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FOREWORD

Section 304031 of the Clean Water Act of 1977 (P.L. 95-217) requires the
Administrator of the Env ronmental Protection & gency to publish water quality criteria
that accurately reflect the latest scientific knowledge on the kind and extent of all
identifiable effects on health and welfare that might be expected from the presence of
pollutants in any body of water, mcluding ground water. This docurnent 15 a revision of
criteria based upon consideration of comments recerved from ndependent peer reviewers
and the public. Criteria contained in this document supplement any previously published
EPA aquatic life criteria for the same pollutant(s).

The term “water quality criteria” 1sused in two sections of the Clean Water Act,
section 3040a)(1) and section 303(c)2). Theterm has a different program impact in each
section. In section 304, the term represents a non-regulatory, scientific assessment of
health or ecological effects. Criteria presented m this document are such scientific
assessments. If water quality criteria associated with specific waterbody uses are adopted
by a state or tribe as water quality standards under section 303, they become enforceable
max i acceptable pollutant concentrations in ambient waters within that state or tribe
Water quality critena adopted in state or tribal water quality standards could have the
sarme numerical values as criterta developed under section 304, However, in many
situations states or tribes might want to adjust water quality criteria developed under
section 304 to reflect local environmental conditions. Alternatively, states or tribes may
use different data and assumptions than EPA i deriving numeric criteria that are
scientifically defensible and protective of designated uses It 15 not until their adoption as
part of state ortribal water quality standards that criteria become regulatory. Guidelines
to assistthe states and tribes in modifying the criteria presented in this docurnent are
contained m the Water Quality Standards Handboclk (7.3, EFPA 19%4) The handbook and
additicnal gnidance on the development of water quality standards and other water-
related programs of this agency have been developed by the Office of Water.

This docurment 15 guidance only. It doesnot establish or affect legal rights or
obligations. It does not establish a binding norm and cannot be finally determinative of
the 15sues addressed. Agency decisions in any particular situation will be made by
applying the Clean Water Act and EPA regulations on the basis of specific facts
presented and scientific information then available.

Ephraim 3. King, Director
Office of Bctence and T echnology
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1.0 INTRODUCTION

Copper is an abundant trace element found in the earth's crust and is anaturally occurring
elemert that is gererally present in surface waers (Nriagu, 1979). Copper is a micronutrient for
both plantsand animasat low concentrationsand isrecognized as essertid to virtually all plants
and animals(Kapustka et al., 2004). However, it may become toxic to some forms of aquatic life at
elevated concertrations. Thus, copper concentrations in natural environments, and its biological
avalability, are important. Naturally occurring concentrations of copper have been reported from
0.03to 0.23 pg/L in surface seawaters and from 0.20 to 30 pg/L in freshwater systems (B owen,
1985). Coppe concentrations in locations receiving anthropogeni ¢ inputscan vary anywhere from
levels that approach natural background to 100 pg/L or more (e.g., Lopez and Lee, 1977; Nriagu,
1979; Hem, 1989) and have in some cases been reported in the 200,000 pg/L range in mining areas
(Davis and Ashenberg, 1989; Robins et al., 1997). Mining, leather and leather products, fabricated
metal products, and electric equipment are afew of the industries with copper-bearing discharges
that contribute to anthropogenic inputs of copper to surface waters (Patterson et al., 1998).

Over the past 20 years, the U.S. Environmental Protection Agency (EPA) has puldished a
number of guidance documents containing aguatic life criteria recommendations for copper (e.g.,
U.S. EPA 1980, 1985, 1986, 1996). The present document contans EPA's latest criteria
recommendations for protection of aguatic lifein ambient freshwat er from acute and chronic toxic
effects from copper. These criteriaare based on the latest available scientific information,
supplementing EPA'sprevioudy published recommendations for copper. This criteriarevison
incorporated new data on the toxicity of copper and used the biotic ligand model (BLM), a meta
bioavailability model, to update the freshwater criteria. With these scientific and technical revisions,
the criteriawill provide improved guidance on the concentrations of copper that will be protective
of aguatic life. The BLM isnot used in the saltwater criteriaderivation because further development
isrequired before it will be suitable for use to evaluate saltwater data.

This document provides updated guidance to states and authorized tribes to establish water
quality standards under the Clean Water Act (CWA) to protect aquatic life from elevated copper
exposure Under the CWA, datesand authorized tribes are to establish water quality criteria to
protect designated uses. Although this document constitutes EPA's scientific recommendations
regar ding ambient concentr ations of copper, it does not substitute for the CWA or EPA's
regulations, nor isit aregulation itsalf. Thus, it cannot impose legally binding requirements on EPA,
states, tribes, or the regulated community, and might not apply to a particular situation based on the
circumstances. State and tribal decison makers retain the discretion in adopting approaches, on a
case-by-case basis that differ from this guidance when appropriate. EPA may change this guidance
in the future.

Although the BLM has been used in place of the formerly applied har dness-based approach,
the updated freshwater criteria derivationsinthis document are still based on the principles st forth
in the Guidelines for Deriving Numerical Water Quality Criteria for the Protection of Aquatic Life
and Their Uses (Stephan et d. 1985, hereafter referred to asthe Guiddines). Section 2 of this
document provides an overview of copper bioava lability and the BLM. Additional information on
the generdized BLM framework, theoretical background, model caibration, and application for the
BLM can be found in the published literature. Section 3 of this document discusses general



procedures and requirementsfor goplying the BLM to criteria. Section 4 provides the derivation of
criteria Final Acute Vdue (FAV) and Final Chronic Value (FCV) for freshwater organiams.
Section 5 discusses plant dataand Section 6 discusses other datanot included in the criteria
derivation. Sectiors 7 and 8 providethe final ariteriastatementsand informationon
implementation. Various supplementary information is provided in several appendices

2.0 APPROACHES FOR EVALUATING COPPER BIOAVAILABILITY
2.1 General Aspects of Copper Bioavailability

The toxicity of a chemical to an aquatic organism requires the transfe of the chemical from
the external environment to biochemical receptorson or in the organism at which the toxic effects
aredicited. Often, thistransfer isnot smply proportiona to the tota chemica concentration in the
environment, but variesaccording to attributes of the organism, chemical, and exposure
environment so that the chemical is more or less"bioavailable". Definitions of bioavalability vary
makedy (e.g., Naional Research Council, 2003) and are often gecific to certain situations but a
useful generic definition isthe relative facility with which achemical istransferred from the
environment to a specified location in anorganism of intered.

Of particular importance to bicavailability isthat many chemicals exist in a variety of forms
(chemical species). Such chemical speciation affects bioavail ability because reldive uptake rates
can differ among chemical species and the relative concentrations of chemical species can differ
among exposure conditions. At equilibrium in oxygenated waters, "free" copper exists ascupric ion
- Cu(I1) weskly associated with water molecules (CunH,0"?), but this species is usualy a small
percentage of the total copper. Most dissolved copper is part of stronger complexes with various
ligands (complexing chemicals that interact with metal's), including dissolved organic compounds,
hydroxides, carbonates, and other inorganic ligands. Substantia amounts of copper can aso be
adsorbed to or incorporated into suspended particles. Moreinformation on copper speciationin
freshwater can be found in Kramer et a. (1997), Bryan et al. (2002), and Smith et al. (2002).

Copper toxicity has been reported to vary markedly due to various physicochemical
characteristics of the exposure water (e.g., either laboratory or field), including temperature,
dissolved organic compounds, suspended particles, pH, and various inorganic cations and anions,
including those composing hardness and alkalinity (see reviews by Sprague, 1968; Hurt, 1987,
Campbell, 1995; Allen and Hansen, 1996; Paquin et a., 2002). Many of these physcochemical
factorsaffect copper speciation, and their eff ects on copper toxiaty therefore could be due to
effects on copper bioavailability. That bioavailability is an important factor is evident from uptake
of copper by aguatic organisms being reduced by various organic compounds and inorganic ligands
known to complex copper (Muramoto, 1980; Buckley et al., 1984; Playle et al., 1993 a,b; MacRae
etal., 1999).

A "ligand" isacomplexing chemical (ion, molecule, or molecular group) that interacts with a
metal like copper to form alarger complex. A “biotic ligand” is a complexing chemical that isa
component of an organism (e.g. chemica site on afish gill). For certain ligands, some studies have
demonstrated tha the concentration of free copper associated with a specified level of accumulation
or toxicity changes little as the ligand concentration is varied, despite mgjor changesin the



proportion of copper bound to the ligand (see review by Campbell, 1995). This suggests that, even
at low concentrations, free copper is more important to bioavailability than the ligand-bound
copper. Thisis expected if accumulation and toxicity are dgpendent on the binding of copper to a
biochemical receptor "X" on the surface of the organism, forming a chemical species X-Cu
(receptor-bound metal) that isafirst limiting gep in accumulation and toxicity. By sandard
chemical equilibrium expressons, the amount of such species and the consequent biological effects
would be afunction of the activity of just free copper (Mord, 1983 a), arelaionship commonly
referred to asthe free ion adivity model (FIAM). Ligand-bound copper (Cu-L) would cortribute
to copper bioavailability if (a) a species X-Cu-L isformed that isinportant to copper

accumul ation/toxicity, (b) the microenvironrment near the organism surface is such that Cu-L
dissociates and increases the free copper activity interacting with "X", or (c) copper uptake isvia
mechanisms that do not entail binding to such areceptor and can accommodate different copper
species. Somestudies have indicated dissolved complexes of copper do contributeto bioavalability
(reviews by Sprague, 1968; Hurt, 1987; Camphbell, 1995; Allen and Hansen, 1996; Paquin et al.,
2002).

The effectsof physicochemical factors on copper toxicity are diverse and the specific
chemistry of the exposurewater will determine whether or not there are appreciable effeds on
copper speciation and aresulting grong relationship of toxicity to free copper. Usually copper
toxicity isreduced by increased water hardness (reviews by Sprague, 1968; Hunt, 1987; Campbell,
1995; Allen and Hansen, 1996; Paquin et d., 2002), which iscomposed of cations (primarily
calcium and magnesium) that do not directly interact with copper in solution 0 as to reduce
bioavalability. In some cases, the apparert effect of hardness ontoxicity mght be partly due to
complexation of copper by higher concentrations of hydroxide and/or carbonate (increased pH and
alkalinity) commonly associated with higher hardness. However, dgnificant effects ontoxicity
often are still present when hardness is increased in association with anions which do not interact
strongly with copper (Inglis and Davis, 1972; Chakoumakos et al., 1979; Miller and Mackay, 1980;
Erickson et d., 1987). Hardness cations could have some limited effect on copper speciation by
competing with copper for the same dissolved ligands, but increased hardness would then increase
free copper and thus increase, not decrease, toxicity. Sodium has also been reported to affect
copper toxicity (Ericksonet al., 1996 b) and pH effects can be partly due to effeds of hydrogenion
other than on copper speciaion (Peterson et al., 1984).

The effects of hardness cations could be explained by the competing with copper for the
biochemical receptor "X ", thus reducing copper uptake (Zitko, 1976; Zitko et d., 1976; Pagenkopf,
1983). Reduced metd bioavailability dueto increased hardness cations has been experimentally
demongrated (Playle e d., 1992; Meyer et al., 1999, 2002), dthough this does not specificaly
establish cation competition as the mechanism Pagenkopf (1983) provided a mathematical
description of a Gill Surface Interaction Model (GSIM) that addressed the effectson metal toxicity
of both metal speciation and cations via theinteradions of gill surface biochamical receptorswith
the free toxic metal, other metal species, har dness cations, and hydrogen ion.

The empirical evidence demonstrates that copper toxicity is affected by exposure conditions
and that much of these effects is plausibly attributed to effects of ligands and cationson copper
bioavailability. However, it should not be presumed that al of the observed effects of the
physicochemical factorson copper toxicity reflect effects on bioavallability, or tha bioavalability



effects are just due to ligand complexation and cation competition. For exanple, acute copper
toxicity in aguatic organisms has been rdlated to disruption of osmoregulation, specifically
sodium/potassium exchange (Lauren and MacDonald, 1986; Wood, 1992; Wood et a., 1997;
Paquin et d., 2002), which can be affeced by calcium other than by competition with copper for
the same biochemical receptor. Similarly, reported effects of sodium and potassium on copper
toxicity (Erickson et al., 1996 b) might simply reflect favorable or unfavorable ion exchange
gradients, rather than any effect on copper bioavailability. Nevertheless, the effects of ligand
complexation and cation competition on copper bioavailability provide a reasonable conceptual
framework for improved descriptions of how copper toxicity differs across exposure conditions.

2.2 Existing Approaches

EPA aguaiclifecriteria for metals address thereported efectsof hardnesson metal toxicity
using empirical regressions of toxic concentrations versus hardness for available toxicity data across
awide range of hardness (Stephan et al., 1985). Such regressions provided the relative amount by
which the criteria change with hardness, but have certain limitations. The regressions were not just
of hardness, but of any other factor that was correlated with hardness in the toxicity data set used
for the regressions, particularly pH and akalinity. Although these regressions therefore address
more bioavailability issues than hardness alone, they best apply to watersin which the correlations
among hardness pH, and dkalinity are smilar to the data used in the regressons. The separae
effects of these factors are not addressed for exposure conditions in which these correlationsare
different. 1 naddition, some physicochemicd factors affecting metd toxicity, such asorganic
carbon, are not addressed at all.

Existing EPA metals ariteria also address bioavail ability by using dissolved metal as a better
approximation for metal bioavailability than total metal (U.S. EPA, 1993). Although this approach
accounts for the low bioavailability of metd on suspended partides it does not address the mgor
effects of various dissolved specieson bioavailability. This approach could concavably be further
developed to include just part of the dissolved copper, but this not only requires resolving what
spedesto include, how to weight them, and how to assess thar concentrations, but also would not
addressthe effects of cations and othe factors that affect toxidty in addition to metal speciation.
Such a "bioavailable fraction" approach is not justified, because no fraction of metalsspecies
providesa consant measure of toxicity.

To address more completely the modifying effects of water quality than the hardness
regressions achieve, EPA issued guidance in the early 1980s on the water- effect ratio (WER)
method (Carlson et al., 1984; U.S. EPA, 1983, 1992, 1994). The WER is "abiolog cal method to
compar e bioavailability and toxicity in receiving water s versus laboratory test waters' (U.S. EPA,
1992). A WER is calculated by dividing the acute LC50 of the metal, determined in water collected
fromthe receiving water of interest, by the LC50 of the metal determined in a standard laboratory
water, ater adjusting both tes waters to the same hardness. T he sandard laboratory water L C50 is
used asthe denominator to reflect that this L C50 is measured intest water that has waer quality
characteristics representative of the test waters used to develop the Water Quality Criteria (WQC)
toxicity database, at least asa good gpproximation The national hardness-based ecute criterion
concentration is thenmultiplied by thisratio (i.e., the WER) to establish a site-specific criterion that
refleds the effect of site water characterigicson toxicity. However, a WER accounts only for



interactions of water quaity parameters and their effects on metal toxicity to the species tested and
in the wat er sample collected at a specific location and at a specifictime. Thereisaso significant
cost to generate asingle WER.

Because of the limitations of these past approaches for addressing bioavailability in metads
criteria, thereisaneed for an approach that (1) explicitly and quartitatively accounts for the effect
of individual water quality parameters that modify metal toxicity and (2) can be applied more
cost-effectively and easily, and hence more frequently across spatial and temporal scales. An
assessment framework that incorporates the bioavailability mechanisms discussed in Section 2.1 was
therefore used to address more comprehensively the effects of physicochemica exposure conditions
on copper toxicity with lower costs than required by the WER approach.

2.3 TheBiotic Ligand Modd and Its Application to Criteria Devel opment

The interactions of toxic metal gpecies and other exposure water constituents with biological
surface receptor s described by Zitko (1976), Mord (1983), and Pagenkopf (1983) provided the
basic conceptual and mathematical gructure for the bioavailahility model to be used here (Figure 1).
Subsequent experimental work has supported various model tenets by demonstrating the effects of
complexing ligands and competing cations on accumulation of toxic metals at fish gills and the
relationship of toxic effects to accumulation, and has also provided estimates of various model
parameters (Playle et a., 1992, 1993ab; Janes and Playle, 199%; MacRae et al., 1999, Meyer et al.,
1999, 2002; McGeer et al., 2002). Various efforts in metal goeciation modeling dso have provided
the ability to do better speciation calculations, especialy regarding complexation of metas by
organic mater (eg., Tipping, 1994). Thisexperimental work has supported further metal toxicity
model development (Meyer, 1999; Brown and Markich, 2000; McGeer et al., 2002; Di Toro et al.,
2001; Santore et al., 2001; Paquinet al., 2002). This bioavalability modeling approachisnow
commonly termed “Biotic Ligand Models” to broaden the scope beyond gl surfaces and to
acknowledge that the biochemical receptor "X" discussed in Section 2.1 is a metal-binding ligand
that istreated similarly to ligands in the exposure water, except that it is on the organism and isthe
keygone for metal accumulation and toxicity.

GIII Surluce
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Figurel. Conceptual Diagram of Copper Speciation and Copper-Gill Model

{after Pagenkopf, 1983)




Briefly, availabe evidence indicatesthat both free copper and copper nonohydroxide bind to a
biotic ligand "Lb" on the organism's surface (Lb-Cu and Lb-CuOH) and that death occurs when a
certain amount of the tota biotic ligand sites are occupied by copper. Thisligand must be at the
organism surface because the model describes its interactions with the external exposure water.
However, this does not mean that this ligandisthe Steof toxic action; rather it isonly necessay to
assumetha copper accumulation at the Ste(s) of toxic action isproportiond to binding a the biotic
ligand (i.e, the biotic ligand controls bioavailability). Other cationsaso will bind to the biotic
ligand, affecting copper bioava lability because higher concentrations of copper are needed for
copper to reach toxic levels. The binding to the biotic ligand is considered to be at equilibrium,
with apparent (activity-corrected) equilibrium constants K ¢, K ycuon aNd K., respectively, for
free copper, copper hydroxide, and the "jth" competing cation. Chemical speciation in the exposure
wate isalso corsidered to beat equilibrium, and chemical speciation cdculations are conducted to
comput e the free copper, copper hydroxide, and competing cation activitiesto which the biotic
ligand is exposed. Becausebinding to the actua biotic ligand camnot be measured, it is expected
that accumulation relationships for some measurable variable (e.g., the total meal in gill tissue)
provide a reasonable surrogate for the actual biotic ligand. Because criteria ded with
concentrations eliciting a certain level of effects on groups of organisims (e.g., LC50s), model
calaulations are for an organismwith characteristics appropriate for such group-wide statigics.

How the BLM is applied to criteria can be best discussed by starting with the following
general expression for the BLM:

EC=8C, . 1; Equation 1

where ECisthe total dissolved copper concentration eliciting an effect, EC, isabasdine EC inthe
absence of any complexing ligands and competing cations, f. should be afactor (<1) for how much
competing cations increase EC, and f, should be a factor (<1) for how much complexing ligands
increase EC. For the BLM used here

Jor

EC, = .
(1- For) K e Equation 2
Je= 1+Z(qu ' [C.;'D Equation 3

J

1 :

Ji= e Equation 4
o + LA A

wheref ., isthe fraction of the biotic ligand sites that must be occupied by copper to dicit the
toxicity of interest (e.g., alethd accumulation divided by the accumulation capacity), mis the



number of competing cationsincluded in the modd, [Cj] is the concentration of the jth competing
cation, a.,., IS the ratio of free copper concentrationto total dissolved copper concentration, o o4
isthe ratio for the copper hydroxide complex, and the ratio K, oi/K\ wc, SPECifies the
bioavailability of CuOH relative to free copper. Thus, in the absence of complexing ligands and
competing cations, the toxic concentration isonly a function of the binding grength of free copper
and the copper occupied fraction of biotic ligand sites needed to dicit toxicity. Theincreasein the
effect concentration due to competing cationsis simply asum of the products of their
concentrations and binding constants. The increase in the effect concentration due to complexing
ligands is theinverse of the sumof the products of the rd ative bioavailabil itiesand concentraion
fractions of the species that bind to the biotic ligand (free copper and copper hydroxide).

If toxicity to all the biological goecies inthe criteria (a least the most sensitive ones) were
determined based on measured accunulation properties and the relationship of toxicity to
accumul ation, the above modd equations would be directly applied in criteria calcul &ions.
However, thisisnot the case. Although gill accumulation properties and lethal accumulations have
been measured for certain species and conditions, and this has been useful in validating BLM
assumptionsand formulations, the data that must be applied to the criteria consists of water effect
concentraion (ECs) for biological gecies for which thisaccumulationinformationisgenerally not
avalable. The BLM thereforeis needed, not to make absolute calculations regar ding toxic
concentrations, but to extrapoléae toxic concentrations from one exposure condition to another:

Sou i

EC, = EC,.
oE fE.B

Equation 5

where the A and B subscripts refer to different exposure conditions. The general procedure that
was followed for criteria development herewasto use the above equation to normdize dl available
toxicity datato areference exposure condition, calculate criteria values at the reference condition,
and agan use the above equation to compute criteria at other conditions.

Thismeans that the BLM assumptions and parameters that just pertain to EC, are not
important to its application to criteria, which actualy simplifies model validation and
parameterization needs. In particular, there is no need to estimatef, ., or the lethal accumulations
and accumulation capacitiesthat define thisfraction. Furthermore, the absolute vauesof K ., and
K bcuon do Not need to be known, only their relative value (and if copper binding to the biotic ligand
was dependent only on free copper, the vdue of K, would not be needed at all). Absolute values
are only neaded for the binding congantsfor the competing cations as well as thevarious constants
needed in speciation calculations to estimate «.,,,, and «q,oy. FOr BLM application to criteria, the
important concern iswhether f. and f, are suitably formulated and parameterized, and not with
issues that relate to lethal accumulations and accumulation capacities.

2.4 BLM Uncertainties and Performance
The BLM employed here uses equilibrium reactions of copper and other cations with a single,

smple type of surface ligand asthe focus for al the effects of physicochemical exposure conditions
on toxicity, and thus is a simple, approximate representation for the complex set of chemical



reactions and transfersinvolved with environmenta copper concentrations diciting toxicity. As
already noted, cation effects might involve mechanismsother than competition for a surface ligand.
The microenvironmert at the gll might change coppe speciaion. Multi ple mechanisms tha do not
react the same to external conditions might be involved in copper bioavailahility and toxicity.
Acaumu ation parametersbased on bulk gill measurements will likely not be the same as those for
the biotic ligand. Nonequilibrium processes might be important, especialy regarding the
relationship of copper-binding on a surface ligand to toxic action.

However, any model isa simplificaion of reality and the existence of uncertainties does not
preclude a model from bang useful and judified. Despite its simplicity, the BLM used here
provides a reasonable mechanigtic framework for the well-established effects of copper speciation,
explicitly addressing the relative bioavailability of different copper species. It also includesa
plausible mechanism that alows the effects of cationsto be addressed and uses a comprehensive
model for calculating the required concentrations of various chemica species. Evenif the
mechani gic descriptions are incompl ete, this model allows the mgor empirical efects of
complexing ligands and competing cations to be described in a more comprehensive and reasonable
fashion than other approaches

Because thismodel is used incriteria to predid relative effects of physicochemical exposure
factors, its utility for criteria can be judged based on how well it predicts the relative effects of these
factorsin copper toxicity studies. Examples of BLM performance for various exposure factor s and
studies are provided in the technica support document for thiscriteria. Figure 2 shows one
example from a study on the efects of various exposure conditions on the acute lethality of copper
to fathead mimows. This set of exposures consisted of synthetic exposure solutions of various
tota ion concentrations with fixed ratios of the mgjor cations and anions, a afixed pH (8.0) and
low dissolved organic mater (< 0.5 ng/L). Observed dissolved L C50s (solid circles with
uncertainty bars) varied by 24-fold for only a 9-fold change in total ions. These large effects reflect
the combined influences of increased alkalinity (copper carbonate complex formation), hardness,
and sodium. Considering the wide range of the observed L C50s and that the model was not fitted
to these data, BLM-predicted L C50s (open symbols) were rather accurate, ranging from 55 to 87%
(average 75%) of the observed value. More importantly for criteria, the predicted relative change
across the range of total ion concentration was 20-fold, very close to that observed.
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Figure 2. Effects of increasing total ion concentration on the acute lethality of
copper to fathead minnows at constant pH=8 and low DOC < 0.5 mg/L. Solid
symbols represent observed values. open symbols represent predicted values.

Model performance can als be judged across a variety of factors asin Figure 3, which shows
predicted versus observed L C50s for alarge number of exposuresin the cited study, which varied
hardness, akalinity, sodium, and pH together and separately over a wide range. Observed L C50s
varied by about 60-fold, but pred cted valuesdeviaed from observed values by only 0.12 log units
(afactor of 1.3) on average, and at worst only slightly more than a factor of 2. Again, more
information on model performance is provided inthe Technicd Support Document and the figures
here just provide some examples demonstrating the utility of this model for use incriteria.
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The use of the BLM to predict the biocavallability and toxicity of copper to aquatic organisms
under site-specific conditions is a dgnificant change from the previous Criterion Maximum
Concentration (CMC) derivation methodology. Previous aquatic life criteria documents for copper
(e.g., U.S. EPA, 1980, 1985, 1996) expressed the CMC as a function of water hardness. Now, EPA
chooses to utilize the BLM to updateitsfreshwater acute criterion because the BL M accounts for
al important inorganic and organic ligand interactions of copper while also considering competitive
interactions that influence binding of copper at the site of toxicity, or the "biotic ligand." The BLM's
ability to incorporate metal spedation reactions and organ am interacti ons all ows prediction of
metal effect levelsto avariety of organisms over awide range of water quality conditions.
Accordingly, the BLM isan attractive tool for deriving water quality criteria. Application of the
BLM has the potential to substantially reduce the need for site-specific modifications, such as Water
Effect Ratio, to account for ste-specific chemigtry influences on metd toxicity.

The updated BLM-based WQC will in some cases be more stringent and in other cases less
stringent than the hardness based WQC. As there is not asingle WQC vdueto use for comparison
purposes, it will only be possible to provide illustrative examples of each situation. It isthe
judgement of the EPA tha the BLM-based WQC for Cu will provide animproved framework for
evaluating alevd of protection (LOP) that is consstent with the LOP that was intended by the
1985 Guiddines (i.e., a1-in-3 year exceedance frequency that will be protective of 95% of the
genera).

While the BLM is aurrently considered appropriate for use to derive an updated freshwater
CMCfor the acute WQC, further development is required before it will be suitable for useto
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evauate a saltwater CMC or a Criterion Continuous Concentration (CCC) or chronic value
(freshwater or saltwater WQC).

3.0INCORPORATION OF THE BLM INTO CRITERIA DERIVATIONS
PROCEDURES

3.1 General Final Acute Value (FAV) Procedures

Application of the acute copper BLM to the derivation of the copper FAV is analogousto
procedures already described in the Guidelines for metals criteria using empirical hardness
regressions. For these hardness-dependent meals criteria, LC50sat various hardness are
normalized to areference hardnessusing the regression slopes. The normalized L C50s for each
biological species are averaged to derive Species Mean Acute Vaues (SMAVS) at the reference
hardness. The SMAV s within each genusare then averaged to derive Genus Mean Acute Values
(GMAVS) a the reference hardness. The Guidelines’ procedures for estimating the fifth percentile
of the GMAV s are then used to derive the FAV at the reference hardness. FAVsfor other hardness
can then be derived using the hardness regression dope, and these FAVs are used to caculate the
Criterion Maximum Concentration (CMC) by dividing the FAV by 2.0 and the Final Chronic Values
(FCV) by dividing the FAV by the Final Acute-Chronic Ratio (FACR). Following the Guidelines,
the Criterion Continuous Concentration (CCC) is set to the FCV unless other data justifies alower
value.

Extending this procedureto apply the BLM simply involves normalizing the LC50sto a
reference exposure condition that includes al the physicochemical exposure factors important to the
BLM, not just hardness. For this normalization, the BLM provides the factors f. and f, discussed
in Section 2.3, these factors serving the same purpose as the hardness regression slope described
above. Each LCH0 to be usedin aiteria derivation would be normalized to the reference exposure
conditions by the equation:

fC‘,R ' fI,R

(s A |

LC50, = LC50 - Equation 6

where the subsaipt A refers to the exposure conditions for the observed LC50 and the subsaript R
refers to the reference exposure conditions to which the LC50 is being normalized. These
normalized L C50s are then used to derive the SMAVS, GMAVs, and FAV at the reference
exposure condition as described above for the hardness-corrected criteria. The BLM is then used
to derive FAVs at ot her exposures by the equation:

fC',B 'fE,B

R fE,R

FAV, = FAV, - Equation 7
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where the subscript B refers to the exposur e conditions for which an FAV isdesired. These
BLM-derived FAVs are then used to derive CM Cs and CCCsfollowing standard Guidelines
procedures.

For the criteria in this document, the reference exposure conditions to which LC50s are
normdized and a which the reference FAV is cdculated are asfollows (see dso footnote f in Table
1). The water chamistry used inthe normdization was based onthe EPA formulation for
moderately-har d recongtituted water, but any other water chemistry could have been used. Inthis
formulaion the parameters included: temperature = 20°C, pH = 7.5, DOC = 0.5 mg/L, Ca=14.0
mg/L, Mg =12.1 mg/L, Na= 26.3 mg/L, K = 2.1 mgL, SO, =81.4 mg/L, Cl = 1.90 mg/L,
Alkalinity = 65.0 mg/L and S=0.0003 mg/L.

3.2 BLM Input Parameters

For applying an LC50 to criteria derivaions and for determining an FAV at exposure
conditions of interest, the necessary water quality input parameters for BLM calculdions are
temperaure, pH, dissolved organic carbon, major geochemicd cations (cacium, magnesum,
sodium, and potassium), dissolved inorganic carbon (DIC, the sum of dissolved carbon dioxide,
carbonic acid, bicarbonate, and carbonate), and other mgjor geochemical anions (chloride, sulfate).
DIC measurements are typically not made in the environment, and an alternative input parameter is
alkalinity, which can be used with pH and temperature to estimate DIC. There is Some evidence
that other metds such as iron and duminum can have an effect on copper toxicity to aquatic
organisms, whichmight be due to interactions of these metals with the biotic ligand, effects of these
metals on organic carbon complexation of copper, or adsorption of copper to iron and aluminum
colloidswhich are present infiltrates used to measure dissolved coppe. These metals are not
currently included in routine BLM inputs, but users are encouraged to measure dissolved iron and
aluminum as part of monitoring efforts to support possible future criteria applications.

A number of fixed parameters are dso used inthe BLM but are not required user inputsin
criteria derivations. These include thevariety of equilibrium constants used in copper seciation
caculations, and aso the binding constants for copper and various cations to the biotic ligand. The
values for these constants were obtained from work by Playle and coworkers (Playle et al., 1992,
1993a,b) and also by inference from the relationship of toxicity to various water quality
characteristics. More information about these parameters can be obtained from the technical
support document.

3.3 Data Screening Procedures

To use atoxicity test inthe derivation of BLM-based criteria, information must be available
for the various water quality parameters described in Section 3.2. Thisis in contrast to past metals
criteria, for which the only necessary water quality parameter was hardness. Many of these
parameters are not routinely measured in toxicity testsand, if measured, are not necessarily
reported in the primary literature for the test, especidly for older toxicity tests. However, this
information might be available from supplemental sources or be estimated basad on other
information. Therefore, in addition to reviewing the primary sources for relevant infor mation,
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additional efforts were made to obtain or estimete the necessary water quality parameters for as
many of the available L C50s as possible.

A detailed description of these efforts is provided in Appendix C, Estimation of Water
Chemistry Parametersfor Acute Copper Toxicity Tests and are summarized as follows Reports of
acute copper toxicity tests identified in literature searches were reviewed to identify LC50sfor
possble inclusion in the criteriaderivation. Inadditionto test acceptability sandar ds specified in
the Guidelines, the current effort also required that the L C50s be based on measured copper
concentrations. LC50s based on nominal concentrations have been used in previous criteria, but
there are enough measured LC50s for copper that this was considered to be no longer warranted,
especidly considering the more advanced hioavailability assessmerts represented by the BLM. For
the identified L C50s, the primary reports were reviewed to record all reported information on
dilution and test water chemistry. Any additional references specified by the authors were also
obtained and reviewed. If test waters were synthetically prepared based on specified formulas,
these were used to estimate parameters as appropriate. When aritical water chemistry parameters
were not available, authors were contacted regarding unpublished information or to measure
missing water chemistry parameters in dilution source waers. If primary or corresponding authors
could not be contacted, an attempt was made to contact secondary authors or personnel from the
|aboratories where the studies were conducted. Where actual water chamistry data were
unavailable, data from other sudies with the same water source were used as surrogate values if
appropriate. Absent this, the U.S. Geologicd Survey's Nationa Stream Quality Accounting
Network (NASQAN) andthe EPA STOrage and RETrieval (STORET) were used to obtain daa
for ambient surface waters which were the source of water for atest. In some instances other
available sources were contacted to obtained water chemistry data (e.g., city drinking waer
treatment pesonrel). Theacquired datawere scrutinized for representativeness and usefulness for
estimating surrogate values to complete the water quality information for the dilution and/or test
water that was used in the original studies. When the above sources could not be used,
geochemicd ion inputs were based on reported hardness measurements and regressions
relationships constructed for the relationship of various ions to hardnessfrom NASQAN data.

As with any modeling effort, the reliability of model output depends on the reliability of model
inputs. Although the input data have been closely scrutinized, the reliallity of the BLM-normalized
L C50s are subject to the uncertainties of the estimation procedures described above. Therdfore, a
ranking system was devised to rank the quality of the chemical characterization of the teg water.
Studies with arank of 1 containall of the necessary parametersfor BLM input based on
measurements from either the test chambers or the water source. In generd, studiesin which the
BLM input parameters werereported for test chamber samples take precedence over sudies in
which the paramet ers were reported only for the sourcewater. A characterization ranking of 2
denot es those studies where not all parameters were measured, but reliable estimates of the
requisite concentrations could be made. Similarly, arank of 3 denotes studiesin which dl
paramet ers except D OC were measured, but reliable estimates of DOC could be made. For the
magority of thetests a chemica characterization of 4+ wasassgned because hardness, alkainity,
and pH were measured, and the ionic composition could be reliably estimated or calculated. A 4-
was assigned to those studies conducted using standard reconstituted wat er in which hardness,
alkalinity, or pH was either measured or referenced, and the recipe for the water is known (ASTM,
2000; U.S. EPA, 1993). The chemical characterization rank of 5 was asaribed to studies in which

13



one of the key parameters (DOC, Ca, pH, alkalinity) was not measured, and when it could not be
reliably estimated. If two or more key parameters (DOC, Ca, pH, akalinity) were not measured and
could not be reliably estimated, a study wasgiven achemical characterization rank of 6. Studies
receiving a quality rating of greater than 4+ (i.e., higher than 4) were not used in the criteria
developmert procedures becausethe estimates for some of the key input parameters were not
thought to be reliable, all other studieswere used.

3.4 Conversion Factors

The LC50s used in deriving previous EPA metals criteriawere based on total metal
concentration (measured or nomind) and the criteriawere consequently for total metals
concentration. EPA afterwards made the decision that metals criteria should be based on dissolved
metal because it was thought to better represent the bioavailable fraction of the metd (U.S. EPA,
1993). It was thus necessary to convert the criteriato a disolved concentration besis. However, at
that time mog toxicity tests reported only totd concentraion, so that a procedure was necessary to
estimate the likely fractions of metals that were dissolved intypical toxicity tests. Studies were
therefore conducted to determine these fractions under a variety of test conditions that mimicked
the conditions in the testsused to derive the metals ariteria (University of WisconsinSuperior,
1995). These teds denonstraed high fractions of dissolved copper and resultedina corverson
factor (CF) of 0.96 for converting both the CMC and CCC for copper from atotal to dissolved
basis (Stephan, 1995). The BLM-derived criteria developed here dso uses dissolved copper as the
bagsfor aiteiag assuming anegligible kioavailability for particulate copper. The conversonfactor
of 0.96 was aso used to convert total to dissolved copper for any toxicity test for which dissolved
copper measuremerts were not availabe.

3.5 Final Chronic Value (FCV) Procedures

Because the minimum eight family data requirements for chronic toxicity datawere not met in
order to calculate the FCV by the fifth percentile method used for the FAV and because insufficient
information was avail able to develop a chronic BLM, EPA derived the CCC utilizing the Acute to
Chronic Ratio (ACR) approach from the Guidelines (Stephan et al., 1985). To calculate the FCV at
a specific water chemistry, the FAV at that chemistry isdivided by the FACR. Thisentallsthe
assumption that the acute BLM reasonably gpoproximeates the bioavailability reationshipsfor chronic
toxicity. Limited data available regarding effects of water chemistry on sublethal effects and
chronic lethality do show substartial effects of organic matter, akalinity, pH, and sodium (Winner,
1985; Erickson et al., 1996 a,b) similar to those in the acute BLM used here. For hardness,
appaent efects ae limted and uncertain, but the use of the acute BLM does not introduce major
uncertainties in this regard because the effects of hardness by itself inthe acute BLM are also
limted.

4.0 DATA SUMMARY AND CRITERIA CALCULATION
4.1 Summary of Acute Toxicity to Freshwater Animals and Criteria Calculation

The screening procedure outlined in Sec. 3.3 (high quality data = 1, low quality data> 4, e.g.
4+) identified approximately 600 acute freshwater toxicity tests with aquatic organisms and copper

14



potentially acceptable for deriving criteria Of these tests approximatdy 100 were eliminated from
the criteria derivation process because they did not report measured copper concentrations. Nearly
150 additional testswere eliminated fromthe calculation of the FAV becausethey recaved a quality
rating of greater than 4 in the qudity rating scheme described in section 3.3 desaribed above

Data from approximately 350 tests were used to derive normalized L C50 values, including 15
species of invertebrates, 22 speciesof fish, and 1 amphibian species(Table 1), representing 27
different genera. Species Mean Acute Values(SMAVS) at the reference chemidry were cal culated
fromthe normdized LC50sand Genus Mean Acute Values (GMAVS) at the normalization
chemistry were calculaed fromthe SMAVSs.

SMAVsranged from 2.37 pg/L for themost sersitive species Daphnia pulicaria, to 107,860
ug/L for the least sersitive species Notemigonus crysoleucas Cladocerans were among the most
sengtive species, with D. pulicaria, D. magna, Ceriodaphnia dubia, and Scapholeberis sp. being
four out of the Six most sengitive species. I nvertebratesin genera were more sengtive than fish,
representing the 10 lowest SMAVs.

The 27 GMAV s cdcuated from the above-mentioned SMAV s ranged from 4.05 pg/L for
Daphniato 107,860 pg/L for Notemigonus (Table 3a). Nine of the 10 mog sensitive genera were
invertebrates. The salmonid genus Oncor hynchus was the most sensitive fish genus, with a GMAV
of 31.39 ug/L and an overall GMAV ranking of 10.

The ranked GM AVs are presented in Figure 4. Pursuant to procedures used to caculate the
FAV, aFAV of 4.67 ng/L was derived from the four GMAV s with cumulative probabilities closest
to the 5th percentile toxicity value for all the tested genera (Table 3b). The presumption is that this

Figure 4. Ranked Freshwater Genus M ean Acute Values (GMAVS)
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acute toxicity value representsthe LC50 for an organism that is sensitive at the 5th percentile of the
GMAYV distribution. The CMC isthe FAV divided by two. Therefore, the freshwater dissolved
copper CMC for the reference chemistry presented is 2.337 ug/L.

Site-water chemistry parameters are needed to evaluate a criterion. Thisis analogousto the
situation that previously existed for the hardness-based WQC, where a hardness concentration was
necessary in order to derive a criterion. Examples of CMC calculaions & variouswater chemistry
conditions are preserted in Figure 5 and Appendix G.

250
— — CMChy Hardness Equation EIM, DOC= 10 mgl
00 1 ——CHMC by BLM
=
E 150 4
% BLM, DOC= 5 mgL
B 100 4
&
S ELM, DOC=2 mg'L
50 1 ===
et
I:I _ -_I_ — I | | | I | |
0 50 100 150 200 250 300 350 400 450
Hariness (mg /L)
Figme 5. Comparison of CMC calculated by ELM or Hardnes s Equation
Allcalinity (11 - 245 mg CalCO3L) and pH (7.3 - 8.7) Covary with Hardness

4.1.1 Comparison With Earlier Hardness-Adjusted Criteria

EPA’s earlier freshwater copper criteria recommendations were hardness-dependent val ues.
Onewould expect a BLM-basad criterion cdculation procedure to yidd the more appropriae
criterion—appropriate inthe sense that it accounts for the important water chemidry factors that
affect toxicity, including DOC complexation, where the hardness correction does not. Applicaion
of the BLM infield situations where DOC is expected to be present at higher concentrations than
those observed in laboratory studies would likely improve the performance of the BLM compared
with the hardness adjustment. The reason isthat the BLM would reasonably account for the
typically observed incresse in effect levds under such conditions, while the hardness-based

approach would not (Figure5).

As a comparison between the hardness typical of the previous copper criterion and this revised
criterion using the BLM, both procedures were used to calculate criterion values for waterswith a
range in hardness as specified by the standard EPA recipes(U.S. EPA, 1993). The EPA
formulations specify the concentration of various sdtsand reagents to be used inthe synthes s of
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|aboratory test waers with spedfic hardness values (eg., very soft, soft, moderately hard, hard, or
very hard). Asthe water hardness increases in these recipes, pH and alkdinity dso increase. T his
has implications for the BLM because the bioavailability of copper would be expected to decrease
with increas ng pH and dkalinity due to the increas ng degree of complexation of copper with
hydroxides and car bonat es and decreasing proton competition with the meta at both DOM and
biotic ligand binding stes. The BLM criterion for these waters agrees very well with that calculated
by the hardness equation used in previous copper criterion documerts (Figure 5). However,
dkalinity and pH change as har dness changes in the EPA recipes. The BLM predictionistaking dl
of these changes in water qudity into account.

It ispossble to use the BLM tolook only at the change in predicted WQC with changes in
hardness (e.g., dkalinity and pH remaining constant). The hardness equationis based on waters
where changes in hardness are accompanied by changes in pH and alkdinity. However, there are
many possible natural wat ers where changesin hardness are not accompanied by changesin pH and
alkalinity (such as waer draning aregonrich in gypsum). In these cases the hardness equation
based criterion will gill assume a response that is characteristic of wat ers where hardness, alkainity,
and pH co-vary, and will likely be underprotective relative to the level of protection intended by the
Guidelines, in high hardness waters. Conversely, in waters where the covariation between hardness,
pH, and alkdinity isgrester than is typica for data in Table 1, the hardness equation based criteria
may be overprotective. Appendix G shows representative waer quality criteria va ues using both
the BLM and the hardness equation approaches for waters with arange in pH, hardness, and DOC
concentrations. The hardness approach does not consider pH and DOC while the BLM approach
takes those water quality parametersinto consideration.

4.2 Formulation of the CCC
4.2.1 Evaluation of Chronic Toxicity Data

In aquatic toxicity tests, chronic values are usualy defined as the geometric mean of the
highest concentration of atoxic substance at which no adverse effect is observed (highest no
observed adver se effect concentration, or NOAEC) and the lowest concentration of the toxic
substance that causes an adverse effect (lowed observed adverse effect concertration, or LOAEC).
The ggnificance of the observed effeds is determined by statistical tests comparing regponses of
organismsexposed to low-level and control concentrations of the toxic substance against responses
of organisms exposed to elevated concentrations. Analysis of variance is the most common test
employed for such comparisons. T his goproach, however, has the disadvantage of resulting in
mark ed differences between the magnitudes of the effects corresponding to the individual chronic
values, because of variation in the power of the statistical tests used, the concentrations tested, and
the size and variahlity of the samples used (Stephan and Rogers, 1985).

An alternative approach to calculating chronic val ues focuses on the use of point estimetes
such as from regression analysis to define the dose-response relati orship. With a regression
equation or probit analyss, which defines the level of adver se effects as a function of increasing
concentrations of the toxic substance, it is possible to determine the concentration that causes a
specific small efect, such asa5 to 30 percent reduction in response. To make chronic values reflect
aunformlevel of &fect, regression and prohit analyses were used, where possible, both to
demongratetha asgnificant concentration-effect reationship was present and to estimate chronic
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values with a consistent level of effect. The most precise estimates of effect concentrations can
generally be made for 50 percent reduction (EC50); however, such amajor reductionisnot
necessarily condstent with criteria providing adequate protection. In contrast, a concentration that
causesa low leve of reduction, such asan EC5 or EC10, might not be datisticaly sgnificantly
different from the control treatment. As a compromise, the EC20 is used here to represent a low
level of effect that is generally significantly different from the control treatment across the useful
chronic datases tha are available for copper. The EC20 was also viewed as providing a levd of
protection similar to the geometric mean of the NOEC and LOEC. Sincethe EC20 isnot directly
dependent on the tested dilution series, similar EC20s should be expected irrespective of the tested
concentrations, provided that the range of tested concentrations is appropriate.

Regression or probit analysis was utilized to evaluate a chronic dataset only in cases where the
necessary data were available and the dataset met the following conditions: (1) it contained a
control treatment (or low exposure data point) to anchor the curve at the low end, (2) it contained
at least three concentrations, and (3) two of the data points had effect variable values below the
control and above zero (i.e, “partial effects’). Control concentrations of copper wereestimated in
cases where no measurementswerereported. These analyses were performed usng the Toxicity
Relationship Andyss Program software (version 1.0; U.S. EPA, Mid-Continental Ecology
Division, Duluth, MN, USA). Additional detail regarding the aforemertioned statistical procedures
Is available inthe cited program.

When the datafroman acceptable chronic test met the conditions for the logigic regression or
probit analysis, the EC20 was the preferred chronic value. When data did not meet the conditions
the chronic valuewas usually set to the geometric mean of the NOAEC and the LOAEC. However,
when no treatment concentration was an NOAEC, the chronic valueisreported asless than the
lowest tested concentration.

For lifecyde, partial life-cycle, and early life dagetests, thetoxicological varigble used in
chronic value analyseswas survivd, reproduction, growth, emergence, or intrinsic growth rate. If
copper apparently reduced both survival and growth (weight or length), the product of varialdes
(biomass) was anadlyzed, rather than analyzing the variables separately. The most senditive of the
toxicologicd variableswas generdly selected asthe chronic valuefor the particular study.

A species-by-pecies discussion of each acceptable chronic test on copper evduated for this
document is presented in Appendix F. Figures that present the data and regresd on/probability
distribution line for each of the acceptald e chronic tes which contained sufficient acceptabd e data
are aso provided in Appendix F.

4.2.2 Calculation of Freshwater CCC

Acceptable freshwater chronic toxicity data from early life stage tests, partia life-cycle tests,
and full life-cycle tests were available for 29 tests including data for 6 invertebrate species and 10
fish species (Table 2a). The 17 chronic values for invertebrate species range from 2.83 (D. pulex) to
34.6 ug/L (C. dubia); and the 12 chronic valuesfor the fish species rangefrom<5 (brook trout) to
60.4 pg/L (northemn pike). Of the 29 chronic tests, comparable acute vd ues areavalable for 18 of
the tests (Talde 2¢). The relationship between acute toxicity values and ACRsis presented in Figure
6. The supporting acute and dhronic test values for the ACRs and the species mean ACRs are
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presented in Table 2c. For the 11 testsin Table 2a with chronc val ues both from aregression
EC20 and the geometric mean of the NOAEC and LOAEC, the EC20 averaged 81% of the
geometric mean, demonstrating the similar level of protection for the two approaches.

Overall, individual ACRs vaied from <1 (0.55) for C. dubia (Oris et al., 1991) to 191.6for
the snal, Campeloma decisum (Arthur and Leonard, 1970). Species mean acute-chronic ratios
ranged from 1.48 in saltwater for the shegpshead minnow (Hugheset al., 1989) to 171.2in
freshwater for the snail, C. decisum. Pursuart to the Guiddines (Stephan et al., 1985),
consideration was given to calculating the FACR based on all ACRs withina factor of 10, but
because there appeared to be arédationship between acute sengitivity and ACRs (Figure 6), the
FACR wasderived from data for species whose SMAVswere dose to theFAV. The FACR of
3.22 was calcuated as the geometric mean of the ACRs for sensitive freshwaer species, C. dubia,
D. magna, D. pulex, O. tshawytscha, and O. mykiss along with the one saltwater ACR for C.
variegatus (Table 2b). Based on the normalization water chemistry conditions used for illustrative
purposesin the document, the freshwater site specific FAV value is4.67 pug/L, which divided by the
FACR of 3.22 results in afreshwater FCV of 1.45 pg/L disolved Cu.
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5.0 PLANT DATA

Copper has beenwidely used as an algicide and herbicide for nuisance aquatic plants
(McKnight et a., 1983). Although copper is known as an inhibitor of photosynthesis and plant
growth, toxicity data onindividual goecies suitalde for deriving aquatic life ariteria(Table 4) are not
NUMErous.

The relationship of copper toxicity to the complexing capecity of the waer or the culture
medium is now widely recognized (Géchter et a., 1973; Petersen, 1982), and several studies have
used algae to “assay” the copper complexing capacity of both fresh and salt waters (Allenet al.,
1983; Lumsden and Florence, 1983; Rueter, 1983). It has also been shown that dgee are capable of
exareting complexing subgtances in regponse to copper stress (McKnight and Morel, 1979; Swd low
etd., 1978; vanden Berg et d., 1979). Foster (1982) and Stokes and Hutchinson (1976) have
identified resistant strains and/or species of algae from copper (or other metal) impacted
environmerts. A portion of thisresistance probably results from indudion of the chel ae-excretion
mechanism. Chedlat e excretion by algae may dso serve as aprotective mechanism for other aquatic
organismsin eutrophic waters; tha is, where algae are capable of mairntaining free copper activities
below harmful concentrations.

Copper concentrations from 1 to 8,000 pug/L have been shown to inhibit growth of various
freshwater plant species. Very few of these tests, though, were accompanied by analyss of actual
copper exposure concentrations. Notable exceptions are freshwat er tests with green algaincluding
Chlamydomonasreinhardtii (Schafer et d., 1993; Winner and Owen, 1991b), which isthe only
flow-through, measured test with an aquaic plant, Chlorella vulgaris and Selenastrum
capricornutum (Blaylock et al., 1985). There isalso ameasured test with duckweed, Lemna minor
(Taraldsen and Norberg-King, 1990).

A direct comparison between the freshwater plant dataand the BLM derived criteria is
difficult to make without a better underganding of the compostion of the dgd media used for
different sudies (e.g., DOC, hardness, and pH) because these factors influence the gpplicable
criteria comparison. BLM derived criteriafor certain water conditions, such as low to mid-range
pH, hardness up to 100 mg/L as CaCO,, and low DOC arein the range of, if not lower than, the
lowest reported toxic endpoints for freshwater algal species and would therefore appear protective
of plant species. In other water quality conditions BLM-derived criteria may be significantly higher
(see Figure 5).

Two publications provide data for the red algae Champia parvulathat indicate that
reproduction of this species is especially sensitive to copper. The methods manual (U.S. EPA 1988)
for whole effluert toxicity (WET) testing contains the results of 9x experiments showing nominal
reproduction L OECs from 48-hr exposuresto 1.0 to 25 pg/L copper (mean 2.0 pg/L); thesetests
used amixture of 50 percent sterile seawater and 50 percent GP2 medium copper. The second
study by Morrison et a. (1989) evauated interlaboratory variation of the 48-hr WET test
procedure; thissix-test study gave growth EC50 values from 0.8 to 1.9 pg/L (mean 1.0 pg/L).
Thus, there are actually 12 teststhat provide evidence of significant reproductive impairment in C.
parvula at nomina copper concentrations between 0.8 and 2.5 pug/L. For these studies though, the
dilution water source was not identified.
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One difficulty in assessing these data is the uncertainty of the copper concentration in the test
solutions, primarily with regpect to any background copper tha might be found in thedilution
water, especially with solutions compounded from seasaltsor reagents Thus, with a CCC of 1.9
ug/L dissolved copper, the significance of a1 or 2 pg/L background copper level toa 1 to 3 pg/L
nominal effect level can be considerable.

Thereproduction of other macrod gae gopeas to be generally sensitive to copper, but not to
the extent of Champia. Many of these other macroal gae appear to have greater ecologicd
significance than Champia, several forming significant intertidal and sultidal halitats for other
saltwater organisms, aswell as bang a major food source for grazers Reproductive and growth
effects on the other species of macroalgae sometimes appear to occur at copper concentr ations
between 5 and 10 pg/L (Appendix B, Other Data). Thus, most major macrophyte groups seemto
be adequately protected by the CMC and CCC, but appear similar in sensitivity to some of the more
sensitive groups of saltwater animals.

6.0 OTHER DATA

Many of the data identified for this effort are listed in Appendix B, Other Data, for various
reasons, including exposure durations other than 96 hours with the same species reported in T able
1, and some exposures lasting up to 30 days. Acute values for test durationslessthan 96 hours are
available for severd species not shown in Table 1. Still, these species have approximatey the same
sensitivities to coppe as spedes in the same families listed in Table 1. Reported LC50s at 200 hours
for chinook salmon and rainbow trout (Chapman, 1978) differ only slightly from 96-hour LC50s
reported for these same species inthe same water.

A number of other acute tests in Appendix B were conducted indilutionwatersthat were not
considered appropriate for criteria development. Brungs et al. (1976) and Geckler et al. (1976)
conducted testswith many speciesin sream water that contained a large amount of effluent from a
sawage trestment plant. Wallen et d. (1957) tested mosquitofish in aturbid pond water. Until
chemical measurements that correlate well with the toxicity of copper in awide variety of waters
are identified and widdly used, results of testsin unusud dilution wat ers, such as those in Appendix
B, will not be very useful for deriving water quality criteria.

Appendix B also includes tests based on physiological efects, such as changes in appetite,
blood parameters, stamina, etc. These were included in Appendix B because they could not be
directly interpreted for derivation of criteria. For the reasons stated in this section above, datain
Appendix B was not used for criteria derivation.

A direct comparison of aparticular tes result to aBL M-derived criterionis not always
straightforward, particularly if complete chemical characterization of the test water is not availadle.
Suchisthe casefor anumber of gudies includedin Appendx B. Whilethere are some ted results
with effect concentrations below the exampl e criteria concentrations presented in thisdocument,
these same effect concentrations could be above criteria derived for other normalization chemistries,
raising the question asto what is the appropriate comparison to make. For example, Appendix B
indudesan EC50 for D. Pulex of 3.6 ug/L (Koivisto et al., 1992) at an approximate hardnessof 25
mg/L (33 mg/L as CaCQ,). Y et, example criteriaat a hardness of 25 mg/L (as CaCO,) (including
those in Figure 6) range from 0.23 pg/L (DOC = 0.1 mg/L) to 4.09 ug/L (DOC = 2.3 mg/L) based
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on the DOC concentr ation selected for the synthetic water recipe. The chemical composition for the
Koivisto et al. (1992) study would dictate what the appropriate BLM criteria comparison should be.

Based on the expectation that many of the test results preserted in Appendix B were
conducted in laboratory dilution water with low levels of D OC, the gppropriate comparison would
be to the criteria derived from low DOC wate's. Comparing many of the vaues in Appendix B to
the example criteria presented in this document, it appears that alarge proportion of Appendix B
values are above these concentration levels. Thisis abroad generalization though and as stated
previoudy, all important water chemistry variables that affect toxicity of copper to aquatic
organisms should be considered before making these typesof comparisons.

Studies not considered suitable for criteria devel opment were placed in Appendix G, Unused
Data.

7.0 NATIONAL CRITERIA STATEMENT

The available toxidty data, when evaluated using the procedures described in the “ Guidelines
for Deriving Numerica National Water Qudlity Criteria for the Protection of Aquatic Organisms
and Their Uses’ indicate that freshwater aguatic life should be protected if the 24-hour average and
four-day average concentrations do not respectively exceed the acute and chronic criteria
concentrations calculated by the Biotic Ligand Modd.

A returninterva of 3 years between exceedances of the criterion continuesto be EPA's
general recommendation. However, the resilience of ecosystems and their ability to recover differ
greatly. Therefore, scientific derivation of aternative frequencies for exceeding criteriamay be

appropriate.

8.0 IMPLEMENTATION

The use of water quality criteriain designing wast e treatment facilities and appropriate effluent
limits involves the use of an appropriate wasteload allocation model. Although dynamic models are
preferred for application of these criteria, limted data or other factors may make their use
impractica, inwhich case one should rely on a seady-gate modd. EPA recommends the interim
use of 1B3 or 1Q10 for criterion maximum concentration stream design flow and 4B3 or 7Q10 for
the criterion continuous concentration design flow in deady-date models. These matters are
discussed in more detail in the Technical Support Document for Water Quality-Based Toxics
Control (U.S EPA, 1991).

Withregard to BLM-derived freshwater criteria, to develop a site-specific criterion for a
stream reach, one is faced with determining what single criterion is appropriate even though aBLM
criterion calculated for the event corresponding to the input water chemistry conditions will be
time-variable. Thisis not anew problem unique to the BLM— har dness-dependent metals criteria
are also time-variable values. Although the variability of hardness over time can be characterized,
EPA has not provided guidance on how to cacula e Ste-specific criteria congdering this variability.
Multiple input parameters for the BLM could complicate the caculaion of Ste-gpecific criteria
because of their comhined effeds on variability. Another problemarise from potential scardty of
data from small stream reaches with small dischargers. The EPA is currently exploring two
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approaches to fill data gaps insuch situations One potential approach is the selection of values
based on geography, the second approach is basad on correlations between measured parameters
and missing paameter measurements A companion document in the form of Supplementary
Training Materials, addressing issues related to data requirements, implementation,
permitting, and monitoring will be released via EPA's website following the publication of
this criteria document.[]
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Table 1. Acute Toxicity of Copper to Freshwater Animals

Organism Age,

Reported LC50 or

Reported LC50

BLM Normalized

Species Mean Acute

Species? ) ) Method® Chemical® EC50 or EC50 BLM Data Label LC50 or EC50 Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
\Worm, adult (mixed age) SMT N 130 LUVAO1S 37.81 48.41 Schubauer-Berigan et al. 1993
Lumbriculus variegal adult (mixed age) SM,T N 270 - LUVAO02S 55.39 Schubauer-Berigan et al. 1993
adult (mixed age) S,M, T N 500 LUVAO3S 54.18 Schubauer-Berigan et al. 1993
Snail, 1.1-2.7 cm FM,T S 2000 - CADEO1F 4319 3573 Arthur and Leonard 1970
Campeloma 1.1-2.7 cm FM,T S 1400 CADEO2F 2956 Arthur and Leonard 1970
Snail, adult FM,T C 15 JUPLO1F 12.31 12.31 Nebeker et al. 1986b
Juga plicifera
Snail, adult F.M,T C 8 - LIVIO1F 6.67 6.67 Nebeker et al. 1986b
Lithoglyphus virens
||Snai|, 0.4-0.7 cm F.M,T S 41 - PHINO1F 21.81 20.41 Arthur and Leonard 1970
Physa integra 0.4-0.7 cm FM,T S 37 PHINO2F 19.09 Arthur and Leonard 1970
||Freshwater mussel, juvenile SM,T S 27 - ACPEO1S 10.36 11.33 Keller unpublished
Actinonaias juvenile SM,T S <29 ACPEOQ2S 12.39 Keller unpublished
Freshwater mussel, 1-2djuv SM,T S 86 - UTIMO1S 177.9 52.51 Keller and Zam 1991
Utterbackia imbecilli 1-2djuv SMT S 199 UTIMO2S 172.3 Keller and Zam 1991
juvenile SM,T N 76 - UTIMO3S 40.96 Keller unpublished
juvenile SMT N 85 UTIMO04S 43.22 Keller unpublished
juvenile SM,T N 41 - UTIMO5S 24.12 Keller unpublished
juvenile SMT S 79 UTIMO6S 39.04 Keller unpublished
juvenile SM,T S 72 - UTIMO7S 39.96 Keller unpublished
juvenile SMT S 38 UTIMO8S 28.31 Keller unpublished
Cladoceran, <4 h SM,T C 19 - CEDUO01S 10.28 5.93 Carlson et al. 1986
Ceriodaphnia dubia <4 h SMT C 17 CEDUO02S 9.19 Carlson et al. 1986
<12h S,M,D - 25 CEDUO03S 7.98 Belanger et al. 1989
<12h S,M,D - 17 CEDU04S 5.25 Belanger et al. 1989
<12h S,M,D - 30 CEDUO05S 9.80 Belanger et al. 1989
<12h S,M,D - 24 CEDU06S 7.63 Belanger et al. 1989
<12h S,M,D - 28 CEDUO07S 9.06 Belanger et al. 1989
<12h S,M,D - 32 CEDUO08S 10.56 Belanger et al. 1989
<12h S,M,D - 23 CEDU09S 7.28 Belanger et al. 1989
<12h S,M,D - 20 CEDU10S 6.25 Belanger et al. 1989
<12h S,M,D - 19 CEDU11S 5.91 Belanger et al. 1989
<12h S,M,D - 26 CEDU12S 3.10 Belanger et al. 1989
<12h S,M,D - 21 CEDU13S 2.46 Belanger et al. 1989
<12h S,M,D - 27 CEDU14S 3.24 Belanger et al. 1989
<12h S,M,D - 37 CEDU15S 4.66 Belanger et al. 1989
<12h S,M,D - 34 CEDU16S 4.22 Belanger et al. 1989
<12h S,M,D - 67 CEDU17S 5.50 Belanger et al. 1989
<12h S,M,D - 38 CEDU18S 2.72 Belanger et al. 1989
<12h S,M,D - 78 CEDU19S 6.74 Belanger et al. 1989
<12h S,M,D - 81 CEDU20S 7.10 Belanger et al. 1989
<12 h S,M,D - - 28 CEDU21S 4.10 Belanger and Cherry 1990
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Table 1. Acute Toxicity of Copper to Freshwater Animals

. Reported LC50 or Reported LC50 BLM Normalized .
Species? Organism Age, Method” Chemical® EC50 or EC50 BLM Data Label LC50 or EC50 | oPecies Mean Acute Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
<12 h S,M,D - - 84 CEDU22S 10.74 Belanger and Cherry 1990
<12h SMT S 134 CEDU23S 6.19 Oris et al. 1991
<24 h R,M,T,D S 6.98 5.54 CEDU24R 5.03 Diamond et al. 1997b
Cladoceran, 1d SM,T C 9.1 DAMAO01S 3.42 6.00 Nebeker et al. 1986a
Daphnia magna 1d SM,T C 11.7 - DAMAO02S 4.43 Nebeker et al. 1986a
<2h SM,T c 6.6 DAMAO03S 2.50 Nebeker et al. 1986a
<2h SM,T C 9.9 DAMA04S 3.78 Nebeker et al. 1986a
1d SM,T c 11.7 DAMAO05S 13.46 Nebeker et al. 1986a
<4 h SM,T C 6.7 DAMA06S 8.21 Nebeker et al. 1986a
1d SM,T c 9.1 DAMAOQ7S 4.40 Nebeker et al. 1986a
<2h SM,T C 5.2 DAMAO08S 2.16 Nebeker et al. 1986a
<24 h SM,T S 41.2 DAMA09S 21.55 Baird et al. 1991
<24 h SM,T S 10.5 DAMA10S 5.63 Baird et al. 1991
<24 h SM,T S 20.6 DAMA11S 11.31 Baird et al. 1991
<24 h SM,T S 17.3 DAMA12S 9.48 Baird et al. 1991
<24 h SM,T S 70.7 DAMA13S 33.58 Baird et al. 1991
<24 h SM,T S 31.3 DAMA14S 16.90 Baird et al. 1991
<24 h S,M,I S 7.1 DAMA15S 2.67 Meador 1991
<24 h S,M,I S 16.4 DAMA16S 4.26 Meador 1991
<24 h S,M,I S 39.9 DAMA17S 5.18 Meador 1991
<24 h S,M,I S 18.7 DAMA18S 3.39 Meador 1991
<24 h S,M,I S 18.9 DAMA19S 1.99 Meador 1991
<24 h S,M,I S 39.7 DAMA20S 3.04 Meador 1991
<24 h S,M,I S 46 DAMA21S 8.93 Meador 1991
<24 h S,M,I S 71.9 DAMA22S 9.97 Meador 1991
<24 h S,M,I S 57.2 DAMA23S 5.76 Meador 1991
<24 h S,M,I S 67.8 DAMA24S 4.16 Meador 1991
<24 h SMT C 26 DAMA25S 10.34 Chapman et al. Manuscript
<24 h SM,T C 30 - DAMA26S 9.04 Chapman et al. Manuscript
<24 h SMT C 38 DAMA27S 9.84 Chapman et al. Manuscript
<24 h SM,T C 69 - DAMA28S 12.31 Chapman et al. Manuscript
<24 h SMT,D S 4.8 DAMA29S 1.22 Long's MS Thesis
<24 h SM,T,D S 7.4 DAMA30S 16.29 Long's MS Thesis
<24 h S,M,T,D S 6.5 DAMA31S 2.11 Long's MS Thesis
Cladoceran, SM,T S 11.4 - DAPCO01S 1.63 2.73 Lind et al. Manuscript (1978)
Daphnia pulicaria SMT S 9.06 DAPCO02S 1.04 Lind et al. Manuscript (1978)
SM,T S 7.24 - DAPCO03S 0.88 Lind et al. Manuscript (1978)
SM,T S 10.8 DAPC04S 1.13 Lind et al. Manuscript (1978)
SM,T S 55.4 - DAPCO05S 8.81 Lind et al. Manuscript (1978)
SM,T S 55.3 DAPCO06S 6.03 Lind et al. Manuscript (1978)
SM,T S 53.3 - DAPCO07S 4.12 Lind et al. Manuscript (1978)
SM,T S 97.2 DAPCO08S 3.94 Lind et al. Manuscript (1978)
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Table 1. Acute Toxicity of Copper to Freshwater Animals

. Reported LC50 or Reported LC50 BLM Normalized Species M Acut
Species® organism Age, |\ ihod® | chemical® EC50 or EC50 BLM Data Label | LC500r ECs0 |>PEcies Mean Acute Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
SM,T S 199 - DAPCO09S 3.01 Lind et al. Manuscript (1978)
SM,T S 213 DAPC10S 7.63 Lind et al. Manuscript (1978)
SM,T S 165 - DAPC11S 5.78 Lind et al. Manuscript (1978)
SM,T S 355 DAPC12S 1.83 Lind et al. Manuscript (1978)
SM,T S 78.8 - DAPC13S 2.36 Lind et al. Manuscript (1978)
SM,T S 113 DAPC14S 1.06 Lind et al. Manuscript (1978)
SM,T S 76.4 - DAPC15S 2.36 Lind et al. Manuscript (1978)
SM,T S 84.7 DAPC16S 6.62 Lind et al. Manuscript (1978)
SM,T S 184 - DAPC17S 7.14 Lind et al. Manuscript (1978)
SMT S 9.3 DAPC18S 1.11 Lind et al. Manuscript (1978)
SM,T S 17.8 - DAPC19S 2.11 Lind et al. Manuscript (1978)
SM,T S 23.7 DAPC20S 2.67 Lind et al. Manuscript (1978)
SM,T S 27.3 - DAPC21S 2.77 Lind et al. Manuscript (1978)
SM,T S 25.2 DAPC22S 2.81 Lind et al. Manuscript (1978)
SM,T S 25.1 - DAPC23S 2.60 Lind et al. Manuscript (1978)
SM,T S 25.1 DAPC24S 2.31 Lind et al. Manuscript (1978)
Cladoceran, adult SM,T C 18 - SCSP01S 9.73 9.73 Carlson et al. 1986
Scapholeberis sp.
Amphipod, 1-3d FM,T S 22 - GAPSO1F 10.39 9.60 Arthur and Leonard 1970
Gammarus 1-3d FMT S 19 GAPS02F 8.86 Arthur and Leonard 1970
Amphipod, 7-14 d SMT N 17 HYAZ01S 12.19 12.07 Schubauer-Berigan et al. 1993
Hyalella azteca 7-14d SM,T N 24 - HYAZ02S 9.96 Schubauer-Berigan et al. 1993
7-14d SM,T N 87 HYAZ03S 15.77 Schubauer-Berigan et al. 1993
<7d SM,T S 243 HYAZ04S 8.26 Welsh 1996
<7d SM,T S 23.8 HYAZ05S 8.09 Welsh 1996
<7d SM,T S 8.2 HYAZ06S 15.49 Welsh 1996
<7d SM,T S 10 HYAZ07S 18.80 Welsh 1996
Stonefly, SM,T S 8300 ACLYO01S 20636 20636 Warnick and Bell 1969
Acroneuria lycorias
Midge, 4th instar SM,T S 739 - CHDEO01S 1987 1987 Kosalwat and Knight 1987
Chironomus
Shovelnose fry, 6.01 cm, 0.719 g SM,T S 160 - SCPLO1S 69.63 69.63 Dwyer et al. 1999
sturgeon,
“Scaphirhynchus
Apache trout, larval, 0.38 g SMT S 70 ONAPO1S 32.54 32.54 Dwyer et al. 1995
||Oncorhynchus
Lahontan cutthroat larval, 0.34 g SMT S 80 ONCLO1S 34.26 32.97 Dwyer et al. 1995
Oncorhynchus larval, 0.57 g SMT S 60 ONCLO02S 24.73 Dwyer et al. 1995
“Clarki henshawi

26




Table 1. Acute Toxicity of Copper to Freshwater Animals

. Reported LC50 or Reported LC50 BLM Normalized .
Species? Organism Age, Method” Chemical® EC50 or EC50 BLM Data Label LC50 or EC50 | oPecies Mean Acute Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
Cutthroat trout, 7.4cm,4.29g F,.M,T,D C 398.91 367 ONCLO3F 67.30 Chakoumakos et al. 1979
Oncorhynchus clarki 6.9cm,3.2¢g F,M,T,D C 197.87 186 ONCLO4F 4491 Chakoumakos et al. 1979
8.8cm,9.7¢g F,.M,T,D C 41.35 36.8 ONCLO5F 21.87 Chakoumakos et al. 1979
8.1cm,449 F,.M,T,D c 282.93 232 ONCLO6F 51.94 Chakoumakos et al. 1979
6.8cm,2.7¢g F,.M,T,D C 186.21 162 ONCLO7F 111.3 Chakoumakos et al. 1979
7.0cm, 329 F,.M,T,D c 85.58 73.6 ONCLO8F 39.53 Chakoumakos et al. 1979
8.5cm,5.2¢g F,.M,T,D C 116.67 91 ONCLO9F 19.63 Chakoumakos et al. 1979
7.7cm, 449 F,.M,T,D c 56.20 44.4 ONCL10F 18.81 Chakoumakos et al. 1979
8.9cm,5.7¢g F,.M,T,D C 21.22 15.7 ONCL11F 10.60 Chakoumakos et al. 1979
Pink salmon, plevin (newly hatched FM,T S 143 ONGOO01F 41.65 40.13 Servizi and Martens 1978
Oncorhynchus gorby alevin FM,T S 87 ONGOO02F 19.70 Servizi and Martens 1978
fry FM,T S 199 - ONGOO03F 78.76 Servizi and Martens 1978
Coho salmon, 69 RM,T,I 164 ONKIO1R 106.09 22.93 Buckley 1983
Oncorhynchus kisuti parr FM,T C 33 - ONKIO2F 20.94 Chapman 1975
adult, 2.7 kg FM,T C 46 ONKIO3F 32.66 Chapman and Stevens 1978
fry F,.M,T,D,I 61 49 ONKIO4F 12.67 Mudge et al. 1993
smolt F.M,T,D,I 63 51 ONKIO5F 13.19 Mudge et al. 1993
fry F,.M,T,D,I 86 58 ONKIO6F 11.95 Mudge et al. 1993
parr F,.M,T,D,I 103 78 ONKIO7F 22.98 Mudge et al. 1993
Rainbow trout, larval, 0.67 g SM,T S 110 - ONMYO01S 41.64 22.19 Dwyer et al. 1995
Oncorhynchus myki larval, 0.48 g SMT S 50 ONMYO02S 25.26 Dwyer et al. 1995
larval, 0.50 g SM,T S 60 - ONMYO03S 29.46 Dwyer et al. 1995
swim-up, 0.25 g R,M,T,D C 46.7 40 ONMYO04R 10.90 Cacela et al. 1996
swim-up, 0.25 g R,M,T,D C 24.2 19 ONMYO05R 9.04 Cacela et al. 1996
swim-up, 0.20-0.24 9| R,M,T,D C 0 34 ONMYO06R 5.02 Welsh et al. 2000
swim-up, 0.20-0.24 9| R,M,T,D C 0 8.1 ONMYO7R 11.97 Welsh et al. 2000
swim-up, 0.20-0.24 9| R,M,T,D C 0 17.2 ONMYO08R 13.80 Welsh et al. 2000
swim-up, 0.20-0.24 9| R,M,T,D C 0 32 ONMYO09R 23.84 Welsh et al. 2000
alevin FM,T C 28 ONMY10F 20.30 Chapman 1975, 1978
swim-up, 0.17 g FM,T C 17 ONMY11F 12.54 Chapman 1975, 1978
parr, 8.6 cm, 6.96 g FM,T C 18 ONMY12F 9.87 Chapman 1975, 1978
smolt, 18.8 cm, 68.19 FM,T C 29 ONMY13F 22.48 Chapman 1975, 1978
1lg F,.M,T,D c - 169 ONMY14F 23.41 Chakoumakos et al. 1979
4.9 cm F,M,T,D C - 85.3 ONMY15F 10.20 Chakoumakos et al. 1979
6.0cm,2.1g F,M,T,D C - 83.3 ONMY16F 9.93 Chakoumakos et al. 1979
6.1cm,25¢g F,.M,T,D C - 103 ONMY17F 12.71 Chakoumakos et al. 1979
269 F,.M,T,D c - 274 ONMY18F 44.54 Chakoumakos et al. 1979
439 F,.M,T,D C - 128 ONMY19F 16.51 Chakoumakos et al. 1979
9.2cm, 949 F,.M,T,D c - 221 ONMY20F 33.33 Chakoumakos et al. 1979
99cm, 11.5g F,M,T,D C - 165 ONMY21F 22.70 Chakoumakos et al. 1979
11.8cm, 18.7 g F,.M,T,D C - 197 ONMY22F 28.60 Chakoumakos et al. 1979
13.5cm, 249¢g F,.M,T,D C - 514 ONMY23F 99.97 Chakoumakos et al. 1979
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Table 1. Acute Toxicity of Copper to Freshwater Animals

. Reported LC50 or Reported LC50 BLM Normalized .
Species? Organism Age, Method” Chemical® EC50 or EC50 BLM Data Label LC50 or EC50 | oPecies Mean Acute Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
13.4cm, 25.6 g F,.M,T,D C - 243 ONMY24F 37.88 Chakoumakos et al. 1979
6.7cm, 2.65¢g FMT c 2.8 ONMY25F 7.00 Cusimano et al. 1986
parr F.M,T,D,I 90 68 ONMY26F 19.73 Mudge et al. 1993
swim-up, 0.29 g F,M,T,D C 19.6 18 ONMY27F 8.10 Cacela et al. 1996
swim-up, 0.25 g F.M,T,D C 12.9 12 ONMY28F 32.15 Cacela et al. 1996
swim-up, 0.23 g F,M,T,D C 5.9 5.7 ONMY29F 24.80 Cacela et al. 1996
swim-up, 0.23 g F.M,T,D C 37.8 35 ONMY30F 16.16 Cacela et al. 1996
swim-up, 0.26 g F,M,T,D C 25.1 18 ONMY31F 37.66 Cacela et al. 1996
swim-up, 0.23 g F.M,T,D C 17.2 17 ONMY32F 24.19 Cacela et al. 1996
0.64g,4.1cm F,M,T,D Cc 101 ONMY33F 39.73 Hansen et al. 2000
0.35g, 3.4cm F.M,T,D C 308 ONMY34F 85.83 Hansen et al. 2000
0.68 g, 4.2cm F,M,T,D Cc 93 ONMY35F 95.9 Hansen et al. 2000
0.43g,3.7cm F.M,T,D C 35.9 ONMY36F 50.83 Hansen et al. 2000
0.29 g, 3.4 cm F,M,T,D C 54.4 ONMY37F 47.69 Hansen et al. 2000
Sockeye salmon,  plevin (newly hatched F.M,T S 190 - ONNEO1F 71.73 54.82 Servizi and Martens 1978
Oncorhynchus nerkd alevin FM,T S 200 ONNEO2F 79.52 Servizi and Martens 1978
alevin FM,T S 100 - ONNEO3F 23.74 Servizi and Martens 1978
alevin FMT S 110 ONNEO4F 27.22 Servizi and Martens 1978
alevin FM,T S 130 - ONNEO5F 35.36 Servizi and Martens 1978
fry FM,T S 150 ONNEO6F 45.37 Servizi and Martens 1978
smolt, 5.5 g FM,T S 210 - ONNEO7F 87.77 Servizi and Martens 1978
smolt, 5.5 g FM,T S 170 ONNEOS8F 57.53 Servizi and Martens 1978
smolt, 5.5 g FM,T S 190 - ONNEO9F 71.73 Servizi and Martens 1978
smolt, 4,8 g FM,T S 240 ONNE10F 114.4 Servizi and Martens 1978
Chinook salmon, alevin, 0.05 g F.M,T C 26 - ONTSO1F 14.48 25.02 Chapman 1975, 1978
Oncorhynchus tshay]  swim-up, 0.23 g FM,T C 19 ONTS02F 10.44 Chapman 1975, 1978
parr, 9.6 cm, 11.58 g FMT C 38 ONTSO03F 28.30 Chapman 1975, 1978
smolt, 14.4 cm, 32.46 FMT C 26 ONTS04F 20.09 Chapman 1975, 1978
3mo, 1.35¢g F.M,T,I C 10.2 - ONTSO05F 19.41 Chapman and McCrady 1977
3mo, 1.35g FM,T,I C 24.1 ONTS06F 30.91 Chapman and McCrady 1977
3mo, 1.35¢g F.M,T,I C 825 - ONTSO7F 32.74 Chapman and McCrady 1977
3mo,1.35¢g FM,T,I C 128.4 ONTSO08F 20.66 Chapman and McCrady 1977
swim-up, 0.36-0.45g| F,M,T,D C 0 7.4 ONTS09F 36.49 Welsh et al. 2000
swim-up, 0.36-0.45g| F,M,T,D C 0 125 ONTS10F 30.85 Welsh et al. 2000
swim-up, 0.36-0.45g| F,M,T,D C 0 14.3 ONTS11F 31.49 Welsh et al. 2000
swim-up, 0.36-0459g] FM,T,D C 0 18.3 ONTS12F 48.56 Welsh et al. 2000

28




Table 1. Acute Toxicity of Copper to Freshwater Animals

. Reported LC50 or Reported LC50 BLM Normalized Species M Acut
Species® organism Age, |\ ihod® | chemical® EC50 or EC50 BLM Data Label | LC500r ECs0 |>PEcies Mean Acute Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
Bull trout, 0.130 g, 2.6 cm F.M,T,D C 228 - SACOO01F 69.70 68.31 Hansen et al. 2000
Salvelinus confluent] 0.555 g, 4.0 cm F,M,T,D C 207 SACOO02F 63.62 Hansen et al. 2000
0.774g,4.5¢cm F,.M,T,D C 66.6 SACOO03F 74.18 Hansen et al. 2000
15209, 5.6 cm F,.M,T,D c 50 SACO04F 63.60 Hansen et al. 2000
1.160 g, 5.2 cm F,.M,T,D C 89 SACOO05F 71.11 Hansen et al. 2000
Chiselmouth, 46cm,1.25¢9 FM,T C 143 ACALO1F 216.3 216.3 Andros and Garton 1980
Acrocheilus
Bonytail chub, larval, 0.29 g SMT S 200 GIELO1S 63.22 63.22 Dwyer et al. 1995
||Gila elegans
Golden shiner, FM,T C 84600 NOCRO1F 107860 107860 Hartwell et al. 1989
Notemigonus
“crysoleucas
Fathead minnow, adult, 40 mm SM,T S 310 - PIPRO1S 266.3 69.63 Birge et al. 1983
Pimephales promelg adult, 40 mm SMT S 120 PIPRO2S 105.61 Birge et al. 1983
adult, 40 mm SM,T S 390 - PIPR0O3S 207.3 Birge et al. 1983; Benson & Birge|
SM,T c 55 PIPR0O4S 38.08 Carlson et al. 1986
SM,T C 85 PIPRO5S 70.71 Carlson et al. 1986
<24 h SM,T N 15 PIPR0O6S 11.23 Schubauer-Berigan et al. 1993
<24 h SM,T N 44 - PIPRO7S 18.03 Schubauer-Berigan et al. 1993
<24 h SM,T N >200 PIPRO8S 24.38 Schubauer-Berigan et al. 1993
<24 h, 0.68 mg SM,T S 4.82 PIPR0O9S 8.87 Welsh et al. 1993
<24 h, 0.68 mg SM,T S 8.2 PIPR10S 16.72 Welsh et al. 1993
<24 h, 0.68 mg SM,T S 31.57 PIPR11S 25.15 Welsh et al. 1993
<24 h, 0.68 mg SM,T S 21.06 PIPR12S 17.67 Welsh et al. 1993
<24 h, 0.68 mg SM,T S 35.97 PIPR13S 21.24 Welsh et al. 1993
<24 h, 0.68 mg SM,T S 59.83 PIPR14S 16.64 Welsh et al. 1993
<24 h, 0.68 mg SM,T S 4.83 PIPR15S 5.92 Welsh et al. 1993
<24 h, 0.68 mg SM,T S 70.28 PIPR16S 13.34 Welsh et al. 1993
<24 h, 0.68 mg SM,T S 83.59 PIPR17S 8.22 Welsh et al. 1993
<24 h, 0.68 mg SM,T S 182 PIPR18S 13.91 Welsh et al. 1993
larval, 0.32 g SM,T S 290 PIPR19S 73.92 Dwyer et al. 1995
larval, 0.56 g SM,T S 630 PIPR20S 157.9 Dwyer et al. 1995
larval, 0.45 g SM,T S 400 PIPR21S 103.2 Dwyer et al. 1995
larval, 0.39 g SM,T S 390 PIPR22S 161.7 Dwyer et al. 1995
3.2-5.5cm, 0.42-3.23 SM,T S 450 PIPR23S 152.9 Richards and Beitinger 1995
2.8-5.1 cm, 0.30-2.38 SM,T S 297 PIPR24S 77.75 Richards and Beitinger 1995
1.9-4.6 cm, 0.13-1.55 SM,T S 311 PIPR25S 67.56 Richards and Beitinger 1995
3.0-4.8 cm, 0.23-1.36 SM,T S 513 PIPR26S 76.36 Richards and Beitinger 1995
<24 h SMT,D S 62.23 53.96 PIPR27S 25.70 Erickson et al. 1996a,b
<24 h SM,T,D S 190.5 165.18 PIPR28S 87.89 Erickson et al. 1996a,b
<24 h SMT,D S 68.58 59.46 PIPR29S 28.59 Erickson et al. 1996a,b
<24 h S,M,T,D S 168.91 146.46 PIPR30S 89.18 Erickson et al. 1996a,b
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Table 1. Acute Toxicity of Copper to Freshwater Animals

. Reported LC50 or Reported LC50 BLM Normalized .
Species? Organism Age, Method” Chemical® EC50 or EC50 BLM Data Label LC50 or EC50 | oPecies Mean Acute Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
<24 h SM,T,D S 94.62 82.04 PIPR31S 49.27 Erickson et al. 1996a,b
<24 h SMT,D S 143,51 124.43 PIPR32S 104.90 Erickson et al. 1996a,b
<24 h SM,T,D S 120.65 103.76 PIPR33S 86.54 Erickson et al. 1996a,b
<24 h SMT,D S 196.85 167.32 PIPR34S 122.0 Erickson et al. 1996a,b
<24 h SM,T,D S 133.35 120.02 PIPR35S 75.0 Erickson et al. 1996a,b
<24 h SMT,D S 184.15 169.42 PIPR36S 122.2 Erickson et al. 1996a,b
<24 h SM,T,D S 304.8 268.22 PIPR37S 78.5 Erickson et al. 1996a,b
<24 h SMT,D S 292.1 242.44 PIPR38S 201.5 Erickson et al. 1996a,b
<24 h SM,T,D S 133.35 113.35 PIPR39S 100.75 Erickson et al. 1996a,b
<24 h SMT,D S 92.71 77.88 PIPR40S 72.95 Erickson et al. 1996a,b
<24 h SM,T,D S 152.4 128.02 PIPR41S 112.9 Erickson et al. 1996a,b
<24 h SMT,D S 177.8 151.13 PIPR42S 136.3 Erickson et al. 1996a,b
<24 h SM,T,D S 203.2 166.62 PIPR43S 136.0 Erickson et al. 1996a,b
<24 h SMT,D S 190.5 163.83 PIPR44S 147.7 Erickson et al. 1996a,b
<24 h SM,T,D S 196.85 157.48 PIPR45S 125.9 Erickson et al. 1996a,b
<24 h SMT,D S 234.95 199.71 PIPR46S 157.4 Erickson et al. 1996a,b
<24 h SM,T,D S 146.05 128.52 PIPR47S 127.8 Erickson et al. 1996a,b
<24 h SMT,D S 171.45 150.88 PIPR48S 153.9 Erickson et al. 1996a,b
<24 h SM,T,D S 152.4 131.06 PIPR49S 114.57 Erickson et al. 1996a,b
<24 h SMT,D S 184.15 160.21 PIPR50S 131.3 Erickson et al. 1996a,b
<24 h SM,T,D S 203.2 182.88 PIPR51S 130.9 Erickson et al. 1996a,b
<24 h SMT,D S 203.2 180.85 PIPR52S 105.76 Erickson et al. 1996a,b
<24 h SM,T,D S 203.2 176.78 PIPR53S 128.8 Erickson et al. 1996a,b
<24 h SMT,D S 222.25 188.91 PIPR54S 122.1 Erickson et al. 1996a,b
<24 h SM,T,D S 146.05 125.60 PIPR55S 111.87 Erickson et al. 1996a,b
<24 h SMT,D S 139.7 117.35 PIPR56S 85.45 Erickson et al. 1996a,b
<24 h SM,T,D S 139.7 114.55 PIPR57S 83.10 Erickson et al. 1996a,b
<24 h SMT,D S 152.4 126.49 PIPR58S 85.82 Erickson et al. 1996a,b
<24 h SM,T,D S 203.2 172.72 PIPR59S 110.0 Erickson et al. 1996a,b
<24 h SMT,D S 196.85 167.32 PIPR60S 106.46 Erickson et al. 1996a,b
<24 h SM,T,D S 266.7 226.70 PIPR61S 133.4 Erickson et al. 1996a,b
<24 h SMT,D S 99.06 84.20 PIPR62S 138.0 Erickson et al. 1996a,b
<24 h SM,T,D S 111.13 97.79 PIPR63S 165.8 Erickson et al. 1996a,b
<24 h SMT,D S 78.74 70.08 PIPR64S 114.8 Erickson et al. 1996a,b
<24 h SM,T,D S 92.71 81.58 PIPR65S 121.5 Erickson et al. 1996a,b
<24 h SMT,D S 85.09 77.43 PIPR66S 106.69 Erickson et al. 1996a,b
<24 h SM,T,D S 123.19 110.87 PIPR67S 124.7 Erickson et al. 1996a,b
<24 h SMT,D S 165.1 151.89 PIPR68S 114.24 Erickson et al. 1996a,b
<24 h SM,T,D S 190.5 175.26 PIPR69S 89.93 Erickson et al. 1996a,b
<24 h SMT,D S 165.1 145.29 PIPR70S 140.2 Erickson et al. 1996a,b
<24 h S,M,T,D S 127 111.76 PIPR71S 100.16 Erickson et al. 1996a,b
<24 h SM,T,D S 92.08 79.18 PIPR72S 58.74 Erickson et al. 1996a,b
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Table 1. Acute Toxicity of Copper to Freshwater Animals

. Reported LC50 or Reported LC50 BLM Normalized .
Species? Organism Age, Method” Chemical® EC50 or EC50 BLM Data Label LC50 or EC50 | oPecies Mean Acute Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
<24 h SM,T,D S 66.68 60.01 PIPR73S 37.67 Erickson et al. 1996a,b
<24 h SMT,D S 393.70 370.08 PIPR74S 163.3 Erickson et al. 1996a,b
<24 h SM,T,D S 317.50 292.10 PIPR75S 252.2 Erickson et al. 1996a,b
<24 h SMT,D S 107.95 101.47 PIPR76S 169.6 Erickson et al. 1996a,b
<24 h SM,T,D S 67.95 62.51 PIPR77S 146.5 Erickson et al. 1996a,b
<24 h SMT,D S 45.72 42.06 PIPR78S 126.3 Erickson et al. 1996a,b
<24 h SM,T,D S 177.80 172.47 PIPR79S 197.6 Erickson et al. 1996a,b
<24 h SMT,D S 13.97 12.43 PIPR80S 28.13 Erickson et al. 1996a,b
<24 h SM,T,D S 304.80 271.27 PIPR81S 149.2 Erickson et al. 1996a,b
<24 h SMT,D S 71.12 71.12 PIPR82S 105.76 Erickson et al. 1996a,b
<24 h SM,T,D S 83.82 79.63 PIPR83S 108.41 Erickson et al. 1996a,b
<24 h SMT,D S 104.78 99.54 PIPR84S 114.7 Erickson et al. 1996a,b
<24 h SM,T,D S 139.70 132.72 PIPR85S 137.8 Erickson et al. 1996a,b
<24 h SMT,D S 152.40 137.16 PIPR86S 114.8 Erickson et al. 1996a,b
<24 h SM,T,D S 260.35 182.25 PIPR87S 114.8 Erickson et al. 1996a,b
<24 h SMT,D S 488.95 268.92 PIPR88S 122.1 Erickson et al. 1996a,b
<24 h SM,T,D S 203.20 188.98 PIPR89S 147.5 Erickson et al. 1996a,b
<24 h SMT,D S 704.85 662.56 PIPR90S 185.0 Erickson et al. 1996a,b
<24 h SM,T,D S 952.50 904.88 PIPR91S 197.1 Erickson et al. 1996a,b
<24 h SMT,D S 1244.60 995.68 PIPR92S 188.3 Erickson et al. 1996a,b
<24 h SM,T,D S 1485.90 891.54 PIPR93S 135.5 Erickson et al. 1996a,b
<24 h SMT,D S 781.05 757.62 PIPR94S 181.4 Erickson et al. 1996a,b
<24 h SM,T,D S 476.25 404.81 PIPR95S 1725 Erickson et al. 1996a,b
<24 h SMT,D S 273.05 262.13 PIPR96S 191.4 Erickson et al. 1996a,b
<24 h SM,T,D S 22.23 20.45 PIPR97S 59.14 Erickson et al. 1996a,b
<24 h SMT,D S 24.13 23.16 PIPR98S 64.08 Erickson et al. 1996a,b
<24 h SM,T,D S 36.83 34.99 PIPR99S 97.49 Erickson et al. 1996a,b
<24 h SMT,D S 27.94 27.94 PIPR100S 78.99 Erickson et al. 1996a,b
<24 h SM,T,D S 26.67 26.67 PIPR101S 72.86 Erickson et al. 1996a,b
<24 h SMT,D S 20.32 20.32 PIPR102S 50.73 Erickson et al. 1996a,b
<24 h SM,T,D S 26.67 26.67 PIPR103S 68.24 Erickson et al. 1996a,b
<24 h SMT,D S 190.50 182.88 PIPR104S 146.6 Erickson et al. 1996a,b
<24 h SM,T,D S 109.86 96.67 PIPR105S 93.76 Erickson et al. 1996a,b
<24 h SMT,D S 203.20 182.88 PIPR106S 128.86 Erickson et al. 1996a,b
<24 h SM,T,D S 209.55 190.69 PIPR107S 113.0 Erickson et al. 1996a,b
<24 h SMT,D S 146.05 127.06 PIPR108S 101.01 Erickson et al. 1996a,b
<24 h SM,T,D S 165.10 148.59 PIPR109S 120.9 Erickson et al. 1996a,b
<24 h SMT,D S 254.00 223.52 PIPR110S 137.6 Erickson et al. 1996a,b
<24 h SM,T,D S 311.15 283.15 PIPR111S 142.9 Erickson et al. 1996a,b
<24 h SM,T,D S 165.10 150.24 PIPR112S 106.74 Erickson et al. 1996a,b
<24 h SM,T,D S 920.75 644.53 PIPR113S 131.9 Erickson et al. 1996a,b
<24 h SM,T,D S 1073.15 697.55 PIPR114S 116.5 Erickson et al. 1996a,b
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Table 1. Acute Toxicity of Copper to Freshwater Animals

. Reported LC50 or Reported LC50 BLM Normalized .
Species? Organism Age, Method” Chemical® EC50 or EC50 BLM Data Label LC50 or EC50 | oPecies Mean Acute Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
<24 h SM,T,D S 1003.30 752.48 PIPR115S 109.8 Erickson et al. 1996a,b
<24 h SMT,D S 933.45 653.42 PIPR116S 123.2 Erickson et al. 1996a,b
<24 h SM,T,D S 742.95 646.37 PIPR117S 129.6 Erickson et al. 1996a,b
<24 h SMT,D S 1879.60 939.80 PIPR118S 124.8 Erickson et al. 1996a,b
<24 h SM,T,D S 266.70 253.37 PIPR119S 176.1 Erickson et al. 1996a,b
FM,T S 114.00 PIPR120F 17.99 Lind et al. Manuscript (1978)
FM,T S 121.00 PIPR121F 19.70 Lind et al. Manuscript (1978)
FM,T S 88.50 PIPR122F 13.27 Lind et al. Manuscript (1978)
FM,T S 436.00 PIPR123F 78.50 Lind et al. Manuscript (1978)
FM,T S 516.00 PIPR124F 50.09 Lind et al. Manuscript (1978)
FM,T S 1586.00 PIPR125F 66.49 Lind et al. Manuscript (1978)
FM,T S 1129.00 PIPR126F 73.03 Lind et al. Manuscript (1978)
FM,T S 550.00 PIPR127F 42.76 Lind et al. Manuscript (1978)
FM,T S 1001.00 PIPR128F 34.39 Lind et al. Manuscript (1978)
30d,0.15¢g F,.M,T,D N 96.00 88.32 PIPR129F 39.58 Spehar and Fiandt 1986
<24 h F,.M,T,D S 31.75 27.94 PIPR130F 8.69 Erickson et al. 1996a,b
<24 h F,.M,T,D S 117.48 105.73 PIPR131F 37.88 Erickson et al. 1996a,b
<24 h F,.M,T,D S 48.26 40.06 PIPR132F 10.80 Erickson et al. 1996a,b
<24 h F.MT,D S 73.03 64.26 PIPR133F 22.19 Erickson et al. 1996a,b
<24 h F,.M,T,D S 59.06 49.02 PIPR134F 20.32 Erickson et al. 1996a,b
<24 h F,.M,T,D S 78.74 67.72 PIPR135F 18.51 Erickson et al. 1996a,b
<24 h F,.M,T,D S 22.23 18.67 PIPR136F 13.61 Erickson et al. 1996a,b
<24 h F,.M,T,D S 6.99 6.15 PIPR137F 10.94 Erickson et al. 1996a,b
<24 h F,.M,T,D S 22.23 20.45 PIPR138F 17.70 Erickson et al. 1996a,b
<24 h F.MT,D S 107.32 93.36 PIPR139F 67.09 Erickson et al. 1996a,b
<24 h F,.M,T,D S 292.10 245.36 PIPR140F 17.75 Erickson et al. 1996a,b
<24 h F,.M,T,D S 81.28 72.34 PIPR141F 41.16 Erickson et al. 1996a,b
<24 h F,.M,T,D S 298.45 229.81 PIPR142F 16.18 Erickson et al. 1996a,b
<24 h F,.M,T,D S 241.30 195.45 PIPR143F 24.40 Erickson et al. 1996a,b
<24 h F,.M,T,D S 133.35 109.35 PIPR144F 21.07 Erickson et al. 1996a,b
<24 h F,.M,T,D S 93.98 78.00 PIPR145F 50.83 Erickson et al. 1996a,b
<24 h F,.M,T,D S 67.95 45.52 PIPR146F 23.18 Erickson et al. 1996a,b
<24 h F,.M,T,D S 4,76 4.38 PIPR147F 40.09 Erickson et al. 1996a,b
<24 h F,.M,T,D S 13.97 12.43 PIPR148F 45.37 Erickson et al. 1996a,b
<24 h F,.M,T,D S 29.85 26.86 PIPR149F 59.43 Erickson et al. 1996a,b
<24 h F,.M,T,D S 59.69 51.33 PIPR150F 58.84 Erickson et al. 1996a,b
Northern squawfish, larval, 0.32 g SMT S 380 PTLUO1S 88.44 132.2 Dwyer et al. 1995
Ptychocheilus orego larval, 0.34 g S,M,T S 480 - PTLUO2S 197.6 Dwyer et al. 1995
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Table 1. Acute Toxicity of Copper to Freshwater Animals

. Reported LC50 or Reported LC50 BLM Normalized Species M Acut
Species® organism Age, |\ ihod® | chemical® EC50 or EC50 BLM Data Label | LC500r ECs0 |>PEcies Mean Acute Reference
Size, or Lifestage d . e f Value (ug/L)°
(total pg/L) (Diss. pg/L) (ng/L)
Northern squawfish, 5.0cm, 1.33g F.M,T C 23 - PTORO1F 17.02 14.61 Andros and Garton 1980
Ptychocheilus orego 7.2cm, 3.69 g FM,T C 18 PTORO2F 12.54 Andros and Garton 1980
| Razorback sucker, larval, 0.31 g SM,T S 220 - XYTEO1S 63.78 78.66 Dwyer et al. 1995
Xyrauchen texanus larval, 0.32 g SMT S 340 XYTEOQ2S 97.0 Dwyer et al. 1995
Gila topminnow, 2.72cm, 0.219¢g SM,T S 160 - POACO01S 56.15 56.15 Dwyer et al. 1999
| Poeciliposis
Bluegill, 3.58cm, 0.63 g R,M,D C - 2200 LEMAO1R 2202 2231 Blaylock et al. 1985
Lepomis macrochiru 12cm,35¢9 FM,T S 1100 LEMAO2F 2305 Benoit 1975
2.8-6.8 cm FM,T C 1000 LEMAO3F 4200 Cairns et al. 1981
3.58 cm, 0.63 g F,M,D C - 1300 LEMAO4F 1163 Blaylock et al. 1985
Fantail darter, 3.7cm SM,T S 330 - ETFLO1S 117.7 124.3 Lydy and Wissing 1988
Etheostoma flabella 3.7¢cm SMT S 341 ETFLO2S 1211 Lydy and Wissing 1988
3.7cm SM,T S 373 ETFLO3S 122.8 Lydy and Wissing 1988
3.7cm SM,T S 392 ETFL04S 136.6 Lydy and Wissing 1988
Greenthroat darter, 2.26 cm, 0.133 g SM,T S 260 - ETLEO1S 82.80 82.80 Dwyer et al. 1999
Etheostoma
Johnny darter, 3.9cm SM,T S 493 - ETNIO1S 167.3 178.3 Lydy and Wissing 1988
Etheostoma nigrum 3.9cm SMT S 483 ETNIO2S 164.2 Lydy and Wissing 1988
3.9cm SM,T S 602 ETNIO3S 200.1 Lydy and Wissing 1988
3.9cm SM,T S 548 ETNIO4S 183.9 Lydy and Wissing 1988
Fountain darter, 2.02cm, 0.062 g SM,T S 60 - ETRUO1S 22.74 22.74 Dwyer et al. 1999
Etheostoma rubrum
Boreal toad, tadpole, 0.012 g SM,T S 120 - BUBOO01S 47.49 47.49 Dwyer et al. 1999
||Bufo boreas

? Species appear in order taxonomically, with invertebrates listed first, fish, and an amphibian listed last. Species within each genus are ordered alphabetically. Within each species, tests are ordered b
test method (static, renewal, flow-through) and date.
P S = static, R = renewal, F = flow-through, U = unmeasured, M = measured, T = exposure concentrations were measured as total copper, D = exposure concentrations were measured as

dissolved copper.

°S = copper sulfate, N = copper nitrate, C = copper chloride.
dValues in this column are total copper LC50 or EC50 values as reported by the author.
®Values in this column are dissolved copper LC50 or EC50 values either reported by the author or if the author did not report a dissolved value then a conversion factor (CF) was applied

to the total copper LC50 to estimate dissolved copper values.

"Mormalization Chemisiry

Temp pH Diss Cu DoG TaHA Ca Mg Ma [ 50y cl Alkalinity 5
Deg C ugiL mgL mg'L mg'L mygiL mgiL mgiL mail mail ma’l
20.00 7.5 1.00 0.5 10.0 14.0 12.1 26.3 2.1 B1.4 1.9 55.0 0.0003

g Underlined LC50s or EC50s not used to derive SMAV because considered extreme value.

* Table updated as of March 2, 2007
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Table 2a. Chronic Toxicity of Copper to Freshwater Animals

Chronic Values

Hardness Chronic . Species Mean | Genus Mean
Species Test? Chemical Endpoint (mg/L as Limits (ug/L) Chronlbc EC20° Chronic Value | Chronic Value Reference
CaCO03) Hg Value (ug/L) (Total pg/L) (Total pg/L) ACR
(Mo/L)

Rotifer, LC,T Copper sulfate Intrinsic growth 85 2.5-5.0 3.54 - 3.54 3.54 Janssen et al. 1994
Brachionus calyciflorus rate
Snail, LC,T Copper sulfate Survival 35-55 8-14.8 10.88 8.73 9.77 9.77 191.6 |Arthur and Leonard 1970
Campeloma decisum (Test 1)
Snail, LC,T Copper sulfate Survival 35-55 8-14.8 10.88 10.94 153.0 |Arthur and Leonard 1970
Campeloma decisum (Test 2)
Cladoceran, LC,D - Reproduction 179 6.3-9.9 7.90° - 19.3 19.3 3.599 |Belanger et al. 1989
Ceriodaphnia dubia (New River) (8.23)
Cladoceran, LC,D - Reproduction 94.1 <19.3-19.3 <19.3 19.36° 3.271 |Belanger et al. 1989
Ceriodaphnia dubia (Cinch River) (20.17)
Cladoceran, LC,T Copper sulfate Survival and 57 - 24.50 - 0.547 |Oris et al. 1991
Ceriodaphnia dubia reproduction
Cladoceran, LC,T Copper sulfate Survival and 57 - 34.60 - Oris et al. 1991
Ceriodaphnia dubia reproduction
Cladoceran, LC,T,D Copper chloride Reproduction 12-32 19.59 9.17 2.069 |Carlson et al. 1986
Ceriodaphnia dubia
Cladoceran, LC,T Copper chloride Reproduction 85 10-30 17.32 - 14.1 8.96 Blaylock et al. 1985
Daphnia magna
Cladoceran, LC,T Copper chloride | Carapace length 225 12.6-36.8 21.50 - van Leeuwen et al. 1988
Daphnia magna
Cladoceran, LC,T Copper chloride Reproduction 51 11.4-16.3 13.63 12.58 2.067 |Chapman et al. Manuscript
Daphnia magna
Cladoceran, LC,T Copper chloride Reproduction 104 20-43 29.33 19.89 1.697 [Chapman et al. Manuscript
Daphnia magna
Cladoceran, LC,T Copper chloride Reproduction 211 7.2-12.6 9.53 6.06 11.39 [Chapman et al. Manuscript
Daphnia magna
Cladoceran, LC,T Copper sulfate Survival 57.5 (No HA) 4.0-6.0 4.90 2.83 5.68 9.104 |Winner 1985
Daphnia pulex
Cladoceran, LC,T Copper sulfate Survival 115 (No HA) 5.0-10.0 7.07 3.904 |Winner 1985
Daphnia pulex
Cladoceran, LC,T Copper sulfate Survival 230 (0.15 HA) 10-15 12.25 9.16 3.143 |Winner 1985
Daphnia pulex
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Table 2a. Chronic Toxicity of Copper to Freshwater Animals

Chronic Values

Hardness Chronic . Species Mean | Genus Mean
Species Test? Chemical Endpoint (mg/L as Limits (ug/L) Chronlbc EC20° Chronic Value | Chronic Value Reference
CaCO03) H9 Value (ug/L) (Total pg/L) (Total pg/L) ACR
(hg/L)
Caddisfly, LC,T Copper chloride | Emergence (adult 26 8.3-13 10.39 7.67 7.67 7.67 Nebeker et al. 1984b
Clistoronia magnifica 1st gen)
Rainbow trout, ELS,T Copper chloride Biomass 120 27.77 23.8 11.9 2.881 |Seim et al. 1984
Oncorhynchus mykiss continuous
Rainbow trout, ELS,T Copper sulfate Biomass 160-180 12-22 16.25 20.32 Besser et al. 2001
Oncorhynchus mykiss
Chinook salmon, ELS,T Copper chloride Biomass 20-45 <7.4 <7.4 5.92 5.92 5.594 |Chapman 1975, 1982
Oncorhynchus tshawytscha
Brown trout, ELS,T Copper sulfate Biomass 45.4 20.8-43.8 29.91 - 29.9 29.9 McKim et al. 1978
Salmo trutta
Brook trout, PLC,T Copper sulfate Biomass 35.0 <5-5 <5 - 12.5 19.7 Sauter et al. 1976
Salvelinus fontinalis
Brook trout, ELS,T Copper sulfate Biomass 45.4 22.3-43.5 31.15 - McKim et al. 1978
Salvelinus fontinalis
Lake trout, ELS, T Copper sulfate Biomass 45.4 22.0-43.5 30.94 - 30.9 McKim et al. 1978
Salvelinus namaycush
Northern pike, ELS, T Copper sulfate Biomass 45.4 34.9-104.4 60.36 - 60.4 60.4 McKim et al. 1978
Esox lucius
Bluntnose minnow LC,T Copper sulfate Egg production 172-230 <18-18 18.00 - 18.0 13.0 12.88 [Horning and Neiheisel 1979
Pimephales notatus
Fathead minnow, ELS,T,.D - Biomass 45 9.38 9.38 11.40 [Lind et al. manuscript
Pimephales promelas
White sucker, ELS, T Copper sulfate Biomass 45.4 12.9-33.8 20.88 - 20.9 20.9 McKim et al. 1978
Catostomus commersoni
Bluegill (larval), ELS,T,.D Copper sulfate Survival 44-50 21-40 28.98 27.15 27.2 27.2 40.52 |Benoit 1975
Lepomis macrochirus

# LC = life-cycle; PLC = partial life-cyle; ELS = early life state; T = total copper; D = dissolved copper.

P Results are based on copper, not the chemical.

¢ Chronic values based on dissolved copper concentration.
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Table 2b. Chronic Toxicity of Copper to Saltwater Animals

. . Salinity - Chronic Value| Chronic Value Dissolved
Species Test Chemical Limits L ACR Reference
P (g/k) O 1 (g (Hg/L)
Sheepshead minnow, .
ELS Copper chloride 30 172-362 249 206.7 1.48 | Hughes et al. 1989

Cyprinodon variegatus
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Table 2c. Acute-Chronic Ratios

. Hardness (mg/L | Acute Value| Chronic . Ov_erall
Species as CaCO,) (ug/L) value (ug/L) Ratio Reference Ratlo.for
Species
Snail, 35-55 1673° 8.73 191.61  |Arthur and Leonard 1970
Campeloma decisum 35-55 1673" 10.94 152.95  |Arthur and Leonard 1970 171.19
Cladoceran, 28.42° 7.90 360 (I
Ceriodaphnia dubia l 63.33° 19.36 3.27 _
57 13.4 24.5 0.55 Oris et al. 1991
- [ 9.17 1.96 2.85¢
Cladoceran, 51 26 12.58 2.07 Chapman et al. Manuscript
Daphnia magna 104 33.76" 19.89 1.70 Chapman et al. Manuscript
211 69 6.06 11.39 Chapman et al. Manuscript 3.42
Cladoceran, 57.5 25.737 2.83 as10 |
Daphnia pulex 115 27.6 7.07 39 [N
230 28.79 9.16 3.14 4.82
Rainbow trout,
Oncorhynchus mykiss 120 80 27.77 2.88 Seim et al. 1984 2.88
Chinook salmon,
Oncorhynchus tshawytscha 20-45 33.1 5.92 5.59 Chapman 1975, 1982 5.59
Bluntnose minnow,
Pimephales notatus 172-230 231.9° 18 12.88 Horning and Neiheisel 1979 12.88
Fathead minnow,
Pimephales promelas 45 106.875 9.38 11.40 Lind et al. 1978 11.40
Bluegill,
Lepomis macrochirus 21-40 1100 27.15 40.52 Benoit 1975 40.49
Sheepshead minnow,
| Cyprinodon variegatus - 368 249 1.48 Hughes et al. 1989 1.48

2Geometric mean of two values from Arthur and Leonard (1970) in Table 1.
®Geometric mean of five values from Belanger et al. (1989) in Table 1. ACR is based on dissolved metal measurements.
‘Geometric mean of two values from Carlson et al. (1986) in Table 1.

dGeometric mean of two values from Chapman manuscript in Table 1.
°Geometric mean of two values of three values from Horning and Neiheisel (1979) in Appendix C.
‘Geometric mean of three values from Lind et al. (1978) in Table 1.
9ACR from Oris et al. (1991) not used in calculating overall ratio for species because it is <1.

FACR

Freshwater final acute-chronic ratio = 3.22
i ute-chronic ratio = 3.22

* Table updated as of March 2, 2007
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Table 3a. Ranked Freshwater Genus Mean Acute Values with Species Mean
Acute-Chronic Ratios

Rank GMAV Species SMAV (ug/L) ACR
27 107,860 Golden shiner, Notemigonus crysoleucas 107,860
26 20,636 Stonefly, Acroneuria lycorias 20,636
25 3,573 Snail, Campeloma decisum 3,573 171.19
24 2,231 Bluegill sunfish, Lepomis macrochirus 2,231 40.49
23 1,987 Midge, Chironomus decorus 1,987
22 216.3 Chiselmouth, Acrocheilus alutaceus 216.3
21 80.38 Fantail darter, Etheostoma flabellare 124.3
Greenthroat darter, Etheostoma lepidum 82.80
Johnny darter, Etheostoma nigrum 178.3
Fountain darter, Etheostoma rubrum 22.74
20 78.66 Razorback sucker, Xyrauchen texanus 78.66
19 69.63 Fathead minnow, Pimephales promelas 69.63 11.40
18 69.63 Shovelnose sturgeon, Scaphirhynchus platorynchus 69.63
17 68.31 Bull trout, Salvelinus confluentus 68.31
16 63.22 Bonytail chub, Gila elegans 63.22
15 56.15 Gila topminnow, Poeciliposis occidentalis 56.15
14 52.51 Freshwater mussel, Utterbackia imbecillis 52.51
13 48.41 Worm, Lumbriculus variegatus 48.41
12 47.49 Boreal toad, Bufo boreas 47.49
11 43.94 Colorado squawfish, Ptychocheilus lucius 132.2
Northern squawfish, Ptychocheilus oregonensis 14.61
10 31.39 Apache trout, Oncorhynchus apache 32.54
Cutthroat trout, Oncorhynchus clarki 32.97
Pink salmon, Oncorhynchus gorbuscha 40.13
Coho salmon, Oncorhynchus kisutch 22.93
Rainbow trout, Oncorhynchus mykiss 22.19 2.88
Sockeye salmon, Oncorhynchus nerka 54.82
Chinook salmon, Oncorhynchus tshawytscha 25.02 5.59
9 20.41 Snail, Physa integra 20.41
8 12.31 Snail, Juga plicifera 12.31
7 12.07 Amphipod, Hyalella azteca 12.07
6 11.33 Freshwater mussel, Actinonaias pectorosa 11.33
5 9.73 Cladoceran, Scapholeberis sp. 9.73
4 9.60 Amphipod, Gammarus pseudolimnaeus 9.60
3 6.67 Snalil, Lithoglyphus virens 6.67
2 5.93 Cladoceran, Ceriodaphnia dubia 5.93 2.85
1 4.05 Cladoceran, Daphnia magna 6.00 3.42
Cladoceran, Daphnia pulicaria 2.73

* Table updated as of March 2, 2007
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Table 3b. Freshwater Final Acute Value (FAV) and Criteria Calculations

Calculated Freshwater FAV based on 4 lowest values: Total Number of GMAVs in Data Set = 27
Rank GMAV INGMAV (INGMAV)? P = R/(n+1) SQRT(P)
4 9.600 2.261 5.114 0.143 0.378
3 6.670 1.897 3.599 0.107 0.327
2 5.930 1.780 3.170 0.071 0.267
1 4.050 1.398 1.954 0.036 0.189
Sum: 7.33671 13.83657 0.35714 1.16153
S= 4.374
L= 0.5641
A= 1.542
Calculated FAV = 4.674452
Calculated CMC = 2.337

Dissolved Copper Criterion Maximum Concentration (CMC) = 2.337 pg/L (for example normalization chemistry see Table 1, footnote f)
Criteria Lethal Accumulation (LA50) based on example normalization chemistry = 0.03395 nmol/g wet wt
Criterion Continuous Concentration (CCC) = 4.67445/3.22 = 1.4516932 pg/L (for example normalization chemistry see Table 1, footnote f)

S = Scale parameter or slope

L = Location parameter or intercept
P = Cumulative probability

A = InFAV

* Table updated as of March 2, 2007
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Table 4. Toxicity of Copper to Freshwater Plants

) . Hardness (mg/L ) Result®
Species a Chemical Duration Effect Reference
p Method as CaCO,) (Total pg/L)
Blue-green alga, su Copper 65.2 o6hr |ECTS 200 Young and Lisk 1972
Anabaena flos-aqua sulfate (cell density)
Bllue-green alga, EC85 .
Anabaena variabilis S,U Copper sulfate 65.2 - (wet weight) 100 Young and Lisk 1972
Blue-green alga, .
Anabaena strain 7120 - - - - Lag in growth 64 Laube et al. 1980
Blue-green alga, . S,U Copper nitrate 54.7 10days |Growth reduction 100 Les and Walker 1984
Chroococcus paris
Blue-green alga, e Bringmann 1975; Bringmann and Kuhn
Microcystis aeruginosa S,U Copper sulfate 54.9 8 days Incipient inhibition 30 1976, 1978a.b
Algg, . - - - - Growth reduction 640 Laube et al. 1980
Ankistrodesmus braunii
Green alga, S,U Copper sulfate 68 10days |Growth inhibition 8,000 Cairns et al. 1978
Chlamydomonas sp.
Green alga, NOEC )
||Ch|amydomonas reinhardii SM.T ’ 90-133 7200 | deflagellation) 12.2-491 [ Winner and Owen 1991a
Green alga, NOEC )
Chlamydomonas reinhardii S,M,T - 90 - 133 72 hr (cell density) 12.2-43.0 Winner and Owen 1991a
Green alga, EC50
Chlamydomonas reinhardtii FM.T . 24 10 days (cell density) 315 Schafer et al. 1993
Green alga, . Steeman-Nielsen and Wium-Andersen
Chlorella pyrenoidosa S,U ) ) 96 hr ca. 12 hrlag in growth L 1970
Green alga, _ S.U ) 54.7 ) Growth inhibition 100 Steeman-Nielsen and Kamp-Nielsen
Chlorella pyrenoidosa 1970
Green aiga, . S,U Copper sulfate 365 14 days ECS0 . 78-100 Bednarz and Warkowska-Dratnal 1985
Chlorella pyrenoidosa (dry weight)
Green alga, . S,U Copper sulfate 36.5 14 days ECS0 . 78-100 Bednarz and Warkowska-Dratnal 1985
Chlorella pyrenoidosa (dry weight)
Green alga, EC50 Bednarz and Warkowska-Dratnal
Chlorella pyrenoidosa S,U Copper sulfate 365 14 days (dry weight) 78-100 1983/1984
Green alga, . s Copper - 96hr  [96-h EC50 550 Rachlin et al. 1982
Chlorella saccharophila chloride
Green alga, . S,U Copper sulfate 2,000 96 hr Growth inhibition 200 Young and Lisk 1972
Chlorella vulgaris
Green alga, Copper EC20 .
Chlorella vulgaris S,U chloride 33days | o owth) 42 Rosko and Rachlin 1977
Green alga, . F,U Copper sulfate - 96 hr ECS0 or EC50 62 Ferard et al. 1983
Chlorella vulgaris (cell numbers)
Creenalga, SMD | copper sulfate - 96hr |ics0 270 Ferard et al. 1983
Chlorella vulgaris
Green alga, Copper EC50
Chlorella vulgaris SM.T chloride 96hr | cell density) 200 Blaylock et al. 1985
Green alga, L . . .
S,u Copper sulfate 17.1 7 days 15% reduction in cell density 100 Bilgrami and Kumar 1997

Chlorella vulgaris
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Table 4. Toxicity of Copper to Freshwater Plants

Hardness (mg/L

Result’

Species a Chemical Duration Effect Reference
P Method as CaCOy) (Total pg/L)

Green alga, ) S,uU Copper sulfate 68 10 days |Growth reduction 8,000 Cairns et al. 1978
Scenedesmus quadricauda
Green alga, LOEC Bringmann and Kuhn 1977a, 1978a,b,
||Scenedesmus quadricauda SU Copper sulfate 181 7 days (growth) 1,100 1979, 1980a
Creenalga, S,U Copper 14.9 14days |EC20 85 Christensen et al. 1979
Selenastrum capricornutum chloride (cell volume)
Creenalga, S,U Copper 14.9 7days |OEC 50 Bartlett et al. 1974
Selenastrum capricornutum chloride (growth)
Creenalga, SMT Copper 24.2 o6hr |ECO0 400 Blaylock et al. 1985
Selenastrum capricornutum chloride (cell count)
Green alga, . S,U Copper sulfate 9.3 96 hr ECS0 48.4 Blaise et al. 1986
Selenastrum capricornutum (cell count)
Green alga, . S,U Copper sulfate 9.3 96 hr ECS0 44.3 Blaise et al. 1986
Selenastrum capricornutum (cell count)
Green alga, . S,U Copper sulfate 9.3 96 hr ECS0 46.4 Blaise et al. 1986
Selenastrum capricornutum (cell count)
Creenalga, su Copper 15 23wk |EC0 53.7 Turbak et al. 1986
Selenastrum capricornutum chloride (biomass)
Green alga, . S,U Copper sulfate 14.9 5 days Growth reduction 58 Nyholm 1990
Selenastrum capricornutum
Green aiga, . S,U Copper sulfate 9.3 96 hr ECS0 69.9 St. Laurent et al. 1992
Selenastrum capricornutum (cell count)
Green aiga, . S,U Copper sulfate 9.3 96 hr ECS0 65.7 St. Laurent et al. 1992
Selenastrum capricornutum (cell count)
Creenalga, S,U Copper sulfate 242 o6hr |EC0 54.4 Radetski et al. 1995
Selenastrum capricornutum (cell count)
Creenalga, RU | Copper sulfate 242 o6hr |EC0 482 Radetski et al. 1995
Selenastrum capricornutum (cell count)
Green alga, . S,U Copper sulfate 16 96 hr ECS0 . 38 Chen et al. 1997
Selenastrum capricornutum (cell density)
Algae, S,U Copper sulfate - - Significant rgductlon in plue—green 5 Elder and Horne 1978
mixed culture algae and nitrogen fixation
Diatom, . S,U Copper sulfate 68 10days |Growth inhibition 8,000 Cairns et al. 1978
Cyclotella meneghiniana
Diatom, su Copper - 96hr  |EC50 10,429 Rachlin et al. 1983
Navicula incerta chloride
Diatom, Academy of Natural Sciences 1960;
Nitzschia linearis ’ ) ) Sday  |ECS0 795815 Patrick et al. 1968
Diatom, R Steeman-Nielsen and Wium-Andersen
Nitzschia palea - - - - Complete growth inhibition 5 1970
Duckweed, F . . 7day |EC50 119 Walbridge 1977
Lemna minor
Duckweed, S,U Copper sulfate - 28 days [Significant plant damage 130 Brown and Rattigan 1979

Lemna minor
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Table 4. Toxicity of Copper to Freshwater Plants

) . Hardness (mg/L ) Result®
Species a Chemical Duration Effect Reference
p Method as CaCO,) (Total pg/L)
Duckweed, s,U . 0 o6hr |EC0 1,100 Wang 1986
Lemna minor (frond number)
DUCkweeq S,U Copper sulfate 78 96 hr ECS0 ) 250 Eloranta et al. 1988
Lemna minor (chlorophyll a reduction)
Duckweed, . . .
. RM,T Copper nitrate 39 96 hr Reduced chlorophyll production 24 Taraldsen and Norberg-King 1990

Lemna minor
Eurasian watermilfoil, EC50
Myriophyllum spicatum S,U ) 89 32 days (root weight) 250 Stanley 1974

# s=Static; R=Renewal; F=Flow-through; M=Measured; U=Unmeasured; T=Total metal conc.

® Results are expressed as copper, not as the chemical.

measured; D=dissolved metal conc. measured.
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Appendix A. Rangesin Calibr ation and Application Data Sets
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method® | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Bacteria, S,U Copper - 48 hr Threshold of inhibited glucose use; 80 - Bringmann and Kuhn 1959a
Escherichia coli sulfate measured by pH change in media
Bacteria, S,U Copper 81.1 16 hr EC3 30 - Bringmann and Kuhn 1976, 1977a,
Pseudomonas putida sulfate (cell numbers) 1979, 1980a
Protozoan, S,U Copper 81.9 72 hr EC5 110 - Bringmann 1978;
Entosiphon sulcatum sulfate (cell numbers) Bringmann and Kuhn 1979, 1980a,
Protozoan, S,U Copper 214 28 hr Threshold of decreased feeding rate 50 - Bringmann and Kuhn 1959b
Microrega heterostoma sulfate
Protozoan, S,U Copper - 48 hr Growth threshold 3,200 - Bringmann and Kuhn 1980b, 1981
Chilomonas paramecium sulfate
Protozoan, S,U Copper - 20 hr Growth threshold 140 - Bringmann and Kuhn 1980b, 1981
Uronema parduezi sulfate
Protozoa, - - - 7 days Reduced rate of colonization 167 - Cairns et al. 1980
mixed species
Protozoa, SM,T Copper - 15 days Reduced rate of colonization 100 - Buikema et al. 1983
mixed species sulfate
Green alga, Dosed Copper 226-310 10 mo Decreased abundance from 21% down 120 - Weber and McFarland 1981
Cladophora glomerata stream sulfate to 0%
Green alga, - Copper 76 72 hr Deflagellation 6.7 - Garvey et al. 1991
Chlamydomonas reinhardtii sulfate
Green alga, - Copper 76 72 hr Deflagellation 6.7 - Garvey et al. 1991
Chlamydomonas reinhardtii sulfate
Green alga, - Copper 76 72 hr Deflagellation 16.3 - Garvey et al. 1991
Chlamydomonas reinhardtii sulfate
Green alga - Copper 76 72 hr Deflagellation 254 - Garvey et al. 1991
Chlamydomonas reinhardti sulfate
Green alga, S,U Copper - 28 hr Inhibited photosynthesis 6.3 - Gachter et al. 1973
Chlorella sp. nitrate
Green alga, S,U - 294 72 hr IC50 16 - Stauber and Florence 1989
Chlorella pyrenoidosa (cell division rate)
Green alga, S,U - 14.9 72 hr IC50 24 - Stauber and Florence 1989
Chlorella pyrenoidosa (cell division rate)
Green alga, S,U Copper 82 4 hr Disturbed 25 - Vavilin et al. 1995
Chlorella pyrenoidosa sulfate photosystem |l
Green alga, S,U Copper 19.1 - Decrease in cell density 5,000 - Young and Lisk 1972
Eudorina californica sulfate
Green alga (flagellate cells), S,U Copper 2 24 hr Inhibited growth during 96 hr recovery 50 - Pearlmutter and Buchheim 1983
Haematococcus sp. sulfate period
Green alga, S,U Copper 214 96 hr Threshold of effect on cell numbers 150 - Bringmann and Kuhn 1959b
Scenedesmus quadricauda sulfate
Green alga, S,U Copper 60 72 hr EC3 1,100 - Bringmann and Kuhn 1980a
Scenedesmus quadricauda sulfate (cell numbers)
Green alga, S,U Copper 34.8 24 hr EC50 100 - Starodub et al. 1987
Scenedesmus quadricauda sulfate (photosynthesis)
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method® | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)

Green alga, S,U Copper 34.8 24 hr NOEC 50 - Starodub et al. 1987

Scenedesmus quadricauda sulfate (growth)

Green alga, S,U Copper 34.8 24 hr NOEC 50 - Starodub et al. 1987

Scenedesmus quadricauda sulfate (growth)

Green alga, S,U Copper 34.8 24 hr NOEC >200 - Starodub et al. 1987

Scenedesmus quadricauda sulfate (growth)

Green alga, S,U Copper 14.9 7 days Growth reduction 50 - Bartlett et al.1974

Selenastrum capricornutum chloride

Green alga, S,U Copper 29.3 72 hr EC50 19 - Vasseur et al. 1988

Selenastrum capricornutum sulfate (cell count)

Green alga, S,U Copper 24.2 72 hr EC50 41 - Vasseur et al. 1988

Selenastrum capricornutum sulfate (cell count)

Green alga, S,U Copper 24.2 72 hr EC50 28 - Vasseur et al. 1988

Selenastrum capricornutum sulfate (cell count)

Green alga, S,U Copper 14.9 72 hr EC50 60 - Vasseur et al. 1988

Selenastrum capricornutum sulfate (cell count)

Green alga, S,U Copper 24.2 72 hr EC50 28.5 - Benhra et al. 1997

Selenastrum capricornutum sulfate (cell count)

Green alga, F,U Copper 15 24 hr EC50 21 - Chen et al. 1997

Selenastrum capricornutum sulfate (cell density)

Diatom, Dosed Copper 226-310 10 mo Decreased abundance from 21% dowi 120 - Weber and McFarland 1981

Cocconeis placentula stream sulfate to <1%

Phytoplankton, S,U - - 124 hr Averaged 39% reduction in primary 10 - Cote 1983

mixed species production

Macrophyte, S,U Copper - 24 hr EC50 150 - Brown and Rattigan 1979

Elodea canadensis sulfate (photosynthesis)

Microcosm F.M,T,.D Copper 200 32 wk LOEC 9.3 - Hedtke 1984
sulfate (primary production)

Microcosm F.M,T,.D Copper 200 32 wk NOEC 4 - Hedtke 1984
sulfate (primary production)

Microcosm FM,T Copper 76.7 96 hr Significant drop in no. of taxa and no. 15 - Clements et al. 1988
sulfate of individuals

Microcosm FM,T Copper 58.5 10 days Significant drop in no. of individuals 25 - Clements et al. 1989
sulfate

Microcosm FM,T Copper 151 10 days 58% drop in no. of individuals 135 - Clements et al. 1989
sulfate

Microcosm FM,T Copper 68 10 days Significant drop in species richness 11.3 - Clements et al. 1990
sulfate and no. of individuals

Microcosm FM,T Copper 80 10 days Significant drop in species richness 10.7 - Clements et al. 1990
sulfate and no. of individuals

Microcosm SM,T Copper 102 5 wk 14-28% drop in phytoplankton species 20 - Winner and Owen 1991b
sulfate richness

Microcosm FM,T - 160 28 days LOEC 19.9 - Pratt and Rosenberger 1993

(species richness)
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)

Dosed stream F,M,D Copper 56 lyr Shifts in periphyton species 5.208 - Leland and Carter 1984

sulfate abundance
Dosed stream F.,M,D Copper 56 lyr Reduced algal production 5.208 - Leland and Carter 1985

sulfate
Sponge, S,U Copper 200 10 days Reduced growth by 33% 6 - Francis and Harrison 1988
Ephydatia fluviatilis sulfate
Sponge, S,U Copper 200 10 days Reduced growth by 100% 19 - Francis and Harrison 1988
Ephydatia fluviatilis sulfate
Rotifer, S,U Copper 45 48 hr LC50 1,300 - Cairns et al. 1978
Philodina acuticornis sulfate (50 C)
Rotifer, S,U Copper 45 48 hr LC50 1,200 - Cairns et al. 1978
Philodina acuticornis sulfate (10° C)
Rotifer, S,U Copper 45 48 hr LC50 1,130 - Cairns et al. 1978
Philodina acuticornis sulfate (150 C)
Rotifer, S,U Copper 45 48 hr LC50 1,000 - Cairns et al. 1978
Philodina acuticornis sulfate (20° C)
Rotifer, S,U Copper 45 48 hr LC50 950 - Cairns et al. 1978
Philodina acuticornis sulfate (25° C)
Rotifer, S, U Copper 39.8 24 hr EC50 200 - Couillard et al. 1989
Brachionus calyciflorus sulfate (mobility)
Rotifer (2 hr), S,U Copper - 2 hr LOEC 12.5 - Charoy et al. 1995
Brachionus calyciflorus sulfate (swimming activity)
Rotifer, S,U Copper 90 24 hr EC50 76 - Ferrando et al. 1992
Brachionus calyciflorus sulfate (mobility)
Rotifer (2 hr), S,U Copper 90 5hr EC50 34 - Ferrando et al. 1993a
Brachionus calyciflorus sulfate (filtration rate)
Rotifer (2 hr), S,U Copper 90 6 days LOEC 5 - Janssen et al. 1993
Brachionus calyciflorus sulfate (reproduction decreased 26%)
Rotifer (2 hr), S,U Copper 90 5hr LOEC 12 - Janssen et al. 1993
Brachionus calyciflorus sulfate (reduced swimming speed)
Rotifer (2 hr), S,U Copper 85 3 days LOEC 5 - Janssen et al. 1994
Brachionus calyciflorus sulfate (reproduction decreased 27%)
Rotifer (2 hr), SU Copper 85 3 days LOEC 5 - Janssen et al. 1994
Brachionus calyciflorus sulfate (reproduction decreased 29%)
Rotifer (2 hr), S,U Copper 85 8 days LOEC 5 - Janssen et al. 1994
Brachionus calyciflorus sulfate (reproduction decreased 47%)
Rotifer (2 hr), S,U Copper 170 35 min LOEC 100 - Juchelka and Snell 1994
Brachionus calyciflorus chloride (food ingestion rate)
Rotifer (2 hr), SuU Copper 63.2 24 hr EC50 9.4 - Porta and Ronco 1993
Brachionus calyciflorus sulfate (mobility)
Rotifer (2 hr), S,U - 90 2 days LOEC 30 - Snell and Moffat 1992
Brachionus calyciflorus (reproduction decreased 100%)
Rotifer (<2 hr), S,U - 85 24 hr EC50 26 - Snell et al. 1991b
Brachionus calyciflorus (mobility)

B-3




Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Rotifer (<2 hr), S,U - 85 24 hr EC50 18 - Snell 1991,
Brachionus calyciflorus (mobility; 1& C) Snell et al. 1991b
Rotifer (<2 hr), S,U - 85 24 hr EC50 31 - Snell 1991,
Brachionus calyciflorus (mobility; 15’ C) Snell et al. 1991b
Rotifer (<2 hr), S,U - 85 24 hr EC50 31 - Snell 1991,
Brachionus calyciflorus (mobility; 2¢ C) Snell et al. 1991b
Rotifer (<2 hr), S,U - 85 24 hr EC50 26 - Snell 1991,
Brachionus calyciflorus (mobility; 25’ C) Snell et al. 1991b
Rotifer (<2 hr), S,U - 85 24 hr EC50 25 - Snell 1991,
Brachionus calyciflorus (mobility; 3¢ C) Snell et al. 1991b
Rotifer (<3 hr), S, U Copper 90 24 hr LC50 19 - Snell and Persoone 1989b
Brachionus rubens sulfate
Rotifer, S,U Copper - 24 hr LC50 101 - Borgman and Ralph 1984
Keratella cochlearis chloride
Worm, S,U Copper 45 48 hr LC50 2,600 - Cairns et al. 1978
Aeolosoma headleyi sulfate (5°C)
Worm, S,U Copper 45 48 hr LC50 2,300 - Cairns et al. 1978
Aeolosoma headleyi sulfate (100 C)
Worm, S,U Copper 45 48 hr LC50 2,000 - Cairns et al. 1978
Aeolosoma headleyi sulfate (15°¢)
Worm, S,U Copper 45 48 hr LC50 1,650 - Cairns et al. 1978
Aeolosoma headleyi sulfate (20°C)
Worm, S,U Copper 45 48 hr LC50 1,000 - Cairns et al. 1978
Aeolosoma headleyi sulfate (500
Worm (adult), S,U Copper 30 LC50 150 Bailey and Liu, 1980
Lumbriculus variegatus sulfate
Worm (7 mg), FM,T Copper 45 10 days LC50 35 - West et al. 1993
Lumbriculus variegatis sulfate
Tubificid worm, S,U Copper 100 LC50 102 Wourtz and Bridges 1961
Limnodrilus hoffmeisteri sulfate
Tubificid worm, R, U Copper 245 LC50 158 Khangarot 1991
Tubifex tubifex sulfate
Snail (11-27 mm), FM,T Copper 45 6 wk LOEC 14.8 - Arthur and Leonard 1970
Campeloma decisum sulfate (mortality)
Snalil, S,U Copper 100 LC50 108 Wourtz and Bridges 1961
Gyraulus circumstriatus sulfate
Snalil, S,U Copper 154 48 hr LC50 860 - Cairns et al. 1976
Goniobasis livescens sulfate
Snalil, S,M,D Copper 154 96 hr LC50 - 390 Paulson et al. 1983
Goniobasis livescens sulfate
Snalil, S,U Copper 45 48 hr LC50 3,000 - Cairns et al. 1978
Nitrocris sp. sulfate (5°C)
Snalil, S,U Copper 45 48 hr LC50 2,400 - Cairns et al. 1978
Nitrocris sp. sulfate (100 Q)
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method® | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Snalil, S,U Copper 45 48 hr LC50 1,000 - Cairns et al. 1978
Nitrocris sp. sulfate (150 C)
Snalil, S,U Copper 45 48 hr LC50 300 - Cairns et al. 1978
Nitrocris sp. sulfate (200 C)
Snalil, S,U Copper 45 48 hr LC50 210 - Cairns et al. 1978
Nitrocris sp. sulfate (250 C)
Snalil, S,U Copper 154 48 hr LC50 300 - Cairns et al. 1976
Lymnaea emarginata sulfate
Snail (adult), FM,T Copper 23 30 days LC50 6 - Nebeker et al. 1986b
Juga plicifera chloride
Snail (adult), FM,T Copper 23 30 days LC50 4 - Nebeker et al. 1986b
Lithoglyphus virens chloride
Snalil, S,U Copper 100 LC50 69 Wurtz and Bridges 1961
Physa heterostropha sulfate
Freshwater mussel (released R,M Copper 140 24 hr 132 Jacobson et al. 1997
glochidia), sulfate
Actinonaias pectorosa
Freshwater mussel (released R,M Copper 150 24 hr 93 Jacobson et al. 1997
glochidia), sulfate
Actinonaias pectorosa
Freshwater mussel (released R,M Copper 170 24 hr 67 Jacobson et al. 1997
glochidia), sulfate
Actinonaias pectorosa
Freshwater mussel (released R,M Copper 140 24 hr 42 Jacobson et al. 1997
glochidia), sulfate
Actinonaias pectorosa
Freshwater mussel (released R,M Copper 170 48 hr 51 Jacobson et al. 1997
glochidia), sulfate
Actinonaias pectorosa
Freshwater mussel (1-2 d), SM,T Copper 70 24 hr LC50 44 - Jacobson et al. 1993
Anodonta grandis sulfate
Freshwater mussel (1-2 d), SM,T Copper 39 48 hr LC50 171 - Keller and Zam 1991
Anodonta imbecilis sulfate
Freshwater mussel (1-2 d), SM,T Copper 90 48 hr LC50 388 - Keller and Zam 1991
Anodonta imbecilis sulfate
Freshwater mussel (released RM, T Copper 170 24 hr 48 Jacobson et al. 1997
glochidia), Lampsilis sulfate
fasciola
Freshwater mussel (released RM, T Copper 160 24 hr 26 Jacobson et al. 1997
glochidia), Lampsilis sulfate
fasciola
Freshwater mussel (released RM, T Copper 75 24 hr 46 Jacobson et al. 1997
glochidia), Lampsilis sulfate
fasciola
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method® | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Freshwater mussel (released RM, T Copper 170 48 hr 40 Jacobson et al. 1997
glochidia), Lampsilis sulfate
fasciola
Freshwater mussel (released RM, T Copper 185 24 hr 69 Jacobson et al. 1997
glochidia), sulfate
Medionidus conradicus
Freshwater mussel (released RM, T Copper 185 24 hr 40 Jacobson et al. 1997
glochidia), sulfate
Medionidus conradicus
Freshwater mussel (released RM, T Copper 185 24 hr 37 Jacobson et al. 1997
glochidia), sulfate
Medionidus conradicus
Freshwater mussel (released RM, T Copper 170 24 hr 46 Jacobson et al. 1997
glochidia), sulfate
Medionidus conradicus
Freshwater mussel (released RM, T Copper 160 24 hr 41 Jacobson et al. 1997
glochidia), sulfate
Medionidus conradicus
Freshwater mussel (released RM, T Copper 150 24 hr 81 Jacobson et al. 1997
glochidia), sulfate
Medionidus conradicus
Freshwater mussel (released RM, T Copper 170 48 hr 16 Jacobson et al. 1997
glochidia), sulfate
Medionidus conradicus
Freshwater mussel (released RM, T Copper 170 24 hr >160 Jacobson et al. 1997
glochidia), sulfate
Pygranodon grandis
Freshwater mussel (released RM, T Copper 170 24 hr 347 Jacobson et al. 1997
glochidia), sulfate
Pygranodon grandis
Freshwater mussel (released RM, T Copper 50 24 hr 46 Jacobson et al. 1997
glochidia), sulfate
Pygranodon grandis
Freshwater mussel (1-2 d), SM,T Copper 190 24 hr LC50 83 - Jacobson et al. 1993
Villosa iris sulfate
Freshwater mussel (released RM, T Copper 190 24 hr 80 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 190 24 hr 73 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 185 24 hr 65 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method® | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Freshwater mussel (released RM, T Copper 185 24 hr 46 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 170 24 hr 75 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 160 24 hr 46 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 160 24 hr 36 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 155 24 hr 39 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 155 24 hr 37 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 150 24 hr 46 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 150 24 hr 46 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 55 24 hr 55 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 55 24 hr 38 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 50 24 hr 71 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 160 24 hr 46 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 170 48 hr 66 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Freshwater mussel (released RM, T Copper 150 48 hr 46 Jacobson et al. 1997
glochidia), sulfate
Villosa iris
Zebra mussel (1.6-2.0 cm), RM, T Copper 268 9 wk EC50 43 - Kraak et al. 1992
Dreissena polymorpha chloride +F106(filtration rate)
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCo;) (ng/L)° (hg/L)

Zebra mussel (1.6-2.0 cm), RM, T Copper 268 10 wk NOEC 13 - Kraak et al. 1993
Dreissena polymorpha chloride (filtration rate)
Asiatic clam (1.0-2.1 cm), SM,T Copper 64 96 hr (24hr LC50 40 - Rodgers et al. 1980
Coprbicula fluminea sulfate LC50 also

reported)
Asiatic clam (1.0-2.1 cm), FM,T Copper 64 96 hr (24 hr LC50 490 - Rodgers et al. 1980
Coprbicula fluminea sulfate LC50 also

reported)
Asiatic clam (juvenile), F.,M,D Copper 78 30 days 43.3% mortality 14.48 - Belanger et al. 1990
Corbicula fluminea sulfate
Asiatic clam (juvenile), F,M,D Copper 78 30 days Stopped shell growth 8.75 - Belanger et al. 1990
Corbicula fluminea sulfate
Asiatic clam (adult), F,M,D Copper 78 30 days 13.3% mortality 14.48 - Belanger et al. 1990
Corbicula fluminea sulfate
Asiatic clam (adult), F,M,D Copper 71 30 days 25% mortality 16.88 - Belanger et al. 1990
Corbicula fluminea sulfate
Asiatic clam (adult), F.,M,D Copper 78 30 days Inhibited shell growth 8.75 - Belanger et al. 1990
Corbicula fluminea sulfate
Asiatic clam (adult), F,M,D Copper - 15-16 days LC50 - - Belanger et al. 1991
Corbicula fluminea sulfate
Asiatic clam (adult), F,M,D Copper - 19 days LC100 - - Belanger et al. 1991
Corbicula fluminea sulfate
Asiatic clam (veliger larva), SM,T Copper - 24 hr 34% mortality 10 - Harrison et al. 1981, 1984
Corbicula manilensis chloride
Asiatic clam (juvenile), SM,T Copper 17 24 hr LC50 100 - Harrison et al. 1984
Corbicula manilensis chloride
Asiatic clam (veliger), SM,T Copper 17 24 hr LC50 28 - Harrison et al. 1984
Corbicula manilensis chloride
Asiatic clam (trochophore), SM,T Copper 17 8 hr LC100 7.7 - Harrison et al. 1984
Corbicula manilensis chloride
Asiatic clam (adult), FM,T Copper 17 7 days LC50 3,638 - Harrison et al. 1981, 1984
Corbicula manilensis chloride
Asiatic clam (adult), FM,T Copper 17 42 days LC50 12 - Harrison et al. 1981, 1984
Corbicula manilensis chloride
Asiatic clam (4.3 g adult), FM,T Copper 17 30 days LC50 11 - Harrison et al. 1984
Corbicula manilensis chloride
Cladoceran, S, U Copper 33.8 EC50 1.6 Koivisto et al. 1992
Bosmina longirostrus sulfate
Cladoceran (<24 hr), S,U Copper 145 72 hr LC50 86.5 - Winner and Farrell 1976
Daphnia ambigua sulfate
Cladoceran (<24 hr), S,U Copper 145 Life span | Chronic limits (inst. rate of population 50 - Winner and Farrell 1976
Daphnia ambigua sulfate (ca. 5 wk) growth)
Cladoceran, S,U Copper 188 EC50 36.6 Bright 1995
Ceriodaphnia dubia sulfate
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? [ Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Cladoceran, S,U Copper 204 EC50 19.1 Bright 1995
Ceriodaphnia dubia sulfate
Cladoceran, S,U Copper 428 EC50 36.4 Bright 1995
Ceriodaphnia dubia sulfate
Cladoceran, S,U Copper 410 EC50 11.7 Bright 1995
Ceriodaphnia dubia sulfate
Cladoceran, S,U Copper 494 EC50 12.3 Bright 1995
Ceriodaphnia dubia sulfate
Cladoceran, S,U Copper 440 EC50 12 Bright 1995
Ceriodaphnia dubia sulfate
Cladoceran, S,U Copper 90 1hr NOEC 30 - Juchelka and Snell 1994
Ceriodaphnia dubia chloride (ingestion)
Cladoceran (<24 hr), S,M,D Copper 6-10 48 hr LC50 - 2.72 Suedel et al. 1996
Ceriodaphnia dubia sulfate
Cladoceran (<12 hr), S,M,D - 113.6 48 hr LC50 - 52 Belanger and Cherry 1990
Ceriodaphnia dubia
Cladoceran (<12 hr), S,M,D - 113.6 48 hr LC50 - 76 Belanger and Cherry 1990
Ceriodaphnia dubia
Cladoceran (<12 hr), S,M,D - 113.6 48 hr LC50 - 91 Belanger and Cherry 1990
Ceriodaphnia dubia
Cladoceran (<48 h), SM,T Copper 280 - 300 48 hr LC50 9.5 - Schubauer-Berigan et al. 1993
Ceriodaphnia dubia nitrate
Cladoceran (<48 h), SM,T Copper 280 - 300 48 hr LC50 28 - Schubauer-Berigan et al. 1993
Ceriodaphnia dubia nitrate
Cladoceran (<48 h), SM,T Copper 280 - 300 48 hr LC50 200 - Schubauer-Berigan et al. 1993
Ceriodaphnia dubia nitrate
Cladoceran (<24 hr), S,M,T,D Copper 100 48 hr LC50 66 60.72 Spehar and Fiandt 1986
Ceriodaphnia dubia nitrate
Cladoceran, R,U Copper 111 10 days LC50 53 - Cowgill and Milazzo 1991a
Ceriodaphnia dubia nitrate
Cladoceran, R,U Copper 111 10 days NOEC 96 - Cowgill and Milazzo 1991a
Ceriodaphnia dubia nitrate (reproduction)
Cladoceran, R,U Copper 20 - LOEC 44 - Zuiderveen and Birge 1997
Ceriodaphnia dubia sulfate (reproduction)
Cladoceran, R,U Copper 90 - LOEC 40 - Zuiderveen and Birge 1997
Ceriodaphnia dubia sulfate (reproduction)
Cladoceran, RM, T - 20 - IC50 5 - Jop et al. 1995
Ceriodaphnia dubia (reproduction)
Cladoceran (<24 hrs), S, U Copper 240 EC50 23 Elnabarawy et al. 1986
Ceriodaphnia reticulata chloride
Cladoceran, S,U - 43-45 EC50 17 Mount and Norberg 1984
Ceriodubia reticulata
Cladoceran, - Copper - 72 hr EC50 61 - Braginskij and Shcherben 1978
Daphnia magna sulfate (mobility; 10 C)
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
cies Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Cladoceran, - Copper - 72 hr EC50 70 - Braginskij and Shcherben 1978
Daphnia magna sulfate (mobility; 15’ C)
Cladoceran, - Copper - 72 hr EC50 21 - Braginskij and Shcherben 1978
Daphnia magna sulfate (mobility; 2¢ C)
Cladoceran, - Copper - 72 hr EC50 9.3 - Braginskij and Shcherben 1978
Daphnia magna sulfate (mobility; 3¢ C)
Cladoceran, S,U Copper - 16 hr EC 50 38 - Anderson 1944
Daphnia magna sulfate (mobility)
Cladoceran (<8 hr), S,U Copper - 64 hr Immobilization threshold 12.7 - Anderson 1948
Daphnia magna chloride
Cladoceran (1 mm), S,U Copper 100 24 hr EC 50 50 - Bellavere and Gorbi 1981
Daphnia magna nitrate (mobility)
Cladoceran (1 mm), S,U Copper 200 24 hr EC 50 70 - Bellavere and Gorbi 1981
Daphnia magna nitrate (mobility)
Cladoceran, S,U - 100 48 hr EC50 254 - Borgmann and Ralph 1983
Daphnia magna (mobility)
Cladoceran, S,U - 100 49 hr EC50 1,239 - Borgmann and Ralph 1983
Daphnia magna (mobility)
Cladoceran, S,U Copper 45 48 hr EC50 90 - Cairns et al. 1978
Daphnia magna sulfate (mobility; g C)
Cladoceran, S,U Copper 45 48 hr EC50 70 - Cairns et al. 1978
Daphnia magna sulfate (mobility; 10 C)
Cladoceran, S,U Copper 45 48 hr EC50 40 - Cairns et al. 1978
Daphnia magna sulfate (mobility; 15 C)
Cladoceran, S,U Copper 45 48 hr EC50 7 - Cairns et al. 1978
Daphnia magna sulfate (mobility; 25 C)
Cladoceran (4 days), S,U Copper - 24 hr EC50 59 - Ferrando and Andreu 1993
Daphnia magna sulfate (filtration rate)
Cladoceran (24-48 hr), S,U Copper 90 24 hr EC50 380 - Ferrando et al. 1992
Daphnia magna sulfate (mobility)
Cladoceran, S,U Copper 50 EC50 7 Oikari et al. 1992
Daphnia magna sulfate
Cladoceran, S,U Copper - 48 hr EC50 45 - Oikari et al. 1992
Daphnia magna sulfate (mobility)
Cladoceran (<24 hr), S,U Copper 145 Life span Chronic limits 70 - Winner and Farrell 1976
Daphnia magna sulfate (ca. 18 wk) (inst. rate of population growth)
Cladoceran (<24 hrs), S,M,D Copper 72-80 48 hr LC50 - 11.3 Suedel et al. 1996
Daphnia magna sulfate
Cladoceran (<24 hrs), SM, - 180 - LC50 55.3 - Borgmann and Charlton 1984
Daphnia magna
Cladoceran (<24 hr), SM, Copper 100 48 hr EC50 46.0 - Meador 1991
Daphnia magna sulfate (mobility)
Cladoceran (<24 hr), SM, Copper 100 48 hr EC50 57.2 - Meador 1991
Daphnia magna sulfate (mobility)
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Cladoceran (<24 hr), S,M, Copper 100 48 hr EC50 67.8 - Meador 1991
Daphnia magna sulfate (mobility)
Cladoceran (<24 hr), SM,T Copper 100 72 hr EC50 52.8 - Winner 1984b
Daphnia magna sulfate (mobility)
Cladoceran (<24 hr), SM,T Copper 100 72 hr EC50 56.3 - Winner 1984b
Daphnia magna sulfate (mobility)
Cladoceran (<24 hr), SM,T Copper 85 96 hr EC50 130 - Blaylock et al. 1985
Daphnia magna chloride (mobility)
Cladoceran (24 hr), R,U Copper - 48 hr EC50 18 - Kazlauskiene et al. 1994
Daphnia magna sulfate (mobility)
Cladoceran (<24 hr), S,U Copper 145 72 hr EC50 72 - Winner and Farrell 1976
Daphnia parvula sulfate (mobility)
Cladoceran (<24 hr), S,U Copper 145 72 hr EC50 57 - Winner and Farrell 1976
Daphnia parvula sulfate (mobility)
Cladoceran (<24 hr), S,U Copper 145 Life span | Chronic limits (inst. rate of population 50 - Winner and Farrell 1976
Daphnia parvula sulfate (ca. 10 wk) growth)
Cladoceran, S,U Copper 45 EC50 10 Cairns et al. 1978
Daphnia pulex sulfate
Cladoceran, S,U - 45 EC50 53 Mount and Norberg 1984
Daphnia pulex
Cladoceran (<24 hrs), S, U Copper 240 EC50 31 Elnabarawy et al. 1986
Daphnia pulex chloride
Cladoceran (<24 hrs), S, U Copper 33.8 EC50 3.6 Koivisto et al. 1992
Daphnia pulex sulfate
Cladoceran (<24 hrs), S,U Copper 80-90 EC50 18 Roux et al. 1993
Daphnia pulex chloride
Cladoceran (<24 hrs), S,U Copper 80-90 EC50 24 Roux et al. 1993
Daphnia pulex chloride
Cladoceran (<24 hrs), S,U Copper 80-90 EC50 22 Roux et al. 1993
Daphnia pulex chloride
Cladoceran (<24 hr), S,U Copper 145 72 hr EC50 86 - Winner and Farrell 1976
Daphnia pulex sulfate (mobility)
Cladoceran (<24 hr), S,U Copper 145 72 hr EC50 54 - Winner and Farrell 1976
Daphnia pulex sulfate (mobility)
Cladoceran (<24 hr), S,U Copper 145 Life span [ Chronic limits (inst. rate of population 50 - Winner and Farrell 1976
Daphnia pulex sulfate (ca. 7 wk) growth)
Cladoceran, S,U Copper 45 48 hr EC50 70 - Cairns et al. 1978
Daphnia pulex sulfate (mobility)
Cladoceran, S,U Copper 45 48 hr EC50 60 - Cairns et al. 1978
Daphnia pulex sulfate (mobility)
Cladoceran, S,U Copper 45 48 hr EC50 20 - Cairns et al. 1978
Daphnia pulex sulfate (mobility)
Cladoceran, S,U Copper 45 48 hr EC50 56 - Cairns et al. 1978
Daphnia pulex sulfate (mobility)
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (ug/L)® (ug/L)

Cladoceran (<24 hr), S,U Copper 200 24 hr EC50 37.5 - Lilius et al. 1995
Daphnia pulex sulfate (mobility)

Cladoceran, SM,T Copper 106 48 hr EC50 29 - Ingersoll and Winner 1982
Daphnia pulex sulfate (mobility)

Cladoceran, SM,T Copper 106 48 hr EC50 20 - Ingersoll and Winner 1982
Daphnia pulex sulfate (mobility)

Cladoceran, SM,T Copper 106 48 hr EC50 25 - Ingersoll and Winner 1982
Daphnia pulex sulfate (mobility)

Cladoceran, R,U Copper 85 21 days Reduced fecundity 3 - Roux et al. 1993
Daphnia pulex sulfate

Cladoceran, RM, T Copper 106 70 days Significantly shortened life span; 20 - Ingersoll and Winner 1982
Daphnia pulex sulfate reduced brood size

Cladoceran, SM,T - 31 48 hr EC50 55.4 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=14 mg/L)

Cladoceran, SM,T - 29 49 hr EC50 55.3 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=13 mg/L)

Cladoceran, SM,T - 28 50 hr EC50 53.3 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=13 mg/L)

Cladoceran, SM,T - 28 50 hr EC50 97.2 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=28 mg/L)

Cladoceran, SM,T - 100 51 hr EC50 199 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=34 mg/L)

Cladoceran, SM,T - 86 52 hr EC50 627 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=34 mg/L)

Cladoceran, SM,T - 84 53 hr EC50 165 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=32 mg/L)

Cladoceran, SM,T - 16 54 hr EC50 35.5 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=12 mg/L)

Cladoceran, SM,T - 151 55 hr EC50 78.8 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=13 mg/L)

Cladoceran, SM,T - 96 56 hr EC50 113 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=28 mg/L)

Cladoceran, SM,T - 26 57 hr EC50 76.4 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=25 mg/L)
||Cladoceran, SM,T - 84 58 hr EC50 84.7 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=13 mg/L)

Cladoceran, SMT - 92 59 hr EC50 184 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=21 mg/L)

Cladoceran, S,M, T - 106 60 hr EC50 240 - Lind et al. manuscript
Daphnia pulicaria (mobility; TOC=34 mg/L)

Cladoceran, SM, T Copper 106 48 hr LC50 240 - Lind et al. manuscript
Daphnia pulicaria sulfate

Cladoceran, SM, T Copper 8 24 hr EC50 12 - Giesy et al. 1983
Simocephalus serrulatus nitrate (mobility; TOC=11 mg/L)
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method® | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Cladoceran, SM,T Copper 16 25 hr EC50 7.2 - Giesy et al. 1983
Simocephalus serrulatus nitrate (mobility; TOC=12.4 mg/L)
Cladoceran, SM,T Copper 16 26 hr EC50 24.5 - Giesy et al. 1983
Simocephalus serrulatus nitrate (mobility; TOC=15.6 mg/L)
Cladoceran (<24 hr), S,U - 45 57 Mount and Norberg 1984
Simocephalus vetulus
Cladoceran (life cycle), R,U Copper - 13 days LOEC 18 - Koivisto and Ketola 1995
Bosmina longirostris sulfate (intrinsic rate of population increase)
Copepods (mixed sp), R,M,I Copper - 1 wk EC20 42 - Borgmann and Ralph 1984
Primarily Acanthocyclops chloride (growth)
\vernalis and Diacyclops thomasi
Copepod (adults and copepodidy S, U Copper 10 29 Lalande and Pinel-Alloul 1986
V), sulfate
Tropocyclops prasinus
mexicanus
Copepod (adults and copepodidy S, U Copper 10 96 hr LC50 247 - Lalande and Pinel-Alloul 1986
V), Tropocyclops sulfate
prasinus
mexicanus
Amphipod (0.4 cm), R,U Copper 45-55 1290 Martin and Holdich 1986
Crangonyx pseudogracilis sulfate
Amphipod (4 mm), R,U Copper 50 48 hr LC50 2,440 - Martin and Holdich 1986
Crangonyx psuedogracilis sulfate
Amphipod, S,U Copper 206 48 hr LC50 210 - Judy 1979
Gammarus fasciatus sulfate
Amphipod, S,U Copper - 96 hr LC50 1,500 - Nebeker and Gaufin 1964
Gammarus lacustris sulfate
Amphipod (2-3 wk), SM,T Copper 6-10 - LC50 65.6 - Suedel et al. 1996
Hyallela azteca sulfate
Amphipod (0-1 wk), RM, T Copper 130 10 wk Significant mortality 254 - Borgmann et al. 1993
Hyallela azteca nitrate
Amphipod (7-14 days), FM,T Copper 46 10 days LC50 31 - West et al. 1993
Hyallela azteca sulfate
Crayfish (intermoult adult, S,M,D - 10-12 96 hr LC50 - 830 Taylor et al. 1995
19.6 9).
Cambarus robustus
Crayfish (1.9-3.2 cm), SM,T Copper - 96 hr LC50 600 - Boutet and Chaisemartin 1973
Orconectes limosus chloride
Crayfish (3.0-3.5 cm), F,U Copper 100-125 3,000 Hubschman 1967
Orconectes rusticus sulfate
Crayfish (embryo), F,U Copper 113 2 wk 52% mortality of newly 250 - Hubschman 1967
Orconectes rusticus sulfate hatched young
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Crayfish (3.14 mg dry wt.), F,U Copper 113 2 wk 23% reduction in growth 15 - Hubschman 1967
Orconectes rusticus sulfate
Crayfish (30-40 mm), - 113 48 hr LC50 2,370 - Dobbs et al. 1994
Orconectes sp.
Crayfish, FM,T Copper 17 1358 hr LC50 657 - Rice and Harrison 1983
Procambarus clarkii chloride
Mayfly (6th-8th instar), SM,T - 110 48 hr LC50 453 - Dobbs et al. 1994
Stenonema sp.
Mayfly, - Copper - 72 hr LC50 193 - Braginskij and Shcherban 1978
Cloeon dipterium sulfate (10° C)
Mayfly, - - - 72 hr LC50 95.2 - Braginskij and Shcherban 1978
Cloeon dipterium (15° C)
Mayfly, - - - 72 hr LC50 53 - Braginskij and Shcherban 1978
Cloeon dipterium (25° C)
Mayfly, - - - 72 hr LC50 4.8 - Braginskij and Shcherban 1978
Cloeon dipterium (30°C)
Mayfly, FM,T Copper 50 14 days LC50 180-200 - Nehring 1976
Ephemerella grandis sulfate
Mayfly, S,M Copper 44 48 hr LC50 320 - Warnick and Bell 1969
Ephemerella subvaria sulfate
Mayfly (6th-8th instar), SM,T - 110 48 hr LC50 223 - Dobbs et al. 1994
Isonychia bicolor
Stonefly, FM,T Copper 50 14 days LC50 12,000 - Nehring 1976
Pteronarcys californica sulfate
Caddisfly, SM,T Copper 44 14 days LC50 32,000 - Warnick and Bell 1969
Hydropsyche betteni sulfate
Midge (2nd instar), SM,T - 110 48 hr LC50 1,170 - Dobbs et al. 1994
Chironomus riparius
Midge (1st instar), S,U Copper 42.7 16.7 Gauss et al. 1985
Chironomus tentans sulfate
Midge (1st instar), S,U Copper 109.6 36.5 Gauss et al. 1985
Chironomus tentans sulfate
Midge (1st instar), S,U Copper 172.3 98.2 Gauss et al. 1985
Chironomus tentans sulfate
Midge (4th instar), SuU Copper 42.7 211 Gauss et al. 1985
Chironomus tentans sulfate
Midge (4th instar), S,U Copper 109.6 977 Gauss et al. 1985
Chironomus tentans sulfate
Midge (4th instar), SuU Copper 172.3 1184 Gauss et al. 1985
Chironomus tentans sulfate
Midge, S,U Copper 25 327 Khangarot and Ray 1989
Chironomus tentans sulfate
Midge (2nd instar), SM,T Copper 8 96 hr LC50 630 - Suedel et al. 1996
Chironomus tentans sulfate
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Midge (4th instar), FM,T Copper 36 20 days LC50 775 - Nebeker et al. 1984b
Chironomus tentans chloride
Midge (embryo), SM,T Copper 46.8 10 days LC50 16.3 - Anderson et al. 1980
Tanytarsus dissimilis chloride
Midge, F.M,T,.D Copper 200 32 wk Emergence 30 - Hedtke 1984
Unidentified sulfate
Bryozoan (2-3 day ancestrula), S,U - 190-220 510 Pardue and Wood 1980
Lophopodella carteri
Bryozoan (2-3 day ancestrula), S,U - 190-220 140 Pardue and Wood 1980
Pectinatella magnifica
Bryozoan (2-3 day ancestrula), S,U - 190-220 140 Pardue and Wood 1980
Plumatella emarginata
American eel (5.5 cm glass eel S,U Copper 40-48 96 hr LC50 2,540 Hinton and Eversole 1978
stage), sulfate
Anguilla rostrata
American eel (9.7 cm black eel S,U Copper 40-48 96 hr LC50 3,200 Hinton and Eversole 1979
stage), sulfate
Anguilla rostrata
American eel, SM,T Copper 53 96 hr LC50 6,400 - Rehwoldt et al. 1971
Anguilla rostrata nitrate
American eel, SM,T Copper 55 96 hr LC50 6,000 - Rehwoldt et al. 1972
Anguilla rostrata nitrate
Arctic grayling (larva), S,U Copper 41.3 96 hr LC50 67.5 Buhl and Hamilton 1990
Thymallus arcticus sulfate
Arctic grayling (larva), S,U Copper 41.3 96 hr LC50 23.9 Buhl and Hamilton 1990
Thymallus arcticus sulfate
Arctic grayling (larva), S,U Copper 41.3 96 hr LC50 131 Buhl and Hamilton 1990
Thymallus arcticus sulfate
Arctic grayling (swim-up), S,U Copper 41.3 96 hr LC50 9.6 Buhl and Hamilton 1990
Thymallus arcticus sulfate
Arctic grayling (0.20 g juvenile), S,U Copper 41.3 96 hr LC50 2.7 Buhl and Hamilton 1990
Thymallus arcticus sulfate
Arctic grayling (0.34 g juvenile), S,U Copper 41.3 96 hr LC50 2.58 Buhl and Hamilton 1990
Thymallus arcticus sulfate
Arctic grayling (0.81 g juvenile), S,U Copper 41.3 96 hr LC50 49.3 Buhl and Hamilton 1990
Thymallus arcticus sulfate
Arctic grayling (0.85 g juvenile), S,U Copper 41.3 96 hr LC50 30 Buhl and Hamilton 1990
Thymallus arcticus sulfate
Coho salmon (larva), S,U Copper 41.3 96 hr LC50 21 Buhl and Hamilton 1990
Oncorhynchus kisutch sulfate
Coho salmon (larva), S,U Copper 41.3 96 hr LC50 19.3 Buhl and Hamilton 1990
Oncorhynchus kisutch sulfate
Coho salmon (0.41 g juvenile), S,U Copper 41.3 96 hr LC50 15.1 Buhl and Hamilton 1990
Oncorhynchus kisutch sulfate
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Coho salmon (0.47 g juvenile), S,U Copper 41.3 96 hr LC50 23.9 Buhl and Hamilton 1990
Oncorhynchus kisutch sulfate
Coho salmon (0.87 g juvenile), S,U Copper 41.3 96 hr LC50 31.9 Buhl and Hamilton 1990
Oncorhynchus kisutch sulfate
Coho salmon (10 cm), S,U Copper - 72 hr LC50 280 - Holland et al. 1960
Oncorhynchus kisutch sulfate
Coho salmon (9.7 cm), S,U Copper - 72 hr LC50 190 - Holland et al. 1960
Oncorhynchus kisutch sulfate
Coho salmon (9.7 cm), S,U Copper - 72 hr LC50 480 - Holland et al. 1960
Oncorhynchus kisutch sulfate
Coho salmon (juvenile), R,M,T,I - 33 96 hr LC50 164 - Buckley 1983
Oncorhynchus kisutch (TOC=7.3 mg/L)
Coho salmon (juvenile), R,M,T,I - 33 96 hr LC50 286 Buckley 1983
Oncorhynchus kisutch
Coho salmon (6.3 cm), F,U Copper - 30 days LC50 360 - Holland et al. 1960
Oncorhynchus kisutch sulfate
Coho salmon (6.3 cm), F,U Copper - 72 hr LC50 370 - Holland et al. 1960
Oncorhynchus kisutch sulfate
Coho salmon (smolts), FM,T Copper 91 144 hr Decrease in survival upon transfer to 20 - Lorz and McPherson 1976
Oncorhynchus kisutch chloride 30 ppt seawater
Coho salmon (smolts >10 cm), FM,T Copper 91 165 days Decrease in downstream migration 5 - Lorz and McPherson 1976
Oncorhynchus kisutch chloride after release
Coho salmon (7.8 cm), FM,T Copper 276 14 wk 15% reduction in growth 70 - Buckley et al. 1982
Oncorhynchus kisutch acetate
Coho salmon (7.8 cm), - - 276 7 days LC50 220 - Buckley et al. 1982
Oncorhynchus kisutch
Coho salmon (3-8 g), FMT Copper 280 7 days LC50 275 - McCarter and Roch 1983
Oncorhynchus kisutch acetate
Coho salmon (3-8 g), F.M,T Copper 280 7 days LC50 (acclimated to copper for 2 wk) 383 - McCarter and Roch 1983
Oncorhynchus kisutch acetate
Coho salmon (parr), F.M,T,D,| - 24.4 61 days NOEC 22 - Mudge et al. 1993
Oncorhynchus kisutch (growth and survival)
Coho salmon, F.M,T,D,l - 311 60 days NOEC 18 - Mudge et al. 1993
Oncorhynchus kisutch (growth and survival)
Coho salmon (parr), F.M,T,D,| - 31 61 days NOEC 33 - Mudge et al. 1993
Oncorhynchus kisutch (growth and survival)
Rainbow trout (15-40g) F.M, Copper - 120 hr LA50 (50% mortality) ~1.4 ug Cu/g gill - MacRae et al. 1999
Oncorhynchus mykiss chloride
Sockeye salmon (yeasrling), S,U Copper 12 1-24 hr Drastic increase in plasma 64 - Donaldson and Dye 1975
Oncorhynchus nerka sulfate corticosteroids
Sockeye salmon (fry, 0.132 g, RM, T Copper 36-46 96 hr LC50 220 - Davis and Shand 1978
2.95 cm), chloride

Oncorhynchus nerka
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Sockeye salmon (fry, 0.132 g, RM, T Copper 36-46 96 hr LC50 210 - Davis and Shand 1978
2.95 cm), chloride
Oncorhynchus nerka
Sockeye salmon (fry, 0.132 g, RM, T Copper 36-46 96 hr LC50 240 - Davis and Shand 1978
2.95 cm), chloride
Oncorhynchus nerka
Sockeye salmon (fry, 0.132 g, RM, T Copper 36-46 96 hr LC50 103 - Davis and Shand 1978
2.95 cm), chloride
Oncorhynchus nerka
Sockeye salmon (fry, 0.132 g, RM, T Copper 36-46 96 hr LC50 240 - Davis and Shand 1978
2.95 cm), chloride
Oncorhynchus nerka
Chinook salmon (18-21 weeks), S,U Copper 211 96 hr LC50 58 Hamilton and Buhl 1990
Oncorhynchus tshawytscha sulfate
Chinook salmon (18-21 weeks), S,U Copper 211 96 hr LC50 54 Hamilton and Buhl 1990
Oncorhynchus tshawytscha sulfate
Chinook salmon (18-21 weeks), S,U Copper 343 96 hr LC50 60 Hamilton and Buhl 1990
Oncorhynchus tshawytscha sulfate
Chinook salmon (5.2 cm), S,U Copper - 5 days LC50 178 - Holland et al. 1960
Oncorhynchus tshawytscha nitrate
Chinook salmon (eyed embryos)| F,M,D Copper 44 26 days 93% mortality 41.67 - Hazel and Meith 1970
Oncorhynchus tshawytscha sulfate
Chinook salmon (alevin), FM,T Copper 23 200 hr LC50 20 - Chapman 1978
Oncorhynchus tshawytscha chloride
Chinook salmon (alevin), FM,T Copper 23 200 hr LC10 15 - Chapman 1978
Oncorhynchus tshawytscha chloride
Chinook salmon (swimup), FM,T Copper 23 200 hr LC50 19 - Chapman 1978
Oncorhynchus tshawytscha chloride
Chinook salmon (swimup), FM,T Copper 23 200 hr LC10 14 - Chapman 1978
Oncorhynchus tshawytscha chloride
Chinook salmon (parr), FM,T Copper 23 200 hr LC50 30 - Chapman 1978
Oncorhynchus tshawytscha chloride
Chinook salmon (parr), FM,T Copper 23 200 hr LC10 17 - Chapman 1978
Oncorhynchus tshawytscha chloride
Chinook salmon (smolt), FM,T Copper 23 200 hr LC50 26 - Chapman 1978
Oncorhynchus tshawytscha chloride
Chinook salmon (smolt), FM,T Copper 23 200 hr LC10 18 - Chapman 1978
Oncorhynchus tshawytscha chloride
Chinook salmon (3.9-6.8 cm), FM,T Copper 20-22 96 hr LC50 32 - Finlayson and Verrue 1982
Oncorhynchus tshawytscha sulfate
Cutthroat trout (3-5 mo), F.M Copper 50 20 min avoidance of copper 7.708 - Woodward et al. 1997
Oncorhynchus clarki chloride

B-17




Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)

Rainbow trout, - - 320 48 hr LC50 500 - Brown 1968
Oncorhynchus mykiss
Rainbow trout (9-16 cm), In situ - 21-26 48 hr LC50 70 - Calamari and Marchetti 1975
Oncorhynchus mykiss
Rainbow trout (0.4 g), S,U Copper - 96 hr LC50 185 - Bills et al. 1981
Oncorhynchus mykiss sulfate
Rainbow trout (larva), S, U Copper 41.3 96 hr LC50 36 Buhl and Hamilton 1990
Oncorhynchus mykiss sulfate
Rainbow trout (0.60 g juvenile), S, U Copper 41.3 96 hr LC50 13.8 Buhl and Hamilton 1990
Oncorhynchus mykiss sulfate
Rainbow trout (13-15 cm), S,U Copper 250 72 hr LC50 580 - Brown et al. 1974
Oncorhynchus mykiss sulfate
Rainbow trout (13-15 cm), S,U Copper 250 72 hr LC50 960 - Brown et al. 1974
Oncorhynchus mykiss sulfate
Rainbow trout (3.2 cm), S,U Copper - 24 hr LC50 140 - Shaw and Brown 1974
Oncorhynchus mykiss sulfate
Rainbow trout (3.2 cm), S,U Copper - 24 hr LC50 130 - Shaw and Brown 1974
Oncorhynchus mykiss sulfate
Rainbow trout (4.0-10.6 cm), S,U Copper 45 24 hr LC50 950 - Cairns et al. 1978
Oncorhynchus mykiss sulfate (5°C)
Rainbow trout (4.0-10.6 cm), S,U Copper 45 24 hr LC50 430 - Cairns et al. 1978
Oncorhynchus mykiss sulfate (150 C)
Rainbow trout (4.0-10.6 cm), S,U Copper 45 24 hr LC50 150 - Cairns et al. 1978
Oncorhynchus mykiss sulfate (30°C)
Rainbow trout (0.52-1.55 g), S,U Copper - 96 hr LC50 23.9 - Marking et al. 1984
Oncorhynchus mykiss sulfate (Silver Cup diet)
Rainbow trout (0.41-2.03 g), S,U Copper - 96 hr LC50 11.3 - Marking et al. 1984
Oncorhynchus mykiss sulfate (purified H440)
Rainbow trout (0.0.40-1.68 g), S,U Copper - 96 hr LC50 15.9 - Marking et al. 1984
Oncorhynchus mykiss sulfate (SD-9 diet)
Rainbow trout (0.0.34-1.52 g), S,U Copper - 96 hr LC50 14.3 - Marking et al. 1984
Oncorhynchus mykiss sulfate (liver diet)
Rainbow trout (0.0.38-1.30 g), S,U Copper - 96 hr LC50 11.3 - Marking et al. 1984
Oncorhynchus mykiss sulfate (brine shrimp diet)
Rainbow trout (embryo), S,U Copper 30 56 hr LC50 100 - Rombough 1985
Oncorhynchus mykiss chloride
Rainbow trout (6.6 cm), R,U Copper 320 72 hr LC50 1,100 - Lloyd 1961
Oncorhynchus mykiss sulfate
Rainbow trout (6.6 cm), R,U Copper 175 7 days LC50 44 - Lloyd 1961
Oncorhynchus mykiss sulfate
Rainbow trout, R,U Copper 320 48 hr LC50 270 - Herbert and Vandyke 1964
Oncorhynchus mykiss sulfate
Rainbow trout (yearling), R,U Copper 240 48 hr LC50 750 - Brown and Dalton 1970
Oncorhynchus mykiss sulfate
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)
Rainbow trout (13-15 cm), R,U Copper 250 8 days LC50 500 - Brown et al. 1974
Oncorhynchus mykiss sulfate
Rainbow trout (embryo), R,U Copper 104 28 days LC50 90 - Birge 1978;
Oncorhynchus mykiss sulfate Birge et al. 1978
Rainbow trout (embryo), R,U Copper 101 28 days EC50 110 - Birge et al. 1980;
Oncorhynchus mykiss sulfate (death or deformity) Birge and Black 1979
Rainbow trout (embryo), R,U Copper 101 28 days EC10 16.5 - Birge et al. 1980
Oncorhynchus mykiss sulfate (death or deformity)
Rainbow trout (eyed embryos), R,U Copper - 96 hr LC50 1,150 - Kazlauskiene et al. 1994
Oncorhynchus mykiss sulfate
Rainbow trout (larva), R,U Copper - 96 hr LC50 430 - Kazlauskiene et al. 1994
Oncorhynchus mykiss sulfate
Rainbow trout (16-18 cm), R,U Copper - 96 hr LC50 930 - Kazlauskiene et al. 1994
Oncorhynchus mykiss sulfate
Rainbow trout (embryo), RM, T Copper 62.9 7-9 mo Lesions in olfactory rosettes 22 - Saucier et al. 1991b
Oncorhynchus mykiss sulfate
Rainbow trout (embryo), RM, T Copper 62.9 7-9 mo 31% mortality 22 - Saucier et al. 1991b
Oncorhynchus mykiss sulfate
Rainbow trout (eyed embryos), RM, T Copper 40-48 96 hr LC50 400 - Giles and Klaverkamp 1982
Oncorhynchus mykiss sulfate
Rainbow trout (yearling), RM, T Copper 36.5 21 days Elevated plasma cortisol returned 45 - Munoz et al. 1991
Oncorhynchus mykiss sulfate to normal
Rainbow trout (embryo), R,M, T Copper 44 96 hr 15-20% post-hatch mortality 80 - Giles and Klaverkamp 1982
Oncorhynchus mykiss sulfate
Rainbow trout (embryo), RM, T Copper 62.9 7-9 mo Inhibited olfactory discrimination 22 - Saucier et al. 1991a
Oncorhynchus mykiss sulfate
Rainbow trout (5.1-7.6 cm), F,U Copper - 96 hr LC50 253 - Hale 1977
Oncorhynchus mykiss nitrate
Rainbow trout (11 cm), F,U - 100 96 hr LC50 250 - Goettl et al. 1972
Oncorhynchus mykiss
Rainbow trout (5 wk post F,U Copper 89.5 1hr Avoidance 10 - Folmar 1976
swimup) sulfate
Oncorhynchus mykiss
Rainbow trout (18.5-26.5 cm), F,U Copper 90 2 hr 55% depressed olfactory response 50 - Hara et al. 1976
Oncorhynchus mykiss sulfate
Rainbow trout (3.2 cm), F.M,l Copper - 8 days LC50 500 - Shaw and Brown 1974
Oncorhynchus mykiss sulfate
Rainbow trout (12-16 cm), FM,T Copper 300 14 days LC50 870 - Calamari and Marchetti 1973
Oncorhynchus mykiss sulfate
Rainbow trout (adult), FM,T Copper 42 - LC50 57 - Chapman 1975, Chapman and
Oncorhynchus mykiss chloride Stevens 1978
Rainbow trout (53.5 g), FM,T Copper 365 96 hr LC50 465 - Lett et al. 1976
Oncorhynchus mykiss sulfate
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (ug/L)® (ug/L)
Rainbow trout (53.5 g), FM,T Copper 365 15 days Transient decrease in food 100 - Lett et al. 1976
Oncorhynchus mykiss sulfate consumption
Rainbow trout (alevin), FM,T Copper 24 200 hr LC50 20 - Chapman 1978
Oncorhynchus mykiss chloride
Rainbow trout (alevin), FM,T Copper 24 200 hr LC10 19 - Chapman 1978
Oncorhynchus mykiss chloride
Rainbow trout (swimup), FM,T Copper 24 200 hr LC50 17 - Chapman 1978
Oncorhynchus mykiss chloride
Rainbow trout (swimup), FM,T Copper 24 200 hr LC10 9 - Chapman 1978
Oncorhynchus mykiss chloride
Rainbow trout (parr), FM,T Copper 25 200 hr LC50 15 - Chapman 1978
Oncorhynchus mykiss chloride
Rainbow trout (parr), FM,T Copper 25 200 hr LC10 8 - Chapman 1978
Oncorhynchus mykiss chloride
Rainbow trout (smolt), FM,T Copper 25 200 hr LC50 21 - Chapman 1978
Oncorhynchus mykiss chloride
Rainbow trout (smolt), FM,T Copper 25 200 hr LC10 7 - Chapman 1978
Oncorhynchus mykiss chloride
Rainbow trout, FM,T Copper 112.4 80 min Avoidance threshold 74 - Black and Birge 1980
Oncorhynchus mykiss sulfate
Rainbow trout (>8 g), F.M,T Copper 49 15-18 days LC50 48 - Miller and MacKay 1980
Oncorhynchus mykiss sulfate
Rainbow trout (>8 g), F.MT Copper 51 15-18 days LC50 46 - Miller and MacKay 1980
Oncorhynchus mykiss sulfate
Rainbow trout (>8 g), F.MT Copper 57 15-18 days LC50 63 - Miller and MacKay 1980
Oncorhynchus mykiss sulfate
Rainbow trout (>8 g), FMT Copper 12 15-18 days LC50 19 - Miller and MacKay 1980
Oncorhynchus mykiss sulfate
Rainbow trout (>8 g), F.MT Copper 99 15-18 days LC50 54 - Miller and MacKay 1980
Oncorhynchus mykiss sulfate
Rainbow trout (>8 g), F.MT Copper 98 15-18 days LC50 78 - Miller and MacKay 1980
Oncorhynchus mykiss sulfate
Rainbow trout (>8 g), F.M, T Copper 12 15-18 days LC50 18 - Miller and MacKay 1980
Oncorhynchus mykiss sulfate
Rainbow trout (>8 g), F.M, T Copper 97 15-18 days LC50 96 - Miller and MacKay 1980
Oncorhynchus mykiss sulfate
Rainbow trout (200-250 g), F.M, T Copper 320 4 mo Altered liver and blood enzymes and 30 - Arillo et al. 1984
Oncorhynchus mykiss sulfate mitochondrial function
Rainbow trout (7 cm), F.M, T Copper 28.4 20 min Avoidance 6.4 - Giattina et al. 1982
Oncorhynchus mykiss chloride
Rainbow trout (2.70 g), F.M,T Copper 9.2 96 hr LC50 4.2 - Cusimano et al. 1986
Oncorhynchus mykiss chloride
Rainbow trout (2.88 g), F.M, T Copper 9.2 96 hr LC50 66 - Cusimano et al. 1986
Oncorhynchus mykiss chloride
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method? | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)

Rainbow trout (2.88 g), FM,T Copper 9.2 168 hr LC50 36.7 - Cusimano et al. 1986
Oncorhynchus mykiss chloride
Rainbow trout (2.70 g), FM,T Copper 9.2 168 hr LC50 3.1 - Cusimano et al. 1986
Oncorhynchus mykiss chloride
Rainbow trout (2.65 g), FM,T Copper 9.2 168 hr LC50 2.3 - Cusimano et al. 1986
Oncorhynchus mykiss sulfate
Rainbow trout (5 day embryo), FM,T Copper 87.7 48 hr LC50 8,000 - Shazili and Pascoe 1986
Oncorhynchus mykiss sulfate
Rainbow trout (10 day embryo), FM,T Copper 87.7 48 hr LC50 2,000 - Shazili and Pascoe 1986
Oncorhynchus mykiss sulfate
Rainbow trout (15 day embryo), F.M, T Copper 87.7 48 hr LC50 400 - Shazili and Pascoe 1986
Oncorhynchus mykiss sulfate
Rainbow trout (22 day embryo), FM,T Copper 87.7 48 hr LC50 600 - Shazili and Pascoe 1986
Oncorhynchus mykiss sulfate
Rainbow trout (29 day embryo), F.M, T Copper 87.7 48 hr LC50 400 - Shazili and Pascoe 1986
Oncorhynchus mykiss sulfate
Rainbow trout (36 day embryo), F.M, T Copper 87.7 48 hr LC50 100 - Shazili and Pascoe 1986
Oncorhynchus mykiss sulfate
Rainbow trout (2 day larva), F.M, T Copper 87.7 48 hr LC50 100 - Shazili and Pascoe 1986
Oncorhynchus mykiss sulfate
Rainbow trout (7 day larva), F.M, T Copper 87.7 48 hr LC50 100 - Shazili and Pascoe 1986
Oncorhynchus mykiss nitrate
Rainbow trout (yearling), F.M, T Copper 63 15 days Olfactory receptor degeneration 20 - Julliard et al. 1993
Oncorhynchus mykiss sulfate
Rainbow trout (swimup), F.M, T Copper 60.9 13-40 wk Inhibited olfactory discrimination 20 - Saucier and Astic 1995
Oncorhynchus mykiss sulfate
Rainbow trout (swimup), F.M, T Copper 60.9 40 wk 43% mortality 40 - Saucier and Astic 1995
Oncorhynchus mykiss sulfate
Rainbow trout (9.0-11.5 cm, F.M, T Copper 284 96 hr LC50 650 - Svecevicius and Vosyliene 1996
10.6 g), sulfate
Oncorhynchus mykiss
Rainbow trout (3.5 cm), FM, T Copper 24.2 96 hr LC50 12.7 - Marr et al. Manuscript
Oncorhynchus mykiss chloride
Rainbow trout (3.5 cm), FM, T Copper 24.2 96 hr LC50 16.6 - Marr et al. Manuscript
Oncorhynchus mykiss chloride
Rainbow trout (3.5 cm), FM, T Copper 24.2 96 hr LC50 214 - Marr et al. Manuscript
Oncorhynchus mykiss chloride
Rainbow trout (3.5 cm), FM, T Copper 24.2 96 hr LC50 34.2 - Marr et al. Manuscript
Oncorhynchus mykiss chloride
Rainbow trout (10.0 g), F,M,D Copper 362 144 hr LC50 276 - Dixon and Hilton 1981
Oncorhynchus mykiss sulfate (extruded diet)
Rainbow trout (10.9 g), F,M,D Copper 362 144 hr LC50 350 - Dixon and Hilton 1981
Oncorhynchus mykiss sulfate (steam pelleted diet)
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Appendix B. Other Data on Effects of Copper on Freshwater Organisms

Hardness Total Dissolved
Species Method® | Chemical (mg/L as Duration Effect Concentration | Concentration Reference
CaCO,) (Hg/L)"° (Hg/L)

Rainbow trout (12.3 g), F,M,D Copper 362 144 hr LC50 408 - Dixon and Hilton 1981
Oncorhynchus mykiss sulfate (Low carbohydrate diet)
Rainbow trout (11.6 g), F.,M,D Copper 362 144 hr LC50 246 - Dixon and Hilton 1981
Oncorhynchus mykiss sulfate (high carbohydrate diet)
Rainbow trout (1.7-3.3 g), F,M,D Copper 374 21 days Incipient lethal level 329 - Dixon and Sprague 1981a
Oncorhynchus mykiss sulfate
Rainbow trout (1.7-3.3 g), F,M,D Copper 374 21 days Incipient lethal level 333 - Dixon and Sprague 1981a
Oncorhynchus mykiss sulfate
Rainbow trout (1.7-3.3 g), F,M,D Copper 374 21 days Incipient lethal level 311 - Dixon and Sprague 1981a
Oncorhynchus mykiss sulfate
Rainbow trout (1.7-3.3 g), F,M,D Copper 374 21 days Incipient lethal level 274 - Dixon and Sprague 1981a
Oncorhynchus mykiss sulfate
Rainbow trout (1.7-3.3 g), F,M,D Copper 374 21 days Incipient lethal level 371 - Dixon and Sprague 1981a
Oncorhynchus mykiss sulfate
Rainbow trout (1.7-3.3 g), F,M,D Copper 374 21 days Incipient lethal level (acclimated to 3¢ 2