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1.0 INTRODUCTION
1.1 Background

Over the past 20 years the U.S. Environmental Protection Agency (EPA) has published a number of
guidance documents containing aquatic life criteria recommendations for copper (e.g., U.S. EPA 1980,
1985, 1986, 1996). The present document contains EPA’s latest criteria recommendations for protection
of aquatic life in ambient water from acute and chronic toxic effects from copper. These crlterla are based
on the latest available scientific information and supersede EPA’s previously pubhshed reeq
for copper. 3

This document provides updated guidance to States and autlj
standards under the Clean Water Act (CWA) to protect aquatic; ‘
and authorized Tribes are to establish water quality criteria to,
document constitutes EPA’s scientific recommendations rega
does not substitute for the CWA or EPA’s regulations, nor is
legally binding requirements on EPA, States, Tribes, or the 18

change this guldance in the fu‘rure >

1.2 Copper in the Environment

r is a micronutrient for both
- to some forms of aquatic life at
elevated concentrations. Thus, copperiﬁ gcntratlo in natural ﬁnwronments and its biological
avallablllty, are important. Naturally ing co1 entratmn‘}:;gf copper have been reported from 0.03 to
shwater systems (Bowen 1985). Copper
concentranog%an locations re uch as mine tallmg discharges can vary

anywhere fg tural bag]

concentrations and complexing ligands in the water. The complexing ligands compete with the biotic
ligand for metals and other cations in the water. Unlike the empirical harness relationships, the BLM
explicitly accounts for individual water quality variables, is not linked to a particular correlation among
these variables, and can address variables that were not a factor in the hardness relationship.



1.4 Copper Criteria Document Information

Although the new BLM model has now been adopted for use in place of the formerly applied
hardness-based approach the updated freshwater criteria derivations in this document are still based on the
principles set forth in the 1985 Guidelines {or Guidelines, Stephan et al. 1985). Therefore, it is useful to
have some understanding of how the Guidelines are ordinarily applied: (1) Acute toxicity test data must
be available for species from a minimum of eight genera with a minimum required taxonomic diversity.
The diversity of tested species is intended to ensure protection of various components of an aquatic
ecosystem. (2) The final acute value (FAV) is an estimate of the fifth percentile of a sensuz;%f?i?ty
distribution represented by the average LC50s and EC50s, the Genus Mean Acjite Vahé ¢ *{GMAVS) of
the tested genera. The criterion maximum concentration (CMC) is set to one-lal bf4Be FAV to
correspond to a lower level of effect than the LC50s/EC50s use ] 3 Chromc tox1c1ty
test data (longer term survival, growth, or reproduction) must b ; i
a final chronic value (FCV). A criterion continuous concentra
calculated similarly to an FAV, if chronic toxicity data are a
required taxonomic diversity; or most often the chronic critej
acute-chronic ratio (ACR) (the ratio of acutely toxic concentig
concentrations) and applying that ratio to the FAV. {(4) When
may be lowered to protect recreationally or commercially im

BLM orin the published llterature The
other supporting information are also

precipitates wi

and organi&materials) at
in watﬂfga many forms th‘@“g
fs pﬁssxbly to some of the hydroxy complexes (Allen and Hansen 1996;
. 1977; Borgmann and Raiph 1983; Chakoumakos et al. 1979; Chapman and
dy 1977; Dodge ah Theis 1979; Howarth and Sprague 1978; Pagenkopf 1983; Petersen 1982;

5, 1983). Many g@%amples of this classic response of organisms to cuptic ion activity, as well as some
; it reviewed by Campbell (1995). A formal description of these metal—orgamsm

(GSIM) to predict metal effect levels over a range of water guality character1st1cs

Based on the mechanistic principles underlying the BLM, the following general trends of copper
toxicity are expected because individual water quality parameters and their combinations are varied
among exposure waters. Any changes in water quality that would be expected to decrease the activity of



the free copper ion would be expected to decrease the bioavailability of copper. For example, increases in
pH, increases in alkalinity, and increases in natural organic matter would all tend to decrease copper
bioavailability and would therefore tend to be associated with increased copper LC50 values. Metal
bioavailability may also be modified by competitive interactions at the biotic ligand. Increased
concentrations of sodium and calcium, for example, can result in reduced binding of copper to
physiologically active gill binding sites and can thereby reduce copper bioavailability. Competition with
protons is included in the copper model and could result in lower bioavailability at low pH. But these
effects oceur at relatively lower pH values than are typically used in toxicity tests and, as a result, the
primary effect of changing pH is to decrease bioavailability at high pH. Cation competltigg&ﬂso has an
effect on complexation of Cu by natural organic matter (NOM), and this interagtion wdiéj&’o some degree
offset competitive interactions that occur at the gill or other sites of action of G2

‘ 'ons of total

suspended solids on metal toxicity. EPA authorized States to
concentration instead of total recoverable metal concentration;

approximates the toxic fraction than does the concentratj presence of suspended
solids tends to decrease metal toxicity; see review by . i %less a regulatory
approach based solely on the concentration of dxsg§ ‘
quality parameters besides total suspended soli (TSS
r »

EPA has already incorporated lmearg‘egressmneﬁuatwns
account for decreases of acute and chr~ ici
increases. However, these regressm

in the early 198
1992, 1994). Th{

'ologlc od to compare bioavailability and tox1<:1ty in recelvmg waters
S. EPA 992). Extensive gu1dance has been developed on how to

dividip
by t
1o

tlme Although the WER approach remains an important component in establishing site- spemﬁc
variations to ambient water quality criteria for metals, a complementary approach is needed that (1)
explicitly accounts for water quality parameters that modify metal toxicity and (2) can be applied more
frequently across spatial and temporal scales.



Because of the influence of water quality parameters such as pH; alkalinity, and organic matter on
the formation of compounds that affect the amount of cupric {on present, not all of the copper in the water
column contributes directly to toxicity. In other words, not all of the copper appears to be bioavailable.
Although the term “bioavailability” eludes a consensus definition (Dickson et al. 19943, in the context of
this document it is used to convey the general concept that total Cu (or, more generally, the total
concentration of any metal in an exposure water) is not a good predictor of toxicity (Campbell 1995;
Meyer 2002; Morel 1983). This concept has led to research and regulatory activity to develop better ways
to predict metal toxicity and regulate aqueous discharges (Bergman and Dorward-King 1997 Di Toro et
al. 2001; Hamelink et al. 1994; Morel 1983).

2.1 Empirical Models Relating Water Chemistry to Toxicity

Early copper criteria documents (U.S. EPA 1980, 1985, }
equations into the criterion-calculation procedure to account fo
of copper to freshwater biota as water hardness increases. Pré
enough useful data to provide an acceptabie predictive capal
Temperature ranges were not sufficiently wide with most sp
were highly variable, and alkalinity and dissolved organic carb
result, criteria for copper, and those for several other metals
hardness. These equations were determined from meta-anal
varied among at least some of the data sets that were used
hardness did not only reflect how hardness affected, ceipp
surrogate for other co-varying water quality parat Slet
Moreover, these criteria did not include methogigfto explig

“in the regression analyses.
;gﬁodlfymg effects of other water

blologrcal resg
direct mea

different exp
correct w; "n other catlon
1ncre§esas significantly as th
’;% al. 1999). Thus, #

3 ratxon of Ca* (a major component of water hardness) is increased
c%(ncentratlon of cupric ion alone is not always sufficient to predict

bioavailable fraction is qualitatively appealmg, in practice, it is quantitatively elusive (Meyer 2002).
Instead, the complex interactions of Cu** with dissolved components, suspended particles, and the biota
must be simultaneously considered in order to accurately predict copper toxicity (see Mechanistic Models
section).



2.2 Mechanistic Models—Relating Water Chemistry to Toxicity

Although the current water quality criteria for several metals, including copper, are hardness-
dependent, it has long been recognized that many other factors affect copper toxicity. The chemical
speciation of copper in natural waters and the explanatory power of the free copper ion in determining
copper toxicity were first recognized more than 30 years ago (Anderson and Morel 1978; Sunda and
Gillespie 1979; Sunda and Guillard 1976; Sunda and Lewis 1978; Zitko et al. 1973). These concepts were
eventually formalized in models that linked metal chemistry and biological effects including the gill
surface interaction model (GSIM) (Pagenkopf 1983) and the free ion activity model (FIAJ}@%(Morel
1983). Playle and others demonstrated that copper binding to fish gills can be ni _deled;_;_} mg a chemical
speciation approach (Playle et al. 19933, b). Recently, MacRae and, others de

Although early models showed remarkable utility, sev
amount of information about speciation of metals in the env
computing techniques have been deve]oped to simulate metal;
interactions of metals with natural organic matter remained a t ense research and debate for the
next few decades. Until recently, few available models could I
natural organic matter over a range of environmental condﬂ%ns

The biotic ligand model is a recent attempt to
latest chemical and physiological effects informatitip e
2001; Paquin et al. 1999; Santore et al, 2001) @Eleapproa%i;
Board during 1999 and it received a genera];@rfavorabl@pespon;
and GSIM, the BLLM is based on a descn fbn of the ggjemlcal 5
(Figure 1}. Chemical speciation is si
inorganic jons and NOM. The chemj
solutions (CHESS)} model (Santoreu nd Drisco
NOM basecié on the Winderme %lc agueo

-, Gl Surkace
Ihiotic figand)

f?ﬁ

-

- ' Cupric
\ Camp}exes lon

inamganic
Complexes

e.g. : Cu - Hydroxides <>
Cu- Carbonotes

Figure 1. Conceptual Diagram of Copper Speciation and Copper-Gill Model
(after Pagenkopf 1983)




of the NOM chemistry developed for WHAM is that reactions and parameter values were developed by
simultaneously considering numerous NOM samples and numerous metals.

The BLM also includes reactions that describe the chemical interactions of copper and other
cations to physiologically active sites (or “biotic ligands™} that correspond to the proximate site of action
of toxicity. The model parameters define the degree of interaction based on binding affinity
characteristics measured in gill-loading experiments (Playle et al. 1993a, b). That is, the biotic ligand
(BL) is represented by a characteristic binding site density and conditional stability constant for each of
the dissolved chemical species with which it reacts. Predictions of metal toxicity are m % assuming
that the dissolved metal LC50, which varies with water chemistry, is always asagcxateq,ﬁg‘th a fixed
crmcal level of metal accu:mulatlon at the biotic l]gand This fixed level of a i o afion at 50 percent

; ard]ess of the

describe aqueous metal speciation and organism mteractmn
a variety of organisms over a variety of water quality condit
describes the range of water quality values and species to whi

metal and the available ligands. As such, the const nis:
organisms. Binding constants for copper and oth :

values developed from fathead minn
(Santore et al. 2601). Figure 2 show

ork adequately for other organisms
f the model with fathead minnows.

itigio

10000
Erickson etal., 1887
Fathead minnow, 96h static exposures

g

o -

2

o 1000 4

w0

Q

g

=3 "
O

3

8 100

2

o

10 3 N : - ; . L e .
10 100 1000 10000
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Figure 2. Comparison of Predicted and Measured Acute Copper Toxicity to P. promelas




3.0 INCORPORATION OF BLM INTO CRITERIA DEVELOPMENT PROCEDURES
3.1 Implications for Criteria—Criteria Calculations

The use of the BLM to predict the bioavailability and toxicity of copper to aquatic organisms
under site-specific conditions is a significant change from the previous CMC derivation methodology.
Previous aquatic life criteria documents for copper (e.g., U.S. EPA 1980, 1985, 1996) expressed the CMC
asa functlon of water hardness. Now, EPA chooses to utilize the BLM to update its fresh rater acute

2l

te of toxicity, or
panism 1nteract10ns

£
While the BLM is currently considered appropriate for

further development is required before it will be suitable for
chronic value. : &

3.2 BLM Input Parameters

Dissolved cations compete u%ﬁ%éu“ for i

example, pH is important in determ@ng the me
(DOM). 1t algp is 1mportant1 Zdaterfining sp

gfantrganic carbon, which relates to formation of
g%tlcal role in determining metal speciation and

complexation { )nic matter, it is necessary to spec1fy the distribution of
these two humlcéE ) ‘preanic matter. Ca and Na can directly compete with copper at
DOM and bmﬁ e Higand 51 rid'these cations will therefore have a diréct effect on model
predictior f”*“iVIagnesmm i ritical role as well for some organisms. In that SO, may be the
n,aﬁ%g; anion in freshwd mportant for determining the charge balance and ionic strength in

%
alculations. Chlorld@cmfalso contribute to ionic strength computations for copper. The sum of
ge (norganic species in f@e BLM—carbonate (CO,), bicarbonate (HCO,), and carbonic acid
3)—~~1s conmdered@horgamc carbon. Inorganic carbon is a critical input to the BLM because many
_ﬁé“form carbonate complexes. DIC measurements are typically not made in the
Vér ﬁlough it is the preferred measurement, DIC can be estimated from alkalinity and

ey

asurement 1s not available, Sulfide has a strong affinity for many metals, and a Ithough

be impacted by wastewater treatment plant effluents.

A number of fixed parameters or constants are also used in the BLM along with the input
parameters specified above for speciation or toxicity mode computations. Some of the key fixed constants
are the binding constants for the interactions between copper and protons and the “biotic ligand.” The



values contained in the model were derived by Playle and coworkers by conducting gill-loading
experiments (Janes and Playle 1995; Playle et al. 1992, 1993a, b). Playle et al. (19932, b) also developed
the gill site density parameter of 30 nmol/g wet weight used in the model from measured copper gill
concentrations,

3.3 Model Prediction Modes

The graphical user interface that has been developed for the BLM allows the user to run the

ligand. Each computational mode requires the user to specify th
and either a dissolved copper concentration or a copper aceun

lethal accumulation level on the BL that results in an effect o
“LAS0” for that species. The LA 50 concentration of copper o@?ﬁ :
mortality in a toxicological exposure for a fixed exposure ditration. 1 expressed in units of
nmol Cu/g wet weight of the BL. Since the BLM mclug i }

op0 calculatmg chemical
%gggs associated with the LA S0
“gt":ute toxicity (e.g., LC50) fora

or this effort differed from data screening procedures for previous
4 tudres previously considered unacceptable for deriving criteria are
ble when utilizing ﬁ; B ‘”Tvl For example, studies with DOC content exceeding 5 mg/L or studies

5

re fed were not mw%?s acceptable in the past, but are now acceptable for use: w1th the BLM,

iy tests were relegated to Appendix C (other data) because of poor chemical
" %er with several other freshwater tests in wh1ch copper concentranons in the test

any or all of these major ion concentrations, including measurements of total or dissolved copper, without
reliable estimates of surrogate values, precludes the use of a particular study’s results (see next section,
Estimation of Test Water Chemistry).



3.5 Estimation of Test Water Chemistry

To incorporate the BLM into the copper aquatic life criteria document, a data table was generated
summarizing the acute toxicity of copper to freshwater organisms that included the necessary BL.M water
chemistry parameters. Studies lacking measured copper concentrations were not considered for further
evaluation. A literature review was conducted, searching AQUIRE, BIOSYS, and CAS. The literature
was reviewed, and the appropriate measurements were tabulated.

As the understanding by the scientific community of the important influence of »\éaﬁer chemistry
on metals toxicity has increased, measurements (and reporting) of relevant watgt. quali ‘_ parameters has
also increased. Still, much of the currently available aquatic toxicity hterature gfils does not include
i Jneasured or

reported in the published material reviewed for this update of tk f‘ !
were obtained from the authors; additional measurements Werk

input parameters were estimated. A detailed description of tl';y_
input parameters is included in Estimation of Water Chemistj;
Tests (Appendix I)). Below is a summary of the effort undert§
chemistry conditions.

3.6 Water Chemistry Data Acquisition

reviewed to record all reported information on dll;jﬁﬂ :
references to which the authors referred whlle escrlblng g%%

om the laboratories where the studies
ional Stream Quality Accountmg

: gi‘ces could not be used geochemical ion input parameters were
1 easure ent and regression relationships constructed for various input

Ithough the input éi ta have been carefully scrutinized and filtered, the reliability of the BLM-
ftoxmty values for thls prOJECt are subject to the limitations of the input

ality of Test Chemistry Characterization

A ranking system was devised to evaluate only the quality of the chemical characterization of the
test water, not the overall quality of the study itself. Studies with a rank of 1 contain all of the necessary
parameters for BLM input based on measurements from either the test chambers or the water source. In
general, studies in which the BLM input parameters were reported for test chamber samples take
precedence over studies in which the parameters were reported only for the source water. A



characterization ranking of 2 denotes those studies where not all parameters were measured, but reliable
estimates of the requisite concentrations could be made. Similarly, a rank of 3 denotes studies in which all
parameters except DOC were measured, but refiable estimates of DOC could be made. For the majority of
the tests, a chemical characterization of 4+ was assigned because hardness, alkalinity, 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 water 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 ascribed to studies in which one of the key parameters (DOC, Ca,
pH, alkalinity) was not measured and when it could not be reliably estlmated If two or mgm key

1 ed, a study was
given a chemical chdracterlzatlon rank of 6. Studies receiving a quality ratmg aler than 4 were not
used in the criteria development procedures because the estimatesgta input parameters
were not thought to be reliable. : ‘

3.8 Criteria Computations

To calculate the acute criterion or CMC, reported ac% -
and individual test water chemistry parameters were used to ¢ %M 2 0 values by running the model
in the speciation mode. These LA50 values were then normali
footnote d) by running the model in the toxicity mode and §§’eclfym s
“normalization” refers to the procedure whereby all of tgeaanéggsured eff e
4in a standa

“were adjusted, via use of
ater. These
Genus Mean Acute

LC50 coraﬁeentratlon and running the model in
speciation mode determines the lethaligce > ‘associateg &*g,\llth the FAV in the standard test water.
Since it is assumed that the LASO

S exists may reflect 1 de] uncertainty, including: (1) among -strain variability; (2) among-life-stage
bility; and (3) potenﬁal physm]oglcal effects of the site water on the test organism that alter

Ia data. Table la data (LC50s and EC50s) are standardized to the water chemistry condition specified in
footnote f, for illustrative purposes only as is typical in hardness-dependent metals criteria documents. Be
that as it may, the normalization chemistry selected may influence the species sensitivity distribution,
particularly when two or more species have similar sensitivities to copper toxicity. Example criteria for
several water chemistry conditions are provided in Figure 6.

10




4.0 CONVERSION FACTORS

Although past water quality criteria for copper (and other metals) bad been established upon total
metals’ concentrations, EPA made the decision to allow the expression of metals criteria on the basis of
dissolved metal (operationally defined as metal that passes through a 0.45-micron filter, [U.S. EPA 1993])
because it was thought to better represent the bioavailable fraction of the metal. At that time, most data in
existing databases were from tests that were either conducted using nominal concentrations, or provided
only total copper measurements, such that some procedure was required to estimate their dissolved
equivalents. Now, dissolved metals toxicity values are required as BLM input in order to gbﬁnn lethal
accumulation values. EPA used conversion factors (CF) that when multiplied by.the 1:01 fier
concentrations result in a dissolved metal concentration. CF corresponds to t b gggatage of the total
recoverable metal that is dissolved. :

dissolved copper concentrations were developed by conducti
(Stephan 1995; University of Wisconsin-Superior 1995). Six
the influence of copper concentrations, presence or absence

were designed to mimic conditions that existed during the to (i i
criteria, such as sorption of metal onto test chambers, uptake»‘of met:

';%famsms and precipitation.
The recommended conversion factors from the Stephan

.the CMC and CCC)

iinal, total, and dissolved

: R studies (refer to

atwely ratios for the nominal-to-
@ncentranof%‘. The dissolved-to-nominal conversion
ved-to-;g;ﬁzél correction. The data provided in

93 gﬁgfor the blue mussel). Nominal copper
Sdrstited or the measured total copper

The BLM version AP08-Build 2002-05-07 was used to calculate lethal accumulation values for
each individual test result included in Table 1a by running the model in the metal speciation mode (see
Appendix B, BLM User’s Guide). Reported effect levels (i.e., LC50s or EC30s) and the chemistry
characterization for each test were input parameters for the model (Appendix F). LC50s or EC50s

11



reported in terms of total recoverable metal were converted to dissolved concentrations as discussed
above in the Conversion Factors section. Lethal accumulation values were then converted to toxicity
values (e.g., LC50s) at standard water condition by running the model in the metal toxicity mode.

Data from approximately 350 test were used to derive normalized LC50 values, including 15
species of invertebrates, 22 species of fish, and | amphibian species (Table 1a). Large variations in
toxicity values were observed for some species. Examination of the nature of these individual values
showed that a majority of them corresponded to observations where key BLM parameters were missing
and thus estimated (i.e., a quality ranking of 3 or 4 range is typical for these values), and ggv;;t%many species
the variation in LC50 was seen to increase in observations with more missing BLM pag feters (e.g., D.
magna, Figure 3). The large variability in LC50 for some species, therefore
of estimated BLM parameters for some of the data. For other orga;;gg;ms (s
significant variations in LC50s were likely due to the mixture
toxicity datasets. In general, an objective approach that could
L.C50 values was needed. For a given species with more tha
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were defined within the distribution of LC30 values using a simple statistical method that identifies those
individual values that are far from most of the rest of the population of values (Chambers et al. 1983). To
characterize these extreme values, a range was established by first calculating the difference between the
1st and 3rd quartiles for the entire dataset. This difference was then multiplied by 1.5 and either added to
the 3rd quartile, or subtracted from the st quartile to establish the “inside range.” Any points falling
outside this range were identified as extreme values. While data limitations preclude the application of a
more formal evaluation of “statistical outliers,” this simplified procedure was considered to be a
reasonable way to account for what appeared to be anomalous results.

As an example of this method applied to the LC50 data, box plots are shown of thgé;%ange of
LC50 values for each of the species in Table 1a. Species are identified with nurgbers, asghown in Table
*6. For each species, the geometric mean is shown as the center symbol, the fir, ofiranges represent the
Ist and 3rd quartile. The second set of ranges represent the minimum and mgb
extreme values. Data corresponding to extreme values are indivj
symbols (Figure 4). For the extreme values, the number of verti
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Species are identified by unique species number listed in Table 6. For each species the range between the 1st and
3rd quartile of ali available normalized LC50 values is represented by the box. Extreme values are plotted as
individual symbols, with the number of vertices indicating the quality scale (exireme values and quality scales
are discussed in Section 5.1). Statistics shown for normalized LC50 values after excluding extreme values
include the geometric mean shown as a circle, and minimum and maximum values shown as whisker bars around
the mean,
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quality ranking (e.g., a triangle represents an observation with a quality ranking of three, a diamond
represents an observation with a quality ranking of 4+, a star represents a quality ranking of 4 or 4-). The
LC50 values that corresponded to “extreme values” were therefore not considered in subsequent
calculation of the 5th-percentile LC50 value.

SMAVs ranged from 2.54 ng/L for the most sensitive species, Daphnia pulicaria, to 101,999
ug/L for the least sensitive species, Notemigonus crysoleucas. Cladocerans were among the most
sensitive species, with D. puficaria, D. magna, Ceriodaphnia dubia, and Scapholeberis sp. being four out
of the six most sensitive species. Invertebrates in general were more sensitive than fish, representing the
10 lowest SMAVs,

The 27 GMAVs calculated from the above-mentioned SMA Vs range ug/L for
Daphnids 10 101,999 ug/L for the Notemigonus genus. Nine of thex%_o most '
invertebrates. The salmonid genus Oncorhynchus was the most engiti '
29.11 pg/L and an overall GMAYV ranking of 10.

eig ﬁgz ferent taxon
ged'to calculate a FA‘(‘?‘@,

* g/L. was derived from the four GMA Vs with cumulative prob
toxicity value for all the tested genera (Table 3c) The presum

necessary in order to derive a criterion
conditions are presented in Figure 6.
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i)

eria regommendatlons were
‘1ation procedure to yield the

factors that affect toxicity, including D hardness correction does not. While in

principle the BLM is expected to impté ) i ethod the BLM’s ability to accurately
predict LC50s or metal speciation is §in i) fifhie input data. For this effort, many input
parameters were estimated. To , gﬁgi i d%ﬁter]on is an 1mprovement over a hardness-

a1’ used to run the BLM with “User Deﬁned” LA50s, specifying
ue for all study results for that species and the original input
%CSO values at each chemlstry condmon were compared with the

ogarithm of the meaSured toxicity value.
&

_ i .
A similar procei%’d;mg was performed for the hardness adjustment. A pooled hardness slope was
' us1ng all @gﬁfbpna‘re Table 1a data (considering all quahty ratings) based on the 1985 Guideline

the natural 10gar1thms of the measured versus hardness predlcted values were regressed.
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The mean square of error (MSE) from these two least squares regression procedures were
compared. The MSE from the BLM measured versus predicted analysis (0.403) was only slightly lower
than the MSE from the comparable hardness analysis (0.420). The small reducticn in the MSE for the
BLM analysis is interpreted to mean that the BLM, in this case, was a slightly better predictor of LC50
values and somewhat better at reducing variability among species mean values compared with the hardness
adjustment for these laboratory water studies. Application of the BLM in field 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 is that the BLM
. would reasonably account for the typically observed increase in effect levels under such conditions, while
the hardness-based approach would not. ‘

hardness as specified by the standard EPA recipes (U.S. EPA 199334 ,
concentratlon of various salts and reagents to be used in the syﬁ&ﬂs of labor

increases in these recipes, pH and alkahnlty also increase. Thi
~ bioavailability of copper would be expected to decrease with
increasing degree of complexation of copper with hydroxides

competmon with the metal at both DOM and biotic ligand bm%

change as hardness changes in the EPA recipes.
quality into account. It is possible to use the BL D
changes in hardness (e.g., alkalinity and pH regaammg cons wn in Figure 6 are BLM
predictions with only hardness varying. As :9 y 5@ show a much flatter response
with increasing hardness, and do not m :
equation, therefore, is based on water:

sprocedure was not used because, in one case, 1t resulted in eliminating only data for
‘ @llfe -stage, rather than the insensitive life-stage. In situations where data indicate that a
-stage for the species is at least a factor or two more resistant than another, the Guidelines
recommend that the data for the more resistant life-stage not be used in the calculation of the SMAV.

Embryo-larval life-stages of bivalve mollusc genera represent the first two of the four most
sensitive genera, including, by sensitivity rank, the genera Mytilus-11.5 ng/L and Crassosirea-12.6 pg/L.
Toxicity data for Myfilus edulis were distinguished from data for Mytilus spp. based on the molecular
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genetics work presented by Gaffney (1997) and information about the collection locations of the test
organisms for the Mytilus studies. The fourth most sensitive genera (the sea urchin genus
Strongylocentrotus) is also represented by the embryo-larval life-stage (Table 1b). Comparing the data for
older mussels (Nelson et al. 1988) and oysters (Okazaki 1976) with data for embryo-larval forms indicates
that these early life stages (ELSs) are appreciably more sensitive than the older forms. This is probably
true for marine invertebrates in general, although data for the red abalone (Martin et al. 1977) indicate that
48-hour larvae are perhaps slightly more resistant than larger forms. The mysid, Holmesimysis costata, and
the copepods, Eurytemora affinis and Acartia tonsa, are among the most sensitive crustacean species
tested.

Except for the summer flounder and the cabezon, with GMAVs of 12.7 and 86.44871.,
- of marine fish
5 were based on

tests with early life stages, and the higher fish GMAVs did not i
results suggest that acute tests with early (post-hatch) life stages
toxicity to older life stages, but not necessarily the reverse.

In sum, several studies indicate that salinity affects cq pecies-
dependent. The brackish water clam, Rangia cuneata, was vel

210 pg/L at <l g/kg salinity), but 35 to 38 times more resistan :

#than those for temperature.
7piing worms, and a slope of
increased L.C50s by factors

8t GMA Vs ranged from 11.5 ug/L dissolved
over 500 difference (Table 3b, Figure 7). In each

s

wehines. This FAV was lowered to 6.19 pg/L to protect
ussel species. The CMC is the FAV divided by two, and

foXic substance at which no adverse effect is observed (highest no observed adverse

Cca
efl ‘gfh, or NOAEC) and the lowest concentration of the toxic substance that causes an
advers ¢t (lowest observed adverse effect concentration, or LOAEC). The significance of the observed

effects is determined by statistical tests comparing responses of organisms exposed to low-level (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. This
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ii*values, because of variation in the power
and varlablhty of the samples used

ues focuses on the use of point estimates such as

onse relationship. With a regression equation or probit analysis,

function of increasing concentrations of the toxic substance,
34

concenfigtidn it causes a relatively small effect, for example a 5 to 30
0 make%omc values reflect a umform level of effect, regressmn and

HECan generally be made for 50 percent reduction (ECSO) however, such a

eduction is not neces@ﬁnly consistent with criteria providing adequate protection. In contrast, a

ration that causes. f“ w level of reduction, such as an EC5 or EC10, is rarely statistically

tly different fygm the control treatment. As a compromise, the EC20 is used here to represent a
hm%% general]y significantly different from the control treatment across the useful

Wression 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 coneentrations of copper were estimated in cases where no measurements
were reported. These analyses were performed using the Toxicity Relationship Analysis Program software

18




(version 1.0;. U.S. EPA). Additional detail regarding the aforementioned statistical procedures is available
in the cited program. '

When the data from an acceptable chronic test met the conditions for the logistic regression or
probit analysis, the EC20 was the preferred chronic value. When data did not meet the conditions, was not
available, or did not lend itself to regression analysis, best scientific judgment was used to determine the
chronic value. In this case, the chronic value is usually the geometric mean of the NOAEC and the
LOAEC. But when no treatment concentration was an NOAEC, the chronic value was less than the lowest
tested concentration.
sed in chronic
copper
(biomass) was
logical variables .

For life-cycle, partial life-cycle, and early life stage tests, the toxicologigal variah
value analyses was survival, reproduction, growth, emergence, or intrinsic gro
apparently reduced both survival and growth (weight or length), thegproduct g

A species-by-species discussion of each acceptable ch
document is presented in Appendix H. Figures that presents thj
line for each of the acceptable chronic test which contained s
~ Appendix H. ' '

5.3.2 Caleculation of Fresh water CCC

Acceptable freshwater chronic toxicity dat .partial life-cycle tests, and
nyertebrate species and 10 fish
species (Table 2a). The 17 chronic values for j : .
(C. dubia); and the 12 chronic values for thﬁ% sh speciggir: Hbrook trout) to 60.4 pg/L
(northern pike). Of the 29 chronic tests ife available for 17 of the tests (Table
2¢). The relationship between acute t valuesdat esented in Figure 8. The supporting

acute and chronic test values for the £

hardness-g Bxicity d% pecies forwhiCh such evaluations are marginally possible. Five

tests over a'ra B C onducted with D. magna (Blaylock et al. 1985; Chapman et al.
unpublished m#g ' .988). Five tests over a range of hardness values were also
conducted with Carlson et al. 1986; Oris et al. 1991). Winner (1985)

ond test conducted at a hardness of 225 mg/L, the chronic value was not

5

100 mg/L hardness tests. The resulting overall slope for D. magna based on

hronic toxicity is equivocal, no overall chronic slope was derived.
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Because the minimum eight §
order to use the FAV approach and |

ugh, as previously mentioned, additional development is required
evaluating chronic toxicity data directly. To calculate the FCV,

species; C. dubia, D. magna, D. pulex, O. tshawytscha, and O. mykiss along with the one saltwater ACR
for C. variegatus. Pursuant to the Guidelines, consideration was given to calculating the FACR based on
all ACRs within a factor of 10, but because there appeared to be a relationship between acutely sensitive
species and increases in ACRs as sensitivity decreased, the FACR was derived from data for species
whose SMAVs were close to the FAV. Based on the normalization water chemistry conditions used for

.20



illustrative purposes in the document, the freshwater CMC value is 4.2, which divided by the FACR of
3.23 results in a freshwater CCC of 1.3 pg/L dissolved Cu.

5.3.3 Evaluation of the Chronic Data Available for Saltwater Species

Only one acceptable saltwater chronic copper value is available for the sheepshead minnow
(Table 2b). This chronic toxicity value was obtained from a flow-through early life stage test in which the
concentrations of copper in the test chamber were measured.

The ELS test with sheepshead minnow was one of the tests for which the chronic value and most

sensitive effect are reported w1thout providing concentratlon response data. Thuys, regregsi D
wth was reported

9 ug/L. The 96-

to be a more sensitive endpoint than mortality, and the chromc v
hour LC50 reported for copper in this study was 368 pg/L, and §
ratio of 1.48.

A life-cycle test was conducted with the mysid, Ame,
bahia). Survival of mysids was reduced at 140 pg/L, and pro
(significant at P<0.05), but reproduction at 24 and 38 pg/L w
on reproductive data, unacceptable effects were observed at 7 at 38 pg/L, resulting in a
chronic value of 54.09 ug/L. Using the acute value of 181 g7 this mysid would be 3.346.
Control survival in this test however, was considered inadeguate; thus, value was not used to
derive the final chronic criterion. i )

‘young v1rtua11y ck 77 ug/L
erent from that of controls. Based

The ACR value for saltwater is for a relét;’vely aciits iti twater species, with a
GMAV falling in the upper half of all tested gdltwater '
 tests with embryos and larvae of molluscs zsd
sensitive life stages of these species. Al
not available, ACRs for acutely sensi
sensitive freshwater species for whi

ould be among the most acutely sensitive
the BLM.) On the basis of data for the five

he one available saltwater ACR for the sheepshead minnow, the

1 ACR of 3.23. Thus, for saltwater, the final chronic value for

3; Rueter 1983). It has also been shown that algae are capable of excreting complexing
substances in response to copper stress (McKnight and Morel 1979; Swallow et al. 1978; van den Berg et
al. 1979). Foster (1982) and Stokes and Hutchinson (1976) have identified resistant strains and/or species
of algae from copper (or other metal) impacted environments. A portion of this resistance probably results
from induction of the chelate-excretion mechanism. Chelate excretion by algae may also serve.as a
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protective mechanism for other aquatic organisms in eutrophic waters; that is, where algae are capable of
maintaining free copper activities below harmful concentrations.

Copper concentrations from 1 to 8,000 ug/L have been shown to inhibit growth of various
freshwater plant species. Very few of these tests, though, were accompanied by analysis of actual copper
exposure concentrations. Notable exceptions are freshwater tests with green alga, including
Chlamydomonas reinhardtii (Schafer et al. 1993; Winner and Owen 1991b), which is the only flow-
through, measured test with an aquatic plant, Chloreila vuilgaris and Selenastrum capricornutum
(Blaylock et al. 1985). There is also a measured test with duckweed (Taraldsen and Norberg-King 1990).

criteria for certain water conditions, such as low to mid-range
and low DOC are in the range of, if not lower than, the lowe
algal species and would therefore appear protective of plant s
BLM-derived criteria may be significantly higher (see Figurg

Data are available on the toxicity of copper in saltwaté
microalgae (Table 4b). A comparison of effect levels seen in 5

CCC. One static unmeasured test, with the microalgae Scrz szella fae tyides an 8-day growth
EC50 of <1 pg/L (Saifullah 1978). However, this res 3 background copper
concentration of 1.86-4.18 pg/L, placing this respgf 8. In addition, the study
included a second experiment with the same 'sp 50 of 5 ng/L; addmg in the

Two publications provide da fart foae Champgia parvula that indicate that reproduction
of this species is especially sensiti ananual (U.S. EPA 1988) for whole effluent
toxicity (WE’I;) testing containgith 5 showing nominal reproduction LOECs

these data is the uncertamty of the copper concentration in the test

, primari i g ecgt?to any background copper that might be found in the dilution water,
ally with solutions Jmmpounded from sea salts or reagents. Thus, with a CCC of 1.9 ug/L dissolved
, the mgmﬁcancg}gﬁ”a 1 or 2 pg/L background copper level to a 1 1o 3 ug/l. nominal effect level

exte “hampia. Many of these other macroalgae appear to have greater ecological significance than

~ Champia, several forming significant intertidal and subtidal habitats for other saltwater organisms, as well
- as being a major food source for grazers. Reproductive and growth effects on the other species of
macroalgae sometimes appear to occur at copper concentrations between 5 and 10 pg/L (Appendix C,
Other Data). Thus, most major macrophyte groups seem to be adequately protected by the CMC and
CCC, but appear similar in sensitivity to some of the more sensitive groups of saltwater animals.
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7.0 BIOACCUMULATION OF COPPER

Because no regulatory action levels for copper and human health are applicable to aquatic
organisms, and no consumption limits are established for wildlife, there is no basis for developing a
residue-based criterion (or final residue value) for copper based on EPA’s current Guidelines.

As more information is acquired about food consumption as a route of copper exposure to fish
and macroinvertebrates, bioaccumulation potential—and the link to environmental source
concentrations—may become a considerably more important factor in establishing criteria. Currently, the
database available for calculating potential bioconcentration (from the water) or bioaccumul;

that all water concentrations be adequately quantitated, and that tissue levels agehing steady state
or else that tests be at least 28 days in duration. Additionally, biocg] centrat

al. 2003).

After culling the data according to the Guidelines, t
for copper (Table 5a, b) were juvenile fathead minnows (46
(1,006-2,950), mussels (2,491-7,730), and Pacific oysters (33

8.0 OTHER DATA

Many of the data identified for this effort are
g8 reported in Tables 1a and
less than 96 hours are

a large amount of effluent from a sewage treatment
ﬁsh in a turbid pond water. Until chemical measurements that

: w1de variety of waters are identified and widely used,

i as those in Appendix C, will not be very useful for

i s based on physiological effects, such as changes in growth,
' etc These were included in Appendix C because they could not be

fons could be above criteria derived for other normalization chemistries, ralsmg the questlon as
to what is the appropriate comparison to make. For example, Appendix C includes an EC50 for D. Pulex
of 3.6 pg/L (Koivisto et al. 1992) at an approximate hardness of 25 mg/L (33 mg/L as CaCQ,). Yet,
example criteria at 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 pg/L (DOC = 2.3 mg/L) based on the DOC concentration selected for the

23



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 presented in Appendix C were conducted in
laboratory dilution water with low levels of DOC, the appropriate comparison would be to the criteria
derived from low DOC waters. Comparing many of the values in Appendix C to the example criteria
presented in this document, it appears that a large proportion of Appendix C values are above these
concentration levels. This is a broad generalization though and as stated previously, all important water
chemistry variables that affect toxicity of copper to aquatic organisms should be considered before
making these types of comparisons.

9.0 NATIONAL CRITERIA STATEMENT

The procedures described in the “Guidelines for De
Criteria for the Protection of Aquatic Organisms and Their
important species is very sensitive, freshwater aquatic organ
unacceptably if the 4-day average concentration of dissolved
site-water LC50 (i.e., FAV) divided by the FACR more than
CCC) and if the 24-hour average dissolved copper concentrg
LC50 (or FAV) divided by two, more than once every 3 y

Criteria for the Protection of Aquatic Organismg
important species is very sensitive, saltwaterﬁ
unacceptably if the 4-day average concentrﬁ?
once every 3 years on the average and j
more than once every 3 years on the a

or othet; Ctors may make
EPAazﬂcommends the mte

teto BLM-derived freshwater criteria, to develop a site-specific criterion for a stream
with determining what single criterion is appropriate even though a BLM-calculated
“instdrtaticous criterion” (i.e., a criterion value appropriate for specific water chemistry conditions at a
particular instant) will be time-variable. This is not a new problem unique to the BLM—hardness-
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 calculate site-specific criteria considering this
variability. Multiple input parameters for the BLM complicate the calculation of site-specific criteria
because of their combined effects on variability. EPA is currently in the process of developing guidance
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on how to address these factors. Presently, EPA expects that few sites have sufficient data for all the input
parameters to enable adequate characterization of the inherent variation at a site. Therefore, EPA is
currently evaluating probabilistic techniques (Monte Carlo techniques) and statistical analyses to address
this issue and anticipates publishing separate BLM implementation guidance.
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