Cremazy et al. (2017), who reported an LC50 estimate of 31 (27 -35) ug Cu/L, with the confidence
limits of their test overlapping with the confidence limits associated with the Cu baseline tests
reported here (Table 1).

The CuBLM and CuMLR predictions provided contrasting results for Cu toxicity to trout under
our baseline water conditions at 10 mg/L hardness. Notably, the toxicity value predicted by the
CuBLM for rainbow trout of a similar age (i.e., 33.1 ug Cu /L) was in close agreement with the
baseline LC50 values for Cu determined in our testing (35.1-40.0 pg Cu /L). In contrast, the LC50
for rainbow trout predicted by the CuMLR for the same laboratory water conditions was 6.7 pg
Cu/L, a five-fold difference from the CuBLM. The contrasting predictions of the two models were
also observed for the Cu LC50s estimated for the 20 mg/L hardness water (See Online

Supplementary Material; Table EXS-1). This large discrepancy between the BLM and MLR
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predictions in waters with low mineralization reduces confidence in any associated conclusions
within risk assessments conducted under these conditions. Regardless of the uncertainty in the
model predictions, there was nothing remarkable or atypical about the sensitivity to Cu observed
in our study, as it was relatively consistent with the Cremazy et al. (2017) result and the projected
toxicity by the CuBLM, as well as internally consistent and reproducible. Therefore, the testing
results should ultimately support the conclusions regarding interactions between Cu and K.

Influence of potassium on copper toxicity

This study incorporated an iterative approach to characterizing the effect of potassium on copper
toxicity. The initial step entailed determining separate estimates of toxicity for Cu and K, followed
by combining the two elements in equitoxic proportions to evaluate the presence and extent of any
interactions. These data indicated a synergistic level of interaction between K and Cu, and was
followed by a more detailed evaluation of the effects of sublethal concentrations of K on the acute
toxicity of Cu, with an emphasis on determining a threshold effect for potassium. Key elements of
this investigation included an increasing level of effect of K over a concentration range of 10—100
mg K/L, with the no-observable effect threshold of K on Cu toxicity between 10 and 33 mg K/L.
Importantly, these findings relate to a fairly narrow range of water chemistry conditions, and
additional testing would be desirable to increase the breadth of understanding, particularly given
that the threshold for Cu toxicity associated with lower hardness in conjunction with low DOC
concentrations is significantly lower than identified in our study.

Overall, our results confirmed a potentiation of Cu by K. Notably, the level of potentiation
observed here with a salmonid (rainbow trout) was similar to that observed with a cyprinid, the
fathead minnow (P. promelas); Erickson et al. (1996) demonstrated that 75 mg K/L produced a

3.2-fold potentiation of acute (96-hr) Cu toxicity. In contrast, De Schamphelaere and Jannsen
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(2002) found that 48-hr EC50s for the invertebrate Daphnia magna exposed to Cu did not change
up to 75 mg/L K. Thus, evidence across researchers suggests that there is some level of variability
in the effect of K on Cu toxicity, which could be related to differences in water chemistry or the
organisms tested.

Influence of water type and ionic composition on the effect of potassium on copper toxicity

Increasing the hardness of the test water from 10 mg/L to 20 mg/L increased the Cu LC50 but did
not affect the ability of K to potentiate the toxicity of Cu, reducing the LC50 from 68.2 pg Cu/L
to 24.7 pg Cu/L, a 2.8-fold increase in Cu toxicity. This increase in Cu toxicity was within the
range of increases observed in tests conducted at elevated K concentrations at a hardness of 10
mg/L with other batches of fish (i.e., 2.4 to 5.3-fold increases in toxicity). Furthermore, this degree
of potentiation of Cu toxicity was similar to that reported for fathead minnows at a hardness of 40-
50 mg/L CaCO5; when exposed in conjunction with elevated K; addition of 75-150 mg K/L
resulted in a 3.2 to 3.6-fold potentiation of Cu toxicity (Erickson et al., 1996). In summation, there
was a difference in the toxicity of Cu alone as a result of differing water types, but no compelling
evidence to suggest that the degree of potentiation of Cu toxicity by K was affected by other
components of the water in which the tests were conducted, despite the additional physiological
challenges that exist in waters of low mineralization (Dussault et al., 2008).

While the mechanism by which K increases Cu toxicity was not directly evaluated in our
exposures, copper’s established mode of toxic action at the Na/K pump (Grosell et al., 2002)
suggests that interactions among Cu, Na and K may merit further investigation. Potassium is well
known as the most toxic of the major cations (Mount et al., 1997; Mount et al., 2016), although its
toxicity can be mitigated by joint increases in Na (Morris et al., 2020; Mount et al., 2016). Recent

evidence has also suggested that relatively small increases in K can mitigate adverse effects from

Page 18 of 42

920z AInr 7z uo Jesn sse00Yy JaquisN OV.L3S A $6601.8/9026ebA/|Uf018/60 L 0 |/10p/a[01e-80UBAPE/}8/WO0D dNO"DlWaped.//:sdly Wol) papeojumo(q



Page 19 of 42

oNOYTULT D WN =

Environmental Toxicology and Chemistry

excess Na (Wang et al. 2020). Thus, the well-studied interaction between Na and K in iono-
regulatory processes (Griffith, 2017), appears to extend to their interactive effect on their
respective toxicities. The balance between Na and K has also influenced the toxicity of Cu.
Specifically, Erickson et al. (1996) demonstrated that the potentiation of Cu toxicity to fathead
minnow by K could be reduced by additional Na. These findings potentially suggest that Cu
toxicity may not be a function of the K concentration alone, but the relative proportions of Na and
K, possibly resulting from their intrinsic relationship at the Na/K pump.

The protective influence of Na on Cu toxicity, in contrast to the corresponding exacerbating effect
of K on Cu toxicity, could further support the idea of the interactive nature of Na and K on the
adverse effects of Cu. Indeed, a protective effect of Na on Cu toxicity has been previously
demonstrated (De Schamphelaere and Jannsen, 2002; Erickson et al., 1996). Likewise, Na is
presumed to alter the binding of Cu in the BLM, and predictions of toxicity to rainbow trout by
the model were moderately altered by the addition of 100 mg Na/L to the water used in this study
(1.5-fold increase in LC50; See Online Supplementary Material; Table EXS-1). Conversely, we
found no empirical change in Cu toxicity to rainbow trout as a result of this Na addition to
laboratory water; Cu LC50s were similar (i.e., 95% confidence limits overlapped) in unamended
laboratory water and the water amended with 100 mg Na/L (See Online Supplementary Material
Table S-5). Other research has demonstrated that the protective effect of Na on Cu toxicity may
be concentration dependent, with a threshold Na value for when it is protective and not. This has
been demonstrated for both fish (Brix et al. 2020; fathead minnow) and invertebrates (De
Schamphelaere et al., 2007; Daphnia magna). Additionally, our data showed that copper toxicity
to rainbow trout was not influenced by a Na concentration (i.e., 100 mg Na/L) at a concentration

that previously demonstrated to reduce Cu toxicity to fathead minnow (Erickson et al., 1996),
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suggesting that the effect of Na on Cu toxicity is more complicated than a simple competition
model would suggest.

While a detailed review related to the variability in the protective effect of Na on copper toxicity,
is beyond the scope of this paper, it is worthwhile keeping in mind because that same variability
makes it problematic to characterize interactions between Na and K that may also affect copper
toxicity. Notably, variability in the protective effect of Na has been observed between closely
related species potentially related to differences in Na binding sites (De Schamphelaere and
Janssen, 2002, De Schamphelaere et al., 2007), involvement of dietary pathways in the uptake of
Na (Pyle et al., 2003), and the intrinsic turnover rate of Na in test organisms (e.g., smaller, and
younger, organisms have higher Na/K ATPase activity; Bianchini and Wood, 2008; Grosell et al.,
2002). Overall, the influence of Na on Cu toxicity appears to be related to a number of different
variables at the organism level, and likely also related to variations in water chemistry, which
would contribute to the difficulty of establishing a consistent pattern of interactions between K,
Cu and Na.

Regardless of the potential complications, the hypothesis that the balance of Na to K (i.e., the Na/K
ratio) could be an important variable in Cu toxicity was further explored by examining Cu toxicity
estimates across the Na:K molar gradient. While we did find a significant relationship (p<0.01)
between Cu LC50s and the Na:K molar ratio with data in this study, as well as data from fathead
minnows reported by Erickson et al. (1996; Figure 4), the Na:K ratio did not offer a clear
improvement over K alone (See Online Supplementary Material Table S-8). Thus, with the current
uncertainty surrounding the level of interaction between Na and K and Cu toxicity, additional
testing with Cu across a range of Na:K molar ratios could be an area of further research that would

provide additional insights into the extent at which Cu toxicity is affected by the balance of these
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two cations, leading to more comprehensive predictive models that could be applied in
circumstances involving elevated concentrations of K.

Relationship to models for estimating Cu toxicity in the presence of potassium

The CuBLM and CuMLR are both broadly applied for estimating potential risks to aquatic
organisms associated with exposure to Cu. Despite differences in underlying procedures and input
variables, both approaches for estimating the toxicity of Cu were generally unresponsive to the
presence of K, and failed to identify potentially synergistic interactions in instances where the
actual toxicity of Cu increased several-fold across the range of K concentrations tested. It is not
surprising that the CuMLR did not respond to K, since it is not a variable that is recognized in the
MLR equation; however, K is an input variable in the CuBLM, suggesting that it might be more
comprehensive in terms of characterizing toxicity, but there was no impact of K on the final BLM
output. In this regard, it might not be realistic for the CuBLM to incorporate a K term, as K does
not fundamentally alter the binding of Cu to the biotic ligand (De Schamphelaere and Janssen,
2002). Similarly, Brix et al. (2020) indicated that toxicity-modifying-factors whose relationships
are not uniformly linear are inherently problematic to incorporate for multi-linear models like the
CuMLR, and the authors specifically highlighted the influence of Na on Cu toxicity to fathead
minnows as an example of this. Thus, without additional data on the influence of K on Cu toxicity,
incorporation into the CuBLM or CuMLR may not practical, but, at a minimum, the use of these
tools should be applied with caution in the presence of elevated K.

Consideration of the composition of the carbon source contributing to the DOC pool is also key to
the use of bioavailability models in terms of estimating the potential for toxicity. Importantly, the
evidence from this study showed that the increased DOC associated with acetate (from KAc) did

not reduce the toxicity of Cu to rainbow trout or alter the potentiation of Cu by K. Analytically,
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DOC is comprised of any dissolved carbon that combusts at 700° C; therefore, increased DOC can
result from non-natural sources of DOC, ranging from synthetic aliphatic organics (e.g., acetate)
to inorganic nitrogenous anions (e.g., thiocyanate, as shown in Baker et al., 2025). This lack of
specificity at the analytical level highlights a potentially large source of uncertainty for models
that incorporate bioavailability into estimates of toxicity because stability constants for Cu (log
K¢y) vary considerably, depending on the actual organic material that comprises the DOC. More
specifically, stability constants associated with natural organic matter (NOM; log K¢, of 5.9-7.5;
MacRae et al., 1999) are much higher than observed with acetate (log K¢, of 1.6-2.4; Bunting and
Thong, 1969) or thiocyanate (log K¢, of 3.0-3.6; Khan et al., 1999). Thus, DOC primarily
comprised of non-NOM sources results in reduced Cu complexation and concomitantly less
mitigation of toxicity than NOM. Indeed, Playle et al (1993) showed that small weak organic
ligands do not reduce the bioavailability and toxicity of trace metals in the same manner as larger
organic ligands. Stated differently, the level of toxicity in non-NOM scenarios will be under-
estimated in the CuBLM because of the NOM-binding constants incorporated into the BLM
through the WHAM speciation model (Santore et al., 2001), and similarly under-estimated by the
CuMLR because of the NOM-containing empirical datasets from which the MLR was derived
(Brix et al. 2021). Thus, as others have demonstrated (e.g., Al-Reasi et al., 2012), it is important
to have accurate information on DOC composition prior to deriving endpoints that incorporate
bioavailability in toxicity estimation models, particularly in scenarios where non-natural DOC
(e.g., acetate) may be present. In this context, Specific Ultraviolet Absorbance (SUVAjs4;
Weishaar et al., 2003) could be used to provide evidence of the aromatic properties and associated
metal-chelating ability of the DOC.

Potential environmental implications for interactions between potassium and copper
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From an environmental perspective, potassium concentrations typically found in freshwater
environments are generally below 5.0 mg K/L; however, specific anthropogenic activities may
result in elevated potassium concentrations in receiving waters. For example, a review of
potassium concentrations in the Washington State Department of Ecology’s Environmental
Information Management (EIM) System (See Online Supplementary Material; Table EXS-3)
provided regional context, and found that multiple water types (e.g., ground, surface, leachate,
stormwater) contained >50 mg K/L, as a result of a variety of industrial activities (including
landfills, mining, metal manufacturing and recycling, chrome plating, saw and pulp mills, port
terminals, oil and gas operations and cement processing, amongst others). More broadly, the use
of KCl as a fertilizer is known to increase K in surrounding areas (Buvaneshwari et al., 2020), and
has been associated with an upward trend in K across the midwestern US (Kaushal et al., 2018).

Potassium chloride has also been permitted as a molluscicide for invasive mussels in the US (Lund
et al., 2018; Sousa et al., 2014; Densmore et al., 2018) and Canada (Health Canada, 2022).
Application rates are reported as 100 mg K/L, a concentration clearly demonstrated in this study
and Erickson et al (1996) to be associated with the modification of Cu toxicity. While tests
supporting the application of KCI as a molluscicide included exposures to non-target organisms
(Densmore et al., 2018; Waller et al., 1993), potential implications as a toxicity-modifying factor
have not been investigated, and should be considered for additional study. In this scenario, the
concurrent presence of increased Cu and K would lead to synergistic interactions, and likely be
associated with negative effects on non-target organisms that would be largely unrecognized by
available tools for estimating risk. Recent monitoring into the environmental ramifications of Cu-

based molluscicide applications (Baldwin et al., 2025) points to the difficulties of identifying and
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addressing potentially significant unintentional outcomes associated with implementing
innovative environmental management practices.

Various potassium salts, including KAc, have been used as de-icing agents commonly at airports
worldwide (Mielcarek et al., 2021), and less commonly on roadways (Federal Highway
Administration, 1996; USEPA, 2002). KAc represents approximately 80% of de-icing chemical
use at US airfields, and is applied at a relatively high rate (e.g., 500 mg/L; Fischel, 2001) resulting
in an estimated >20,000 tons applied annually at commercial airports (USEPA, 2006). Runoff and
receiving waters near airports have, as a consequence of these applications, been shown to contain
significant levels of K and acetate (as high as 3,000 mg/L [Sulej et al., 2012] and 200 mg/L [Corsi
et al., 2025], respectively). Aside from the direct toxicity of K, this release of KAc is of particular
interest because of the possibility of indirect toxicity resulting from sublethal concentrations of K
interacting with low concentrations of Cu arising from other sources (e.g., vehicle use, Kayhanian
et al., 2003). Under this scenario, the potentiation of Cu by K is possible, and the contribution of
acetate to the DOC pool could further compromise the assessment of actual Cu risk. The
appreciable disparities observed in this study between the modeled Cu toxicity compared with
empirical data from the toxicity tests with Cu and KAc, illustrate the increased risks associated
with modeling toxicity under these circumstances.

Future considerations and research

Taking a step back, a related aspect of this study that has become more apparent over time, is a
growing tendency in the environmental field to rely on analytical chemistry supported by risk
assessment models to characterize the potential for adverse effects in effluents and receiving
waters. In contrast, this study arose from an investigation into stormwater toxicity where analytical

results did not identify any potential for adverse effects from Cu (Nautilus Environmental,
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unpublished data) because Cu concentrations were not high enough to suggest any potential for
direct toxicity, and there was no potassium-modifying factor in the CuBLM that would indicate a
potential synergistic interaction. In addition, Cu toxicity was initially considered even less likely
to cause toxicity because of elevated DOC levels, presumably associated with the presence of
acetate. Interestingly, both potassium and DOC were elevated in the sample, but the knowledge
and the tools were not immediately available to put the pieces together at a screening level. Thus,
discrepancies between predicted and actual toxicity point to a continued need for toxicity testing
of ambient samples, followed by rigorous investigation of cause, to further our understanding of
underlying processes and outcomes. Given the circumstances, without direct empirical evaluation,
the potential for impacts and associated causal mechanisms would have likely remained
underappreciated by initial assessments of risk based on analytical results.

Screening for elevated potassium in assessments of Cu toxicity would reduce scenarios of elevated
risk which may otherwise go uncharacterized. The response of the rainbow trout to Cu was
significantly different from baseline at 33 mg/L K (Figure 3), with no apparent differences
observed at 10 mg K/L relative to baseline. Thus, 10 mg K/L potassium could objectively represent
an initial screening level threshold. Despite the uncertainty around the relationships of Cu toxicity
across the Na:K gradient, review of the balance of these two elements may also provide
information on particularly-skewed Na:K ratios and possible scenarios where the Na/K pump may
be physiologically challenged, a condition where additional stress from Cu exposure might be
expected to occur. For example, the molar ratio of Na and K at 10 and 33 mg K/L was 0.24 and
0.07, respectively, suggesting a threshold where the potential for adverse effects due to Cu may
merit additional attention. For comparison, the Na:K molar ratio was 10 for the baseline laboratory

water.
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In a broader context, the collective evidence of acute toxicity to juvenile trout and fathead minnows
suggests that the environmental implications of this interaction may occur on wider scale since
other taxa and endpoints are demonstrably more sensitive to Cu. Thus, characterization of the
interaction between K and Cu through development of acute and chronic endpoints with other life
stages of fish (e.g., early life stages) and additional sensitive test species (e.g., cladocerans, aquatic
plants) might be considered fundamental next steps in terms of supporting model development and
refining assessments of risk. Similarly, developing a dataset across a broader range of water
chemistries (e.g., hardness, Na:K ratios) would provide additional context for evaluating the
potential for impacts and understanding the underlying processes.
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Figure 4.
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Rainbow trout survival in four concentrations of copper tested across four concentrations
of potassium in 10 mg/L hardness water (top). Regressions between survival and potassium

in the 10, 20, and 40 pg/L Cu concentrations are also shown (bottom).

Median lethal concentrations (LC50) from this study for copper at different concentrations
of potassium (A; black, solid diamonds) compared to Copper Biotic Ligand Model
(CuBLM) predicted values with additions of potassium chloride (B; blue, open triangles)
or potassium acetate (C; orange, grey triangle) and Copper Multiple-Linear-Regression

(CuMLR) predicted values with additions of potassium acetate (D; red, grey squares).

Dose responses (with shaded confidence intervals) of rainbow trout survival rate versus
copper concentration in pooled data for baseline potassium (0.22 mg/L K; orange) and 33
mg/L K (blue); survival data for 10 mg/L K plotted for comparative purposes (black

squares).

Copper median lethal concentrations (96-hr LC50s) in comparison to sodium/potassium
(Na/K) molar ratio for rainbow trout at 10 (black circles) and 20 (blue circles) mg/L CaCOs

observed in this study and for fathead minnow from Erickson et al., 1996 (red triangles).
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Table 1. Results of 96-hr acute lethality tests with rainbow trout on individual salts.
Potassium (added as .

Copper (added as CuCl,) KC,H,0,) Potassium (added as KCl)
Analyzed (ug/L | 96-hrsurvival | Analyzed (mg/L | 96-hr survival | Analyzed (mg/L | 96-hr survival
Cu) (%) K) (%) K) (%)

0.67 100 0.2 100 0.2 100

7.99 100 199 90 276 90

12.0 100 405 100 513 40

22.5 70 819 0 1140 0

41.9 50 1609 0 2003 0

81.6 0 3210 0 3970 0
96-hr LCS0 96-hr LCS0 96-hr LC50
(95% CLs) 35.2é216).7 - (95% CLs) 565.841 (94;05— (95% CLs) 454.68383;1)5.5—
[ng Cu /L] ' [mg K /L] [mg K /L] ’

CL: Confidence Limit; italics are values interpolated from analyzed concentrations
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Table 2. Results of 96-hr acute lethality test with rainbow trout in equitoxic mixtures of copper

and potassium salts.

Copper Potassium
(added as CuCl,) (added as KC,H,0,) | 1otal Toxic Units o
Analyzed Analyzed I()S;I; S iirn;r) Po-hrsurvival (%)
ug/L Cu  Toxic Units | mg/L K  Toxic Units
0.7 0.02 0.2 0.00 0.02 100
7.6 0.22 84.4 0.15 0.37 100
13.4 0.38 155.8 0.28 0.66 0
28.0 0.81 332.0 0.59 1.39 0
424 1.22 523.2 0.93 2.15 0
79.9 2.30 1,000.0 1.77 4.07 0

96-hr LCS50 (95% CLs) [Toxic Units]

0.49 (0.37-0.66)

96-hr LC50 (95% CLs) [ng/L Cu]

10.0 (7.6-13.4)

96-hr LCS50 (95% CLs) [mg/L K]

114.7 (84.4-155.8)

CL: Confidence Limit; Toxic unit = Concentration at individual LC50; italics are values interpolated from analyzed concentrations.
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