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INTRODUCTION'

This update document provides guidance to States and Tribes authorized to establish water
quality standards under the Clean Water Act (CWA) to protect aqguatic life from acute and chronic
effects of cadmium. Under the CWA, States and Tribes are to establish water quality criteria to protect
designated uses. While this document constit'uteng.S. EPA'’s scientific recommendations regarding
émbient concentrations of cadmium, this document does not substitute for the CWA or U.S. EPA’s
regulations; nor is it a regulation itself. Thus, it cannot impose legally binding requirements on U.S.
EPA, States, Tribes, or the regulated community, and might not apply to a particular situation based
upon the circumstances. - State and Tribal decision-makers retain the discretion to adopt approaches on a
case-by-case basis that differ from this guidance when appropriate. U.S. EPA may change this guidance
in the future. ' ' ‘ »

Cadmium is a relatively rare element that is a minor nutrient for plants at low concentrations
(Lane and Morel 2000; Lee et al. 1995; Price and Morel 1990), but is toxic to aquatic life at
concentrations only slightly higher. It occurs mainly as a component of minerals in the earth’s crust at
an average concentration of 0.18 ppm (Babich and Stotzky 1978). Cadmium levels in soils usually
range from approximately 0.01 to 1.8 ppm (Lagerwerff and Specht 1970). In natural freshwaters,
cadmium sometimes occurs at concentrations of less than 0.1 xg/L, but in environments impacted by
man, concentrations can be several micrograms per liter or greater (Abbasi and Soni 1986; Allen 1994;
Annune et al. 1994; Flick et al. 1971; Friberg et al. 1971; Henriksen and Wright 1978; Nilsson 1970;
Spry and Wiener 1991). Cadmium can enter the environment from various anthropogenic sources,
such as by-products from zinc refining, coal combustion, mine wastes, electroplating processes, iron
and steel produétion, pigments, fertilizers and pesticides (Hutton 1983; Pickering and Gast 1972).

The impact of cadmium on aquatic organisms depends on a variety of possible chemical forms,
of cadmium (Callaha'nk et al. 1979), which can have different toxicities and bioconcentration factors. In
most well oxygenated freshwaters that are low in total organic carbon, free divalent cadmium will be
the predominant form. Precipitation by carbonate or hydroxide and formation of soluble compléxes by

chloride, sulfate, carbonate, and hydroxide should usually be of little importance. In saltwaters with

' An understanding of the “Guidelines for Deriving Numerical National Water Quality Criteria for the
Protection of Aquatic Organisms and Their Uses” (Stephan et al. 1985), hereafter referred to as the Guidelines, is
necessary in order to understand the following text, tables, and calculations.
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salinities from about 10 to 35 g/kg, cadmium chloride complexes predominate. In both fresh and
saltwaters, particulate matter and dissolved organic material may bind a substantial portion of the
cadmium, and under these conditions cadmium may not be bioavailable due to this binding (Callahan et
al. 1979; Kramer et al. 1997). |

Because of the variety of forms of cadmium (Callahan et al. 1979) and lack of definitive
information about their relative toxicities, ‘no available analytical measurement is known to be ideal for .
expressing aquatic life criteria for cadmium. Previous aquatic life criteria for cadmium (U.S. EPA
1980) were expressed in terms of total recoverable cadmium (U.S. EPA 1983a), but this measurement
is probably too rigorous in some situations. U.S. EPA (1985) has also expressed cadmium criteria as
acid-soluble cadmium in the past, but now recommends use of dissolved metal concentrations
(operationally defined as the metal in solution that passes through a 0.45 xm membrane filter) to set and
measure compliance with water quality standards (Prothro 1993; U.S. EPA 1993, 1994a).

The criteria presented herein supersede previous aquatic life water quality criteria for cadmium
(U.S. EPA 1999a) because these new criteria were derived based on the most recent science.

‘Whenever appropriate, a national criterion may be replaced by a site-specific criterion (U.S. EPA
1994a), which may include not only site-specific criterion concentrations (U.S. EPA 1994b), but also
site-specific durations of averaging periods and site-specific frequencies of allowed exceedences (U.S.
EPA 1991). All concentrations are expressed as cadmium, not as the chemical tested. The latest
literature search for information for this document was conducted in June 1999; some newer
information was also used.

Because the revisions being considered build from principles set forth in the 1985 Guidelines
(Stephen et al. 1985), it is useful to have some understanding of how those Guidelines are ordinafily
applied: (1) Acute toxicity test data must be available for species from a minimum of eight diverse
taxonomic groups. The diversity of tested species is intended to assure protection of various
components of an aquatic ecosystem. (2) The Final Acute Value (FAV) is derived by extrapolation or
interpolation to a hypothetical genus more sensitive than 95 percent of all tested genera. The FAV,
which represents an LC50 or EC50, is divided by two m erder to obtain an acute criterion protective of
nearly all individuals in such a genus. (3) Chronic toxicity test data (longer-term survival, growth, or
reprdduction) must be available for at least three taxa. Most often the chronic criterion is set by

determining an appropriate acute-chronic ratio (the ratio of acutely toxic concentrations to the

chronically toxic concentrations) and applying that ratio to the acute value of the hypothetical genus




more sensitive than 95 percent of all tested genera. If sufficiefit data are available to meet the eight
diverse taxonomic group minimum, then the chronic value ié derived using the same procedure as used
for the FAV derivation. (4) When necessary, the acute and/or chronic criterion may be lowered to
protect recreationally or commercially important species. (5) When evaluating time-variable ambient
concentrations generally, 1-hour average concentration are considered to be appropriate for comparison
with the acute criterion, and 4-day averages with the chronic criterion. 6) The allowable frequency for

_exceeding a criterion is set at once every three years, on the average.
ACUTE TOXICITY TO FRESHWATER ANIMALS

Acceptable data on the acute effects of cadmium in freshwater are available for 39 species of
invertebrates, 24 species of fish, one salamander species, and one frog species (Table 1a). These 65
species satisfy the eight different family requirements specified in the Guidelines. A tendency for
increased tolerance to toxicity with increasing size or age has been reported (Table 1a) in the snail,
Physa gyrina (Wier and Walter 1976), the coho salmon (Chapman 1975), and the common carp (Suresh
et al. 1993a). 'No such effect was observed With increasing age (Table 1a) in the cladoceran, Daphnia
magna (Stahlbacher et al. 1993), the rainbow trout (Chapman‘1975,. 1978), or in the striped bass
(Hughes 1973; Palawski et al. 1985). Data are unavailable for a sufficient number of species and life
stages to allow general adjustment of tesi results or criteria on the basis of size or life stage. Where
relationships were apparent between life-stage and sensitivity, only values for the most sensitive life-

stage were considered.

Water Quality Parameters Affecting Toxicity |

Although many factors might affect the results of tests of the toxicity of cadmium to aquatic
organisms (Sprague 1985), water quality criteria can quantitatively take Ainto account only factors for
v?hich enough data are available to show that the factor similarly affects the results of tests with a
variety of species. Hardness is often thought of as having a major effect on the toxicity of cadmium,
although the observed effect may be due to one or more of a number of usually interrelated ions, such
as hydroxide, carbonate, calcium, and magnesium. Acute tests were conducted at three different levels

of water hardness with Daphnia magna (Chapman et al. Manuscript), demonstrating that daphnids were

at least five times more sensitive to cadmium in soft water than in hard water (Table 1a). Data in Table




1a also indicate that cadmium was more toxic to the tubificid worms Limnodrilus hoffimeisteri and
Tubifex tubifex, the mussel Vilosa vibex, Daphnia pulex, chinook salmon, goldfish, fathead minnow,
guppy, striped bass, green sunfish and bluegill in soft than in hard water. Carroll et al. (1979) found
that calcium, but not magnesium, reduced the acute toxicity of cadmium.

Other water quality characteristics could potentially influence the toxicity of cadmium to aquatic
species. Giesy et al. (1977) found that dissolved organics substantially reduced the toxicity of cadmium
to daphnids, but had little effect on its toxicity to fish. No consistent relationship between‘toxicity and
organic particle size was observed. Development of the “biotic ligand model” (BLM - formerly the-
“gill model”) in recent years has attempted to better account for the bioavailability of metals to aquatic
life. The BLM, which quantifies the capacity of metals to bind to the gills of aquatic organisms, has
been proposed as a reliable method for estimating the bioavailable portion of dissolved metals in the
water column based on site-specific water quality parameters such as alkalinity, pH aan dissolved
organic carbon (McGeer et al. 2000; Meyer et al. 1999; Pagenkopf 1983; Paquin et al. 1999; U.S.
EPA 1999b, 2000). Future development of the BLM for cadmium may help better quantify the
bioavailable fraction of cadmium. Nonetheless, the model is in the preliminary development phase for

cadmium and it will likely not be available for a number of years still.

Hardness Correction

Currently, the primary quantitative correlation used to modify metal toxicity estimates is water
harduess (viz. the U.S. EPA 1995 water quality criteria for cadmium). Hardness (as calcium or
magnesium ions) almost certainly has some direct effect on cadmium toxicity (e.g., by influencing
membrane integrity). Calcium and magnesium ions compete with the metal for binding sites on the gill
(Carroll et al. 1979; Evans 1987; Morel and Hering 1993; Pagenkopf 1983). Hardness also serves as a
general surrogate for pH, alkalinity, and ionic strength, because waters of highér hardness usually have
higher pH, alkalinity, and ionic suength. Other parameters such as pH, alkalinity,‘ dissolved organic
carbon, humic matter, ionic strength (anions and cations) and dissolved inorganic carbon also affect
metal speciation and bioavailability, and thus metal toxicity. The pH is also important in determining ‘
the metal complexation capacity of dissolved organic matter.

Hardness is used here as a surrogate for the jons which affect the results of toxicity tests on

cadmium. However, it should be emphasized that the hardness adjustment is not a precise measure, but

an estimation. The variability associated with different life stages, clones and test conditions of the




studies used to determine the hardness sl(;be all contribute to the uncertainty of the hardness correction.
In selected cases, only one life stage was used in the analysis (e.g., only adult fathead minnow data).
Thus, in spite of all its limitations, hardness is currently the best surrogate available for metal toxicity
adjustment. ‘

To account for the apparent relationship of cadmium acute toxicity to hardness, an analysis of
covariance (Dixon and Brown 1979; Neter and Wasserman 1974) as noted in the guidelines (Stephan et
‘al. 1985) was performed using the Statistical Analysis System (SAS Inc., Cary, NC) software program
to calculate the pooled slope for hardness using the natural logafithm of the acute value as the
dependent variable, species as the treatment or grbuping variable, and the natural logarithm of hardness
as the covariate or independent variable. The pooled slope is a regression slope from a pooled data set,
- where every variable is adjusted relative to its mean. The species are adjusted separately, then pooled
for a single conventional least squares regression analysis. The slope of the regression line is the best
estimate of the all-species relationship between toxicity and hardness. With analysis of covariance,
different species will be weighted relative to the number of data points they have. In this case, the D.
magna and the fathead minnow each have 28 data points out of the total of 97, and the next most
frequent species has just eight data points.

This analysis of covariance model was fit to the data in Table 1a for the 12 species for which
definitive acute values (less than or greater than values were not used) are available over a range of
hardness such that the highest hardness is at least three times the ldwest, and the highest is also at least
100 mg/L higher than the lowest (other species in Table 1a either did not meet these criteria or did not
show any hardness-toxicity trend due to differences in exposure methods, species age, etc.). For D.
magna, only acute toxicity tests that were initiated with less than 24-hr old neonates were used to
estimate the hardness slope. For the fathead minnow, only tests conducted with adults were uséd (not
those conducted with the more sensitive fry life stage). A list of the species and acute toxicity-hardness
values used to estimate the acute hardness slope is provided in Table 1d. The slopes for all 12 species
ranged from 0.1086 io 2.031, and the pooled slope for these 12 species was 1.174 (see Table 1c). An
F-test was used to test whether a model wifh separate species slopes for each species gives significantly
Better fit to the data than the model with parallel slopes. This test showed that the separate slopes
model is not significantly better, and therefore the slopes are not significantly different than the overall
pooled slope (P=0.27). The slopes and confidence intervals associated with the 12 species indicated

that D. magna (all available data) had a very flat slope and a large confidence interval (and large




standard error). If only the D. magna data from Chapman et al. (Manuscript) were used, the resultant
D. magna slope was 1.182, with smaller confidence intervals than for the all D. magna slope.
Likewise, when only the adult fathead minnow data were used (not the fry data), the resultant fathead
minnow slope was 1.221 and smaller confidence intervals were present. If this reduced data set is used
(all species but using only data from Chapman et al. (Manuscript) for D. magna and only adult fathead
minnow data), the pooled slope for these species waé 1.0166 (see Table 1c). The test for equality of
the 12 slopes using the reduced data set (all species but only Chapman D. magna and adult fathead
minnow data) produced P=0.69. Under analysis of covariance, it therefore is reasonable to assume
that the slopes for these 12 species are the same, and that the overall slope is a reasonable estimate of
the average relationship between hardness and toxicity. Either P value indicated that it was reasonable
to assume that the slopes were the same, however, the second model was considered the better model
and was therefore selected. The pooled slope of 1.0166 is close to the slope of 1.0 that is expected on
the basis that cadmium, calcium, magnesium, and carbonate all have a charge of two (Meyer 1999). A
plot of the acute effect level (EC50 or 1.C50) versus total hardness is provided in Figure 1.

The possible relationship of cadmium acute toxicity to water quality parameters other than
hardness were also considered. Both hardness aﬁd/or alkalinity were investigated by subjecting any
acute toxicity data in Table 1a having both hardness and alkalinity values available to a multiple
stepwise regression analysis using the SAS (Cary, NC) software program. The analysis was run using
the natural logarithm of the acute value as the depehdent variable, species as the treatment or grouping -
variable, and the natural logarithm of hardness and alkalinity as the covariates or independent variables. |
As with the analysis of covariance evaluation discussed above, the only data used in Table 1a (seven
species) were those for which definitive acute values are available over a range of both hardness and
alkalinity such that the highest hardness (and alkalinity) is at least three times the lowest, and the
highest is also at least 100 mg/L higher than the lowest. The results obtained indicate that either
variable works well alone in the regression model (R* value for each was 0.688), but the other variable
cannot increase the strength of the model once the first variable is included (when both were used the R?
valﬁe only increased to 0.689). This lack of model improvement is due to the very strong correlation
between hardness and alkalinity (effect of colinearity), thus these two independent variables should not
be used together in the same regression model. Based on these results and the availability of data for

water quality parameters other than hardness, the best approach at this time is to use only hardness

(analysis of covariance discussed above) as a surrogate for the ions which affect the results of toxicity




tests on cadmium.

Conversion Factors
Although past water quality criteria for cadmium (and other metals) have been established upon;
the loosely defined term of “acid soluble metals,” U.S. EPA made the decision to allow the expression
of metal criteria on the basis of dissolved metal (U.S. EPA 1994a), operationally deﬁned as that metal
- that passes through a 0.45 micrén filter. Because most of the data in existing databases ére from tests
that were either nominal concentrations, or provided only total cadmium measurements, some
procedure was required to estimate their dissolved equivalents.. The approach taken by U.S. EPA
involves the use of conversion factors (CF), that when applied to the total metal cbncentration, gives a
dissolved metal concentration. Thus, the CF cofresponds to the percent of the total recoverable metal
that is dissolved. These CFs were determined by conducting a number of “simulation tests” using
solutions simulating those used in the toxicity tests that were most important in the'derivation of aquatic
life criteria for each metal (static, flow-through, fed, and unfed conditions that typified standard acute
and chronic toxicity tests from which criteria are derived). The intent was to mimic the way criteria
would have been derived if dissolved metal had been measured in each of the toxicity tests (Lussier et
» al. 1995; Stephan 1995; Univ. of Wisconsin-Superior 1995). For certain metals like cadmium, these
CFs are hardness dependent.
The appropriate CFs were used only when determining the final cadmium criteria values, and
are hardness dependént in freshwater. Acute freshwater total cadmium concentrations were converted

to dissolved concentrations using the factor of 0.973 at a total hardness level of 50 mg/L as CaCOs,,
0.944 at a total hardness level of 100 mg/L as CaCO;, and 0.915 at a total hardness level of 200 mg/L

as CaCO;. The equation for the acute freshwater conversion factor is CF = 1.136672 - [(In hardness)
(0.041838)] where the (In hardness) is the natural logarithm of the hardness (Stephen 1995). ‘Acute

 saltwater total cadmium values were converted to dissolved using the factor of 0.994.

Criteria Development

The pooled slope of 1.0166 was used to adjust the freshwater acute values in Table 1a to
hardness = 50 mg/L, except where it was not possible because no hardness was reported. Species
Mean Acute Values (SMAV) were calculated as geometric means of the adjusted acute values (only the
underlined EC50/L.C50 spec/ies values were used to calculate the respective SMAV). As stated in the
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Guidelines (Stephen et al. 1985), flow-through measured study data are normally given preference over
non-flow-through data fof a particular species. In certain cases flow-through measured results were
available, yet preference was given to the sensitive life stage for certain species in calculating SMAVs.
In addition, all underlined Table 1a data for D. magna and fathead minnow fry were used to calculate
the respective SMAVs (D. magna tests initiated with >24-hr old neonates were not used to calculate
the SMAV). Only data from Chapman (1975) were used for coho salmon to avoid using fest results
from studies in which the life stage tested is known to be less sensitive, or in which the life stage tested l
is unreported and the higher LC50s may be due primarily to the use of less sehsitive life stages. The
data for Palawski et al. (1985) were used for striped bass because they were considered better data than
those given in U.S. EPA (1985), although the data from Hughes (1973) support‘the newer data. Only
brook trout data reported by Carroll et al. (1979), and not by Holcombe et al. (1983) were used in the
calculation of the brook trout Final Acute Value because the reported bull trout data (Stratus Consulting
1999) in the same genus support the Carroll et al. (1979) results. Drummond and Benoit (Manuscript) .
reported that stress greatly affected the sensitivity of brook trout to cadmium.

The SMAY for freshwater invertebrates ranged from 13.41 ug/L total cadmium for the
cladoceran, D. magna to 96,880 pug/L total cadmium for the midge; Chironomus riparius. Of the fish
species tested, the brown trout, Salmo trutta, had the lowest SMAV of 1.613 pg/L total cadmium, and
the tilapia,b Oreochromis mossambica, recorded the highest fish SMAV of 10,663 ug/L total cadmium. )
As indicated by the data, both invertebrate and fish species display a wide range of sensitivities to
cadmium. '

Fish species represent eight of the nine most sensitive species to cadmium (Table 3a).
Salmonids (Salmo trutta, Salvelinus confluentus, Salvelinus fontinalis, Oncorhynchus Kisutch,
Oncorhynchus mykiss and Oncorhynchus tshawytscha) are six of the seven most sensitive species listed
in Table 1a, and thus are more acutely sensitive to cadmium than any other freshwater animal species
thus far tested (Carroll et al. 1979; Chapman 1975, 1978, 1982; Cusimano et al. 1986; Davies et al.
1993; Finlayson and Verrue 1982; Phipps and Holcombe 1985 ; Spehar é.nd Carlson 1984a,b; Stratus
Consulting 1999). The cladoceran, D. magna, is the eighth most sensitive species to cadmium, and
thus the most acutely sensitive invertebrate species tested thus far.

Genus Mean Acute Values (GMAYV) at a hardness of 50 mg/L were then calculated (Table 3a)

as geometric means of the available freshwater Species Mean Acute Values and ranked. Of the 55

genera for which acute values are available, the most sensitive genus, Salmo, is over 60,062 times more




sensitive than the most resistant, Chironomus. The first tﬁrough fourth most sensitive genera (a total n
of 55) were used in the computation of the final acute value. The sensitivity of these four most
sensitive genera are within a factor of 2.4, and all are fish. Of the ten most sensitive genera, six are
fish, two.are mussels, and two are cladocerans (Figure 2; Table 3a). Hardness-adjusted acute values
are available for more than one species in nine genera, and the range of SMAVs within each genus is
less than a factor of 4.0 for eight of the nine genera. The ninth genus, Prychocheilus, has two SMAVs
that differ by a factor of 98.5, possibly due to differences in the test conditions between species.

The freshwater Final Acute Value (FAV) for total cadmium at a hardness of 50 mg/L was 7
calculated to be 2.763 ng/L total cadmium (Table 3d) from the Genus Mean Acute Values in Table 3a
using the procedure described in the Guidelines. The Species Mean Acute Values for the rainbow
- trout, brook trout, bull trout and brown trout are lower than the FAV of 2.763 ng/L total cadmium, but
the acute value for the brook trout and brown trout are from static tests, whereas flow-through
measured tests have been conducted with the remaining two salmonid species. The freshwater Final
Acute Value for total cadmium at a hardness of 50 mg/L was lowered to 2.108 ug/L to protect the
commercially important rainbow trout (Table 3d). This value is above the SMAV of 1.613 pg/L for
the brown trout and <1.791 pg/L for brook trout, but below all other SMAVs listed in Table 3a

(Figure 2). The resultant freshwater Criterion Maximum Concentration (CMC) at a hardness of 50

(1.0166[In(hardness)}-3.924)

mg/L for total cadmium (in xg/L) = € . If the CMC based on total cadmium

values is cohverted to dissolved cadmium uéing the 0.973 factor at a hardness of 50 mg/L determined
by U.S. EPA (Stephan 1995; Univ. of Wisconsin-Superior 1995), the freshwater CMC for dissolved
cadmium (in ug/L) = 0.973 [¢(1-01660n0ardness)]-3.924); 1y o e 1.0 g/l CMC for dissolved
cadmium at a hardness of 50 mg/L is below all of the SMAVs presented in Table 3a (Figure 2).

Conversion from total to dissolved was used because hardness relationships were established based
upon total cadmium concentrations as this minimized the number of conversions required. In a few
cases where only dissolved cadmium was reported in freshwater (Table 1a), conversion to total used the

same appropriate factor.
ACUTE TOXICITY TO SALTWATER ANIMALS

Tests of the acute toxicity of cadmium to saltwater organisms have been conducted with 50

species of invertebrates and 11 species of fish (Table 1b), representing the réquired eight different




taxonomic families. A pattern of increased tolerance to toxicity with increasing size or age has been
reported (Table 1b) in the polychaete worm Capitella cdpz'tata (Reish and LeMay 1991; Reish et al.
1976), the blue mussel (Ahsanullah 1976; Martin et al. 1981; Nelson et al. 1988), the copepod
Eurytemora affinis (Gentile 1982; Sullivan et al. 1983), the amphipods Marinogammarus obtusatus
(Wright and Frain 1981) and Leptochez’nis plumulosus (McGee et al. 1998), the pink shrimp Penaeus
duorarum (Nimmo et al. 1977b; Cripe 1994), the rivalus (Park et al. 1994; Lin and Dunson 1993), the
Adtlantic silverside (Cardin 1982) and the striped mullet (Hilmy et al. 1985). No such effect was
observed with increasing age (Table 1b) in the polychaete worm Neanthes arenaceodentata (Reish and
LeMay 1991; Reish et al. 1976), the mysid Americamysis bahia, formerly Mysidopsis bahia (De Lisle
and Roberts 1988), the grass shrimp Palaemonetes pugio (Khan et al. 1988; Burton and Fisher 1990),
and the mummichog Fundulus heteroclitus (Voyer 1975). Data are unavailable for a sufficient number
of species and life stages to allow general adjustment of test results or criteria on the basis of size or life
stage. Where relationships were apparent between life-stage and sensitivity, only values for the most

sensitive life-stage were considered.

Water Quality Parameters Affecting Toxicity

Frank and Robertson (1979) reported that the acute toxicity to juvenile blue crabs was related to
salinity. The 96-hr LC50s were 320, 4,700, and 11,600 ng/L at salinities of 1, 15, and 35 g/kg,
respectively (Table 1b). Studies with A. bahia by Gentile et al. (1982) and Nimmb et al. (1977a) also
support a relationship between salinity and the acute toxicity of cadmium. O’Hara (1973a) investigated
the effect of temperature and salinity on the toxicity of cadmium to the fiddler crab. The LC50s at
20°C were 32,300, 46,600, and 37,000 n.g/L at salinities of 10, 20, and 30 g/kg, respectively.
Increasing the temperature from 20 to 30°C lowered the LCS50 at all salinities tested. Toudal and
Riisgard (1987) reported that i mcreasmg the temperature from 13 to21°Cata salmlty of 20 g/kg also
lowered the LC50 value of cadmium to the copepod, Acartia tonsa. ,

Saltwater fish species were generally more resistant to cadmium than freshwater fish species
with SMAYVSs ranging from 75.0 wg/L for the striped bass (at a salinity of 1 g/kg) to 50,000 ng/L for
the sheepshead minnow (Table 3b). In a study of the interaction of dissolved oxygén and salinity on the
acute toxicity of cadmium to the mummichog, Voyer (1975) found that 96-hr 1.C50s at a salinity of 32
g/kg were about one-half what they were at 10 and 20 g/kg. Sensitivity of the mummichog to acute

cadmium poisoning was not influenced by reduction in dissolved oxygen concentration to 4 mg/L. This
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increase in toxicity with increasing salinit§y conflicts with other data reported in Tables 1b and 6b.
Since there was no consistent salinity—toxi,éitﬁirend observed fg}r the data, a salinity correction factor

was not attempted.

Criteria Development , |
Of the 54 saltwater genera for which acute values are available, the most sensitive,
Americamysz’s, is 3,270 times more sensitive than the most resistant, Monopylephorus (Table 3b). The
SMAVs for saltwater invertebrate species range from 41.29 ug/L for a mysid to 135,000 ng/L for an
_oligochaete worm (Tables 1b and 3b). The acute values for saltwater polychaetes range from 200 ng/L
for C. capitata to 14,100 ng/L for N. arenaceodentata (Reish and LeMay 1991). Saltwater molluscs
have Species Mean Acute Values from 227.9 ug/L for the Pacific oyster to 19,170 ng/L for the mud
snail. Acute values are available for more than one species in each of seven genera, and the range of
Species Mean Acute Values within each genus is no more than a factor of 3.6 for six of the seven
genera. The seventh genus, Crassostrea, has two SMAVs that differ by a factor of 16.7, possibly due
to different exposure conditions between species. Only the data from Reish et al. (1976) were used for
C. capitata, only data from Martin et al. (1981) and Nelson et al. (1988) were used for M. edulis, only
data from Sullivan et al. (1983) were used for E. gffinis, only data from Cripe (1994) were used for P.
duorarum, and only data from Park et al. (1994) were used for Rivulus marmoratus to avoid using test
results from studiés in which the life stage tested is known to be less sensitive or in which the life stage
tested is unreported and the higher LC50s may be due primarily to the use of less sensitive life stages.
The sensitivities of the four most sensitive genera differed by a factor of 2.7, which includes two
mysids, the striped bass and the American lobster (Table 3b).
The saltwater Final Acute Value for total cadmium calculated from the Genus Mean Acute -
Values in Table 3b is 80.55 ng/L. This Final Acute Value is below the SMAV for the mysid,
Mysidopsis bigelowi (110 p.g/L), but is aproximately three percent above the American lobster (78
«g/L), approximately seven percent higher than the striped bass (75.0 ng/L), and approximately 95
percent above the SMAYV for the mysid, A. bahia (41.29 ug/L, geometric mean of two ﬂow—throu'ghr
measured tests). The resultant saltwater Criterion Maximum Concentration (CMC) for total cadmium
is 40 pg/L (FAV/2 or 80.55 ng/L/2). If the total cadmium CMC is converted to dissolved cadmium
using the 0.994 factor determined experimentally by U.S. EPA, the saltwater CMC for dissolved
cadmium is 40 pg/L (T able 3d). The resultant 40 ng/I. CMC for dissolved cadmium is below all of the
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saltwater SMAVs presented in Table 3a (Figure 3).
CHRONIC TOXICITY TO FRESHWATER ANIMALS

Acceptable chronic toxicity tests have been conducted on cadmium in freshwater with 21
species, including seven invertebrates and 14 fishes in 16 genera (Table 2a). Several related values are
in Table 6a. Among the unused values in Table 6a, a 21-day Daphnia magna test in which the test
concentrations were not measured, Biesinger and Chrisfensen (1972) found a 16 percent reduction in
reproduction at 0.17 ug/L. Bertram and Hart (1979) and Ingersoll and Winner (1982) found chronic
toxicity to Daphnia pulex at less than 1 and 10 ug/L, respecti\}ely. A 32-day flow-through measured
juvenile bluegill study conducted by Cope et al. (1994) determined a growth NOEC value of >32.3
ug/L (Table 6a), which supports the 49.8 ©g/L chronic value (Table 2a) reported by Eaton (1974).
The 200-hr LC10 of 0.7 pg/L obtained with rainbow trout (Table 6a) by Chapman (1978) probably
would be close to the result of an early life-stage test because of the extent to which various life stages
were investigated. Effects on other salmonids and many ih\fertebrates have been observed at 5 ug/L
(adjusted for hardness when available) or less (Table 6a). These invertebrate species include
protozoans (Fernandez-Leborans and Noville-Villajos 1993; Niederlehner et al. 1985), C. dubia
(Winner 1988; Zuiderveen and Birge 1997), D. magna (Enserink et al. 1993; Winner and Whitford
1987), zooplankton (Lawrence and Holoka 1987), amphipods (Borgmann et al. 1991; Phipps etal.
1995), midges (Anderson et al. 1980), and mayflies (Spehar et al. 1978).

An acceptable C. dubia seven-day static-renewal toxicity test was conducted by Jop et al.
(1995) using reconstituted soft laboratory water. The <24-hr old neonates were exposed='to 1, 5, 10,
19 and 41 pg/L measured cadmium concentrations in addition to a laboratory water control at 25°C.
The NOEC and LOEC were 10 and 19 ug/L cadmium, respectively, With‘a resultant chronic value of
13.78 pg/L cadmium (Table 2a). 7 ‘

The effects of water hardness on the toxicity of cadmium to D. magna was evaluated by
Chapman et al. (Manuscript) under static-renewal conditions at a temperature of 20 4 2°C. As part of -
the experimental design, the total hardness level was adjusted to either 53, 103 or ‘209 mg/L (as CaCO,)
in three distinct tests. Daphnids were individualiy exposed to six measured cadmium concentrations
(exposures ranged from 0.15 to 22.1 ug/L cadmiuin among the three tests) and a control (0.08 ng/L
cadmium) for 21 days. Based on an analysis of variance hypothesis testing procedure, they reported
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- reproductive (mean number of young per adult) chronic values of 0.1523, 0.2117 and 0.4371 pg/L
cadmium at hardness levels of 53, 103 arid 209 mg/L, resffect’f‘ifely (Table 2a). These same data were
~ also subjected to a regression analysis procedure, whereby the 20 percent reproductive (mean number
of young per adult) inhibition concentration (IC20) was estimated for each hardness level. The
resultant IC20 f/alues were 0.07, 0.23 and 0.33 pg/L cadmiﬁm for the 53, 103 and 209 mg/L hardness
levels, respectively. Overall, the resuits obtained by the two different procedures are similar.

The effect of cadmium on the reproduction strategy of D. magna was investigated by Bodar et
al. (1988b). After a 25-day exposure of the 12 + 12-hr old neonates to 0 (control), 0.5, 1.0, 5.0, 10.0,
20.0 and 50 pg/L cadmium at 20 + 1°C, the authors compared the survival, number of neonates per
female, first day of reproduction and neonate size of the cadmium exposures to the controis. The 25-
day reproductive NOEC was 5.0 xg/L cadmium, and the reproductive LOEC was 10.0 xg/L cadmium.
The resultant chronic value was 7.07 ug/L cadmium (Table 2a).

Borgman et al. (1989) also investigated the effect of cadmium on D. magna reproduction. The
21-day static-renewal test was conducted at 20°C using measured exposure concentrations of 0.22
(control), 1.86, 4.10, 7.78 and 22.9 ug/L cadmium. Reproduction was significantly reduced at the
lowest measured exposure concentration of 1.86 xg/L cadmium. Thus, the reproductive NOEC and
LOEC were <1.86 and 1.86 ng/L cacimium, respectively, with a chronié value of <1.86 ug/L
cadmium (Table 2a).

Brown et al. (1994) exposed 270-day old rainbow trout to cadmium under flow-through
conditions for 65 weeks using borechole water with a total hardness of 250 mg/L (as CaCO,). Mean
cadmium concentrations during the exposure of adult fish were 0.47 (control), 1.77, 3.39 and 5.48
ug/L. After 65 weeks of exposure, the three most mature males and females were selected from each
treatment, anesthetized and striped of their gametes when possible, with the milt and ova combined in a
bucket. The fertilized eggs from each treatment group were then divided into four approximately
equal-sized subsamples and exposed for seven weeks in 30;1iter aquaria under flow-through conditions .
to nominal concentrations of 0 (control), 2.0, 5.0 and 8.0 ©g/L cadmium. Second generation fry
development was significantly affected when the parents were exposed to 1.77 ug/L cadmium, but not
when exposed to 0.47 ug/L cadmium (control). However, second genération embryo survival for all
groups was less than 60 percent, which may have influenced the fry development effect levels. A more
representative endpoint was the ability of the first geheration adults to reach sexual maturity, with
NOEC and LOEC values of 3.39 and 5.48 n.g/L cadmium, respectively. The resultant chronic value
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was 4.310 ug/L cadmium (Table 2a).

Brown et al. (1994) also exposed two-year old brown trout to cadmium under flow-through
conditions for 95 weeks using the same borehole water. Mean cadmium concentrations during the
exposure of adult fish were 0.27 (control)‘, 5.13, 9.34 and 29.1 y.g/L.‘ After 60 weeks of exposure, the
three most mature males and females were selected from each treatment, anesthetized énd striped of
their gametes, with the milt and ova combined in a bucket. The fertilized eggs from each treatment
group were then divided into four approximately equal-sized subsamples and exposed for 50 days in 30-
liter aquaria under flow-through conditions to cadmium concentrations similar to those in which the
parents were exposed. After the 90 week exposure, the survival NOEC and LOEC were 9.34 and 29.1
pg/L cadmium, respectively, with a resultant chronic value of 16.49 g/l cadmium (Table 2a).

A 32-day fathead minnow early life stage toxicity test was conducted by Spehar and Fiandt
(1986) under flow-through conditions using sand filtered Lake Superior dilution water (Table 2a). They
reported a chronic value of 10.0 xg/L cadmium, which when coupled with their 96-hour LC50 of 13.2
p1g/L cadmium, gives an acute-chronic ratio of 1.320. "

Ingersoll and Kemble (unpublished) investigated the chronic toxicity of cadmium to the
amphipod Hyalella azteca. The organisms were exposed under ﬂow-ﬁrough measured conditions
(control, low, middle and high exposures) at a mean temperature of 23°C and a total hardness of 280
mg/L (as CaCO,). A 3-m nylon mesh substrate was provided during the test. The seven- to eight-day
old amphipods were exposed to water only mean total cadmium concentrations of 0.10 (control), 0.12,
0.32, 0.51, 1.9 and 3.2 ug/L for 42 days. The most sensitive endpoint-was survival, with an NOEC
and LOEC of 0.51 and 1.9 ug/L cadmium, respectively, after both 28 and 42 days of exposure. The
resultant chronic value was 0.9844 ng/L total cadmium (Table 2a), which was similar to the estimated
42-day survival IC25 value of 1.9 pg/L. , ;

Ingersoll and Kemble (unpublished) also exposed the midge Chironomus tentans to cadmium
under the same conditions listed above for the amphipod, except that a thin 5 mm layer of sand was
provided as a substrate. The <24-hr old larvae were exposed to water only mean measured total
cadmium concentrations of 0.15 (control), 0.50, 1.5, 3.1, 5.8 and 17.4 ug/L for 20 days. The mean
weight, biomass, percent emergence and percent hatch endpoints all had 20-day NOEC and LOEC
values of 5.8 and 17.4 ug/L cadmium, respectively (Table 2a). The resultant chronic value was 10.05
ug/L total cadmium. The data were also subjected to regression analysis with resultant IC25 values of
10.3, 10.7, 8.3 and 4.0 pg/L for weight, biomass, percent emergence and percent hatch, respectively.
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All four IC25 values were similar to the 10.05 ug/L chronic value determined for each endpoint.
Hardness Correction

Chronic values are available over a wide range of hardness for three species (Tabies 2a and
2d). To account for the apparent relationship of cadmium chronic toxicity to hardness, an analysis of
covariance (same as the analysis performed on the acute data) was performed to calculate the pooled
slope for hardness using the natural logarithm of the chrénic value as the dependent variable, species as
the treatment or grouping variable, and the natural logarithm of hardness as the covariate or
independent variable. This analysis of covariance model was fit to the data in Table 2a for the three
specieé for which definitive chronic values are available over a range of hardness such that the highest
hardness is at least three times the lowest, and the highest is also at least 100 Iﬁg/L higher than the
lowest (other species in Table 2a did not meet these criteria). The slopes for the three speéies ranged
from 0.5212 to 1.579, and the pooled slope for these three species was 0.9685 with P=0.90 (Table 2c).
As with the acute slope determination, the all D. magna data set was too divergent, and only the
Chapman et al. (Manuscript) D. magna data were used with the two other species (brown trout and
fathead minnow) to estimate the overall slope. If this reduced data set is used (all species but using
only data from Chapman et al. (Manuscript) for D. magna), the pooled slope for these species was
0.7409 with P=0.35 (see Table ,20). A plot of the chronic effect level versus total hardness is provided
in Figure 4.

Criteria Development

The slope of 0.7409 was used to adjust each chronic value to a hardness of 50 mg/L.
Generally, replicate adjusted chronic values for a species agreed well, as did values for species within a
genus. The'two values for Atlantic salmon are very different, but one agrees well with the value for
the other tested species in the same genus. Twenty-one Species Mean Chronic Values (SMCV) were
then calculated from the underlined values in Table 2a. When both early life stage (ELS) and life cycle
(LC) data were available for a species, the SMCV was calculated using only the LC data per the
Guideline recommendations. From these 21 SMCVs, sixteen Genus Mean Chronic Values were
calculated and ranked (Table 3c). '

A freshwater Final Chronic Value was calculated from the sixteen Genus Mean Chronic Values

using the procedure used to calculate a Final Acute Value. This approach was appropriate since a
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number of chronic tests have been conducted with a large variety of species and these species met the
eight different taxonomic family Guideline requirement. Thus, the freshwater Final Chronic Value for
total cadmium at a hardness of 50 mg/L is (in ug/L) = e074090nMardnes)4.719) o o ial 10 0.16 ug/L.
For dissolved cadmium, the Final Chronic value at a hardness of 50 mg/L is (in ng/L) = 0.938
[e0-7409in(arduess)}4.719)] * or equal to 0.15 wg/L. The equation for-the chronic freshwater conversion
factor is CF = 1.101672 - [(In hardness) (0.041838)] where the (In hardness) is the natural logarithm of
the hardness (Stephen 1995). At a hardness of 50 mg/L, all Genus Mean Chronic Values are above the
dissolved Final Chronic Value (Figure 5). '

Another option for calculating the Final Chronic Value is to use the Final Acute-Chronic Ratio
in conjunction with the Final Acute Value. However, the acute-chronic ratios ranged from 0.9021 for
the chinook salmon to 433.8 for the flagfish (greater than a factor of ten), with other values scattered
throughout this range (Tables 2e and 3c). These ratios do not seem to follow any of the patterns (Table
3c) recommended in the Guidelines, and so it does not seem reasonable to use a freshwater Final Acute-
Chronic Ratio to calculate a Final Chronic Value. V

CHRONIC TOXICITY TO SALTWATER ANIMALS

Three chronic toxicity tests have been condﬁcted with the saltwater invertebrate, Americamsis
bahia, formerly classified as Mysidopsis bahia (Table 2b). Nimmo et al. (1977a) conducted a 23-day
life-cycle test at 20 to 28°C and salinity of 15 to 23 g/kg. Survival was 10 percent at 10.6 ng/L, 84
percent at the next lower test concentration of 6.4 ng/L, and 95 percent in the controls. No
unacceptable effects were observed at 6.4 ug/L or any lower concentration. The chronic toxicity
limits, therefore, are 6.4 and 10.6 ug/L, with a chronic value of 8.237 ug/L.. The 96-hr LC50 was
15.5 pg/L, resulting in an acute-chronic ratio of 1.882. '

Another life-cycle test was conducted on cadmium with 4. bahia under different environmental
conditions, including a constant temperature of 21°C and salinity of 30 g/kg (Gentile et al. 1982;
Lussier et al. 1985). All organisms died in 28 days at 23 ug/L. At 10 ug/L a series of morphological
abberations occurred at the onset of sexual maturity. External geﬁ@ia in males were abberant, |
females failed to develop brood pouches, and both sexes developéd a carapace malformation that
prohibited molting after the release of the initial brood. Although initial reproduction at this

concentration was successful, successive broods could not be born because molting resulted in death.
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No malformations or effects on initial or successive reproductive processes were noted in the controls
or at 5.1 ug/L. Thus, the chronic limits for this study are 5.1:and 10 wg/L for a chronic value of 7.141
ug/L (Table 2b). The LC50 at 21°C and salinity of 30 g/kg was 110 ng/L which results in an acute-
+ chronic ratio of 15.40 from this study. |
These two studies showed excellent agreement between the chronic values but considerable
divergence between the acute values and acute-chronic ratios. Several studies have demonstrated an
increase in acute toxicity of cadmium with decreasing salinity‘ and increasing temperature (Table 6b).
The observed differences in acute. toxiéity to the mysids might be explained on this Basis. Nimmo et al.
(1977a) conducted their acute test at 20 to 28°C and salinity of 15 to 23 g/kg, whereas the other test
was performed at 21°C and salinity of 30 g/kg.
A third A. bahia chronic study was conducted by Carr et al. (1985) at a salinity of 30 g/kg, but
the temperature varied from 14 to 26°C over the 33 day study (Table 2b). At test termination, > 50
percent of the organisms had died in cadmium exposures >8 ug/L. After 18 days of exposure, grthh
in the 4 ug/1., the lowest concentration treatment group was significantly reduced when cbmpared to the
controls. The resultant chronic limits for this study are <4 and 4 g/L cadmium. Acute data were not
presented by the authors. The lower chronic value observed for this study as compared to the two
studies described above may have been due to unexpected temperature fluctuations over the study
period (due to mechanical problems). '
’ Gentile et al. (1982) also conducted a life-cycle test with another mysid, Mysidopsis bigelowi,
and the results were very similar to those for A. bahia. Thus, the chronic value was 7.141 1g/L and
the acute-chronic ratio was 15.40.
| Because they covered such a wide range, it would be inappropriate to use any of the available
freshwater acute-chronic ratios in the calculation of the saltwater Final Chronic Value. The two -
saltwater species for which acute-chronic ratios are available (Table 3b) have Species Mean Acute |
Values in the same range as the saltwater Final Acute Value, and so it seems reasonable to use the
geometric mean of these two ratios. When the saltwater Final Acute Value of 80.55 ug/L is divided by
the mean acute-chronic ratio of 9.106, a saltwater Final Chronic Value of 8.9 ng/L is obtained. The'
dissolved cadmium FCV is computed using the CF (0.994 x 8.846 wg/L), and is equal to 8.8 ug/L.
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TOXICITY TO AQUATIC PLANTS

Thirty-three acceptable tests are available with freshwater plant species exposéd to cadmium-
which lasted from 4 to 28 days (Table 4a). Growth reduction was the major toxic effect observed with
freshwater aquatic plants, and several values are in the range of concentrations causing chronic effects
on animals. The influence that plant growth media might have had on the toxicity tests is unknown, but
is probably minor at least in the case of Conway (1978) who used a medium patterned after natural
Lake Michigan water. The freshwater plant and animal data presented in this document were compared
and the lowest toxicity values for fish and invertebrate species are lower than the lowest values for
plants. A plot of the freshwater plant values is provided in Figure 6a. Thus, water quality criteria
which protect freshwater animals should also protect freshwater plants. A final plant value was not
calculated. | ) ,

Toxicity values are available for five species of saltwater diatoms and two species of
macroalgae (Table 4b). Concentrations causing fifty percent reductions in the growth rates of diatoms
range from 60 wg/L for Ditylum brightwelli to 22,390 ug/L for Phaeodactylum tricornutum, the most
resistant to cadmivm. The brown macroalga (kelp) exhibited mid-range sensitivity to cadmium, with an
EC50 of 860 ug/L. The most sensitive saltwater plant tested was the red alga, Chathpz'a parvula, with
significant reductions in the growth of both the tetrasporophyte plant and female plant occurring at 22.8
ug/L. The saltwater plant and animal data were also compared,v and the most sensitive plant species (C.
parvula) is more resistant than the chronically most sensitive animal species tested. A plot of the
saltwater plant values is provided in Figure 7. Therefore, water quality criteria for cadmium that

protect saltwater animals should also protect saltwater plants. A final plant value was not calculated.
BIOACCUMULATION

Bioconcentration factors (BCFs) for cadmium in freshwater (Table 5a) range from 3 for brook
trout muscle (Benoit et al. 1976) to 6,910 for the soft tissue of the snail Viviparus georgianus (Tessier
et al. 1994b). Usually, fish accumulate only small amounts of cadmium in muscle as compared to most
other tissues and organs (Benoit et al. 1976; Jarvinen and Ankley 1999; Sangalang and Freeman 1979).
However, specific studies summarized by Jarvinen and Ankley (1999) showed that the skin, spleen,

gill, fin, otolith and bone also have low bioconcentration factors. Sangalang and Freeman (1979) found
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that cadmium residues in fish reach steady-state only after exposure periods gfeatly exceeding 28 days.
D. magna, and presumably other invertebtates of about this siZe or smaller, often reach steady-state
within a few days (Poldoski 1979). Cadmium accumulated by fish from water is eliminated slowly
(Benoit et al. 1976: Kumada et al. 1980), but Kumada et al. (1980) found that cadmium accumulated
from food is eliminated much more rapidly. If all variables, except température, were kept the same,
Tessier et al. (1994a) found that increased exposure temperatures generally increased the soft tissue
biocbncentration factor observed for the snail, V. geérgz'anus, but not for the mussel, Elliptio
complanata. Poldoski (1979) reported that humic acid decreased the uptake of cadmium by D. magna,
but Winner (1984) did not find any effect. Ramamoorthy and Blumhagen (1984) reported that fulvic
and humic acids increased uptake of cadmium by rainbow trout.

The only BCF reported for a saltwater fish is a value of 48 from a 21-day exposure of the
mummichog (Table 6b). However, among ten species of invertebrates, the BCFs range from 22 to
3,160 for whole body and from 5 to 2,040 for muscle (Table 5b). The highest BCF was reported for
the polychaete, Ophryo-trocha diadema (Klockner 1979). Although a BCF of 3,160 was attained after
sixty-four days‘exposure using the renewal technique, tissue residues had not reached steady-state.

BCFs for four species of saltwater bivalve molluscs range from 113 for the blue mussel
(George and Coombs 1977) to 2,150 for the eastern oyster (Zaroogian and Cheer 1976). In addition,
the range of reported BCFs is rather large for some individual specieé. BCFs for the oyster include 149
and 677 (Table 6b), as well as 1,220, 1,830 and 2,150 (Table 5b). Similarly, two studies with the bay
scallop resulted in BCFs of 168 (Eisler et al. 1972) and 2,040 (Pesch and Stewart 1980) and three
studies with the blue mussel reported BCFs of 113, 306, and 710 (Tables 5b and 6b). George and
Coombs (1977) studied the importance of metal speciation on cadmium accumulation in the soft tissues
of Mytilus edulis. Cadmium complexed as Cd-EDTA, Cd-alginate, Cd-humate, and Cd-pectate (Table
6b) was bioconcentrated at twice the rate of inorganic cadmium (Table 5b). Because bivalve moiluscs
usually do not reach steady-state, comparisons between species may be difficult and the length of
exposure may be the major determinant in the size of the BCF. '

BCFs for five species of saltwater crustaceansrrvange from 22 to 307 for whole body aﬂd from 5
to 25 for muscle (Tables 5b and 6b). Nimmo et al. (1977b) reported whole-body BCFs of 203 and 307
for two species of grass shrimp, Palaemonetes pugio and P. vulgaris. Vernberg et al. (1977) reported a
factor of 140 for P. pugio at 25°C (Table 6b), whereas Pésch and Stewart (1980) reported a BCF of 22

for the same species exposed at 10°C, indicating that temperature might be an important variable. The
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commercially important crustaceans, the pink shrimp and lobster, were not effective bioaccumulators of
cadmium with factors of 57 for whole body and 25 for muscle, respectively (Tables Sb and 6b).

Mallard ducks are a native wildlife species whose chronic sensitivity to cadmium has been
studied. These birds can be expected to ingest mahy of the freshwater and saltwater plants and animals
Iisted in Tables 4a and 4b. White and Finley (1978a,b) and White et al. (1978) found significant
damage at a cadmium concentration of 200 mg/kg in food for 90 days. Di Giulio and Scanlon (1984)
founci significant effects on energy metabolism at 450 mg/kg, but not at 150 mg/kg. These are
concentrations which would cause damage to mallard ducks. More recent information may be
available, but these data would not have been identified during the literature search conducted for this
update. , '

The bioaccumulation data provided in this document is for information purposes only.

Calculation of a Final Residue Value for cadmium will not be presénted at this time.
OTHER DATA

Data presented in Table 6 are not acceptable for inclusion in Tables 1-5, but provide useful
information on the effects of cadmium to aquatic organisms. Several studies were feported in Table 6
and not in Table 1 either because the organiéms were fed during acute studies (Lewis and Horning
1991; Ingersoll and Winner 1982; Mount and Norberg 1984; Pascoe et al. 1986; Schubauéf-Berigan et
al. 1993; Williams and Dusenbery 1990; Wiliams et al. 1986; Winner 1984) or the tests used unusual

or uncharacterized dilution water (Hall et al. 1986; Hickey and Vickers 1992; Khangarot and Ray
1989a). o '
Although a number of the values in Tables 6a and 6b have already been discussed, the

following section presents information supporting data presented in Tables 1-5, plus other useful trends
or relationships. The effects of prior cadmium exposure to the resistence of the marine copepod,
Acartia clausi, was investigated by Moraitou-Apostolopoulou etal. (1979). They observed that an A.
clausi population collected from a metal impacted area displayed a greater tolerance to lethal cadmium
concentrations when compared to a population obtained from a non-polluted site. The pollution
acclimated population also had greater loﬁgevity than the non-adapted population when exposed to
sublethal levels of cadmium.

The cumulative mortality resulting from exposure to cadmium for more than 96 hours is clearly

evident from the studies with phytoplankton (Fargasova 1993; Findlay et al. 1996), duckweed (Outridge
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1992), protozoa (Niederlehner et al. 1985), zooplankton (Lawrence and Holoka (1987), snails (Spehar
et al. 1978), zebra mussels (Kraak et al. 19924,b), crayfish (THorp et al. 1979), macroinvertebrates
(Giesy et al. 1979), polychaetes (Reish et al. 1976), bivalve molluscs, cfabs, and starfish (Eisler and
Hennekey 1977), scallops, shrimp, and crabs (Pesch and Stewart 1980), and a mysid (Gentile et al.
1982; Nimmo et al. 1977a). ‘

In unmeasured flow-through sockeye salmon cadmium éxposures, Servizi and Martens (1978)
reported 7-day L.C50 values that ranged from 8 to 4,500 ng/L for fry and alevins, respectively. The
range and life stage sensitivity pattern observed by the authors were similar to other salmonid studies
reported in Table 1a:

Nimmo et al. (1977a) in studies with the mysid, Americamysis bahia, reported a 96-hr LC50 of
15.5 pug/L (Table 1) and a 17-day LC50 of 11 ug/L (Tablé 6) at 25 to 28°C and salinity of 10 to 17
g/kg in the 96-hr study and 15 to 23 g/kg in the i7-day study. In another series of studies with this
mysid (Gentile et al. 1982), the 96-hr LC50 was 110 pg/L (Table 1) and the 16-day LC50 was 28 ug/L
(Table 6b) at 20°C and salinity of 30 g/kg. These data suggest that short-term acute toxicity might be
strongly influenced by environmental variables, whereas long-tenﬁ effects, even mortality, are not.

Considerable information exists concerning the effect of salinity and temperature on the acufe
toxicity of cadmiuin. Unfortunately, the conditions and durations of exposure are so different that
adjustment of acute toxicity data for salinity is not possible. Rosenberg and Costlow (1976) studied the
synergistic effects of cadmium and salinity combined with constant and cycling températures on the
larval development of two estuarine crab species. They reported reduction in survival and significant
delay in development of the blue crab with decreasing salinity. Cadmium was three times as toxic at a
salinity of 10 g/kg than at 30 g/kg. Studies with the mud crab resulted in a similar cadmium-salinity
response. In addition, the authors report that cycling temperature may have a stimulating effect on
survival of larvae compared to constant temperature.

Theede et al. (1979) investigated the effect of temperature and salinity on the acute toxicity of
cadmium to the colonial hydroid, Laomedea loveni. At 17.5 °C cadmium concentrations inducing
irreversible retraction of half of the polyps ranged from 12.4 pg/L ata sallmty of 25 g/kg 10 3.0 ug/L
at 10 g/kg (Table 6). At a temperature of 17.5°C, the toxicity of cadmium increased as salinity

. decreased from 25 g/kg to 10 g/kg.

A similar acute toxicity-salinity relationship was observed by Hall et al. (1995) for the copepod,
Eurytemora affinis, whereby the 96-hour toxicity increased four-fold (from 213 to 51.6 ng/L cadminm)
when the salinity was decreased from 15 to 5 g/kg at a test temperature of 25°C. Hall et al. (1995) also
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observed an approximate three-fold toxicity increase to the sheepshead minnow when the salinity was
lowered in similar fashion at the same temperature. Likewise, the 21-day toxicity of cadmium to the
blue crab, Callinectes sapidus, increased over nine-fold when the salinity was lowered from 25 to 2.5
g/kg, and the temperature was held constant at 22-23°C (Guerin and Stickle 1995). In contrast, Snell
and Personne (1989b) observed little difference in the 24-hour toxicity of cadmium‘to the rotifer,
Brachionus plicatilis, exposed under 15 and 30 g/kg salinity regimes and a témperature of 25°C.

The effect of environmental factors on the acute toxicity of cadmium is also evident from tests
with the early life stages of saltwater vertebrates. Alderdice et al. (1979a,b,c) reported that salinity
influenced the effects of cadmium on the volume, capsule strength, and osmotic response of embryos.of
the Pacific herring. Studies with embryos of the winter flounder indicated a quadratic salfnity—cadmium
relationship (Voyer et al. 1977), whereas Voyer et al. (1979) reported a linear relationship between
salinity and cadmium toxicity to Atlantic silverside embryos.

Several studies have reported chronic sublethal effects of cadmium on saltwater fishes (Table
6b). Significant reduction in gill tissue respiratory rate was reported for the cunner after a 30-day
exposure to 50 xg/L (Maclnnes et al. 1977). Dawson et al. (1977) also reported a significant decrease
in gill-tissue respiration of striped Bass at 0.5 /,ig/L above ambient levels after av30-day, but not a 90-
day, exposure. A similar study with the winter flounder (Calabrese et al. 1975) demonstrated a

significant alteration in gill tissue respiration rate measured in vitro after a 60-day exposure to 5 ug/L.
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because of the possibility of isotope discﬁmination. Reports on the concentrations of cadmium in wild
aquatic organisms, such as Anderson et al. (1978), Bouquegneau and Martoja (1982), Boyden (1977),
Bryan et al. (1983), Frazier (1979), Gordon et al. (1980), Greig and Wenzloff (1978), Hazen and Kneip
(1980), Kneip and Hazen (1979), McLeese et al. (1981), Noe¢l-Lambot et al. (1980),. Pennington et al.
(1982), Ray et al. (1981), Smith et al. (1981), and Uthe et al. (1982) were not used for the calculation
of bioaccumulation factors due to an insufficient number of measurements of the concentration of

cadmium in the water.

SUMMARY

Freshwater Species Mean Acﬁte Values (SMAV) for cadmium are available for species in 55
genera and hardness adjusted values range from 1.613 pg/L for brown trout to 96,880 ﬁg/L for a
midge. Freshwater invertebrate SMAVs range from 13.41 ng/L for D. magna to 96,880 ug/L for a
midge and SMAVs for 24 fish species from 1.613 ug/L for the brown trout to 10,663 ng/L for the
tilapia. The antagonistic effect of hardness on acute toxicity has been demonstrated with 12 species.
Acceptable chronic tests have been conducted on cadmium with 14 freshwater fish species and seven
invertebrate species with hardness adjusted Species Meaxli Chronic Values (SMCV) ranging from
0.2747 ng/L for Hyalella azteca to 27.17 ug/L for Ceriodaphnia dubia. Acute-chronic ratios are
available for six species and range from 0.9021 for the chinook salmon to 433.8 for the flagfish.

Freshwater aquatic plants are affected by cadmium at concentrations ranging from 2 to 20,000
wng/L. These values are in the same range as the acute toxicity values for fish and invertebrate species,
and are considerably above the chronic values. Bioconcentration factors (BCFs) for cadmium in
freshwater range from 7 to 6,910 for invertebrates and from 3 to 2,213 for fishes.

Saltwater cadmium SMAYVs are available for species in 54 genera and SMAVs for 50 species of
invertebrates range from 41.29 ng/L for a mysid to 135,000 w«g/L for an oligochaete worm. SMAVs
for 11 fish species range from 75.0 ug/L for striped bass to 50,000 n.g/L for sheepshead minnow. The
acute toxicity of cadmium generally increases as salinity decreases. The effect of temperature seems to
be species-specific. Chronic tests have been condﬁcted with two mysid species, Americamysis bahia
and Mysidopsis bigelowi, with SMCVs of 6.173 ug/L and 7.141 ug/L, respectively. Acute-chronic
ratios are available for each species, 5.384 for A. bahia and 15.40 for M. bigelowi. The acute values
appear to reflect effects of varying salinity and temperature levels, whereas the few available chronic
values apparently do not.

Studies with macroalgae and microalgae revealed effects at 22.8 t0 22,390 ng/L, respectively. .
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These values are in the same range as acute toxicity values for fish and invertebrate species, and are
above the chronic values. BCFs determined with a variety>of sgltwéter invertebrates range from 5 to
3,160. BCFs for bivalve molluscs were generally above 1,000' m long exposures, with no indication
that steady-state had been reached. '

A comparison of the criteria developed in this document with the previous National
recommended water quality criteria (which is based on the 1995 update for freshwater and the 1984
update for saltwater) indicates that the updated 2001 freshwater CMC of 1.0 ng/L dissolved cadmium
has remained approximately the same (the value was lowered each time to protect the commercially
important rainbow trout), but the freshwater chronic CCC has been lowered to 0.15 rg/L dissolved ‘
cadmium in this document from 1.3 xg/L in ihe 1995 document. This 2001 update contains a database
of 55 freshwater genera for acute toxicity (43 genera were in the 1995 update), and 15 genera for
freshwater chronic toxicity (12 genera were provided in the 1995 document). As a result of the
additional data, the acute and chronic hardness derived slopes are different in this update relative to
previous versions. This update did not use an adjusted “n” value to calculate thé Final Chronic Value
(the 1995 update modified the total “n” for the chronic value fo be the same as the acute “n” value).
Included in this updated document are toxicity results for certain threétened and endangered species that
were not available earlier. Saltwater cadmium criteria remained relatively the same between the 1999
National recommended water quality criteria and 2001 documents. The new saltwater CMC of 40 ng/L
dissolved cadmium presented in this document is only slightly lower than the 42 g/L cadmium found
in the previous national recommended water quality criteria. The chronic CCC dropped slightly to 8.8
ug/L cadmium in this document from the 9.3 wg/L value previously recommended. There are 54
genera in the acute saltwater database of this document (the 1984 document had 33 genera), and the
same two saltwater chronic genera are presentgd in both documents (a third A. bahia chronic value was

added to this document).
NATIONAL CRITERIA

The available toxicity data, when evaluated using the procedures described in the “QGuidelines
for Deriving Numerical National Water Quality Criteria for the Protection of Aquatic Organisms and
Their Uses” indicate that, except possibly where a locally important species is unusually sensitive,
freshwater aquatic life should be protected at a total hardness of 50 mg/L as CaCO, if the four-day

average concentration (in xg/L) of dissolved cadmium does not exceed the numerical value given by
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(0.7409[In(hardness)]-4.719)

0.938 [e ] more than once every three years on the average, and if the 24-hour

average dissolved concentration (in xg/L) does not exceed the numerical value given by 0.973 ‘

(1.0166[In(hardness)]-3.924)

[e ] more than once every three years on the average. For example, at

hardnesses of 50, 100, and 200 mg/L as CaCO, the four-day average dissolved concentrations of

cadmium are 0.15, 0.25 and 0.40 wng/L, respectively, ‘and the 24-hour average dissolved concentratidns
are 1.0, 2.0, and 3.9 ng/L. ‘
The procedures described in the “Guidelines for Deriving Numerical National Water Quality

Criteria for the Protection of Aquatic Organisms and Their Uses” indicate that, except possibly where a
locally important species is unusuaﬂy:sensitive, saltwater aquatic life should be protected if the four-day
average dissolved concentration of cadmium does not exceed 8.8 ng/L more than once every three
years on the average and if the 24-hour average dissolved concentration does not exceed 40 wg/L more
than once every three years on the average. However, the limited data suggest that the acute toxicity of
cadmium is salinity-dependent; therefore the 24-hour average concentration might be underproiective at
low salinities and overprotective at high salinities.

U.S. EPA believes that the use of dissolved cadmium will provide a more scientifically correct
basis upon which to establish water-column criteria for metals. “The criteria were developed on this
basis. The use of dissolved criteria reduces the amount of conservatism that was present in’ earlier
cadmium criteria. It is recognized that a considerable proportion of dissolved cadmium in organic—ric;h
waters may be less toxic than freely dissolved cadmium. On the other hand, soin‘e particulate forms of
cadmium might contribute to cadmium loading of organisms, possibly through ingestion.

A return interval of three years continues to be the Agency’s general recommendation. The -
resilience of ecosystems and their ability to recover differ greatly, however, and site-specific criteria
may be established if adequate justification is pfovided.

The use of criteria in designing waste treatnient facilities requires the selection of an
appropriate wasteload allocation model. Dynamic models are preferred for the application of these
criteria. Limited data or other factors may make their use impractical, in which case one should rely
on a steady-state model. The Agency recommends the interim use of 1Q5 or 1Q10 for Criterion
Maximum Concentration (CMC) design flow and 7Q5 or 7Q10 for the Criterion Continuous
Concentration (CCC) design flow in steady-state models for unstressed and stressed systems
respectively. These matters are discussed in more detail in the Technical Support Document for Water
Quality-Based Toxics Control (U.S. EPA 1991).
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