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ABSTRACT

Acute and chronic téxicity tests were conducted to determine ithe
effects of metals combined as mixtures at proposed water quality criteria
concentrations and at multiples of the LC50 and MATC obtained from tests
on six metals with three aquatic species. These studies were the first
part of a larger research effort to derive water quality criteria for.
combined pollutants by the U.S. EPA.

Arsenic, cadmium, chrumium, copper; mercury, and lead combined at
criterion maximum concentrations caused nearly 100 percent mortality to
rainbow trout and daphnids (C. dubia) during acute exposure. Fathead
minnows were not adversely affected at this or two times this concentration,
although a mixture of 4 to 8 times the maximum value caused 15 to 60
percent mortality. Metals combinég at the criterion average concentrgtions
significantly reduced daphnid young production and fathead minnow growth
after 7 and 32 days, respectively. Embryo hatchability and survival of
rainbow trout were reduced at & cimés this criterion but not at the criterion
average concentration.

Acute tests with metals mixed at multiples of the LC50 indicated that
their joint action was more than additive to fathead minnows and nea§1y
strictly add:tive to daphnids based on toxic units calculated from the
individual components of the mixture. Chronic tests showed that the joint
action was less than additive to fathead minnows but nearly strictly additive
to daprnids indicating that long term metal interactions may be different
in fish than in lower inverCebratés. Adverse effects were observed at mixture
concentrations of 1/2 to 1/3 of the MATC on fathead minnows and daphnids,
respectively, suggesting that components of mixtures at or below no effect
concentrations may contribute significantly to mixture toxicity on a

chronic basis. These resulis point out the need for additional studies
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to determine the type and degree of interaction of toxicants because
single chemical water quality criteria may not sufficlently protect some

species when other toxicants are ;present concurrently.

Keywords: Mixtures, Metals, Fish, Invertebrates, Acute toxicity, Chronic
toxicity. S

iv



- ACKNOWLEDGMENTS

The authors would like to express thgir‘appreciation to D.J. Ruppe
and E.N. Leoﬁard for providing analyticaliassistance for this study. We
greatfully acknowledge J.R. Amato for his invaluable cooperation and
technical assistaﬁce-ih the laboratory. We also wish to thank S.J.
Broderius for valuaﬁle suggestions and helpful di;cussions regarding the

study of chemical mixtures.



INTRODUCTION '_'~
Much of the information in,thellitefatu;e on the toxicity of chemicals

: i
to aquatic life deals with studies involving single toxicaats. Numerous
toxicity tests have been conducted-to determine the acute and chronic effects
of toxicants to provide data for the derivation of water quality criteria.
To date, existing water quélity criteria have been derived for single’
toxicants, yet it is rare to find natural waters in which only single
toxicants are present. Aquatic organisms are usually exposed to a wide
variety of toxicants from exposure to direct effluent discharges or from
non-point source pollution due to chemical runoff. For this reason, the
utility of water quality criteria on single toxicants is often questioned.

In an effort to establish more effective water quality criteria and
hazard assessment programs, several mathematical models have been developed
to predict the effect of mixtures of chemicals on aquatic organisms [1~6].
The application of these.methods, however; has generally applied to acute
lethality tests [7] and little work ha;_been done to investigate the
atfects of mixtures on aquatic organisms on a chronic basis at éublethal
concentrations [8-13]. Results from these tests abpear to be somewhat contra-
dictory and show no clear trend as to how chemicals interact as mixtures
during acute and chronic exposure.

Due to the lack of adequate information, especially on the chronic
effects of mixtures, little guidance has been given for setting water
quality staﬁdards based on chemical mixtures. An early, teﬁtative approach
for evaluating joint toxicity has been to assume that there is an additive
action between diverse toxicants {14]. A similar approach has moreArecgntly

been taken by the Furopean countries [7]). Based on their review of the

literature on the effects of mixtures on freshwater fish and other aquatic



organisms, it was proposed that Eor'pollution control purposes, the
concentration addition model is agequate to describe the acutely lethal
joini effect of commonly occu;riﬁg constituents of sewage and industrial
wastes. This proposal is based on the rationale that the joint acute
lethal toxicity of chemicals to fish can be predicted assuming simple
addition of the proportional conﬁribution from each toxicant, but that
toxicity based on concentrations approaching no-effect are less than
additive and probably do not contribute to the chronic toxicity of mixtures.
It was concluded, however, that more empirical studies are needed on the
long-term joint effect of mixtures of toxicants. especially, to determine
the contribution of small fractions of the toxic units of the individual
components.

The first objective of this research was to determine if the single
chemical water quality criteria proposed by the U.S. Environmental
Protection Agency (EPA) in 1984 [20]] for selected inorganic chemicals were
sufficient to protect selected aquatic species when they were present as
mixtures. These criteria are not specific for individual species.but
are based on several species from a variety of aquatic families. The present
studies would not show the type and degree of interaction of chemicals in
these mixtures but would indicate their effect at propésed criteria
concentrations.

The second objective was to measure the contribution of fractions of
toxic units of mixtures by using acute (LC50) and chronic (MATC) values
obtained from tests on individual chemicgls in mixture tests at, above,

and below these concentrations. - In addition to the MATC, an estimate of

! The numerical national water quality criteria proposed in 1584 [20],
guidelines for deriving these values {26], and the corresponding terminology
used in this text have been changed slightly since the completion of this
research project due to the inclusion of new resecarch data and public comments.
For the most recent information on this subject see [48].
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the level of 50.pefcent reduction in growth and reproduction was used as
the toxic unit in chronic tests. Results from these tests would be species-—
specific and would {ndicate the possibility of concentration addition.

| fnorganic chemicals, épecifically a;senic, cadmium, chromium,
copper, mercury and legd were selected for this study because of their
importance to EPA in_dériving individual chemical water quality criteria
and because these chemicals are found together as mixtures in commonly
occurring -sewage and iﬁdustrial wastes [15]. Tests were conducted with fathead
minnows, rainbow téout; and daphnids. Fathead minnows and rainbow trout
are important forage'and géme fish species, respectively, and are
representatives of both warm and cold water aquatic crganisms. Daphnids
weré chosen for this study because they are among the most sensitive

aquatic organisms to most of the selected chemicals.



METHODS AND MATERIALS

Test Water

Tests were conducted in Lake Superfor water that was filtered
through sand and heated to 25 + 3° C for tests with fathead minnows or
cooled to 10 + 3° C for tests with rainbow trout. Tests with daphnids
were conducted at 25 + 2° C with reconstituted hard water [16) and water from
the Lester River located adjacent to the Environmental Research Laboratory
in Duluth, MN. All organisms were cuitured in the respective water before
they were tested. Most of the tests conducted with daphnids were done in
Lester River water because better sgrvival and reproduction results were
observed in this water thap in either Lake Superior or reconstituted
water. Lester River water was collected from just below the water surface
and stored in polyethylene © gallon jugs at 6° C prior to testing. River
water was filtered twice through 45 cm mesh screening and vigorously
aerateA before all daphnid tesfs. Rouéing chemical characteristics of
all test waters were measured according Eo procedures described dy the
American Public Health Association et al. {[17] and are shown in Table
1 for each species. Dissolved oxygen concentrations in the test chambers
for all waters were at or above 70 percent saturation.

Exposure Systems and Toxicant Solutions

Flow-through tests with fathead minnows and rainbow trout were
conducted using a dilution system [18] that delivered five concentrations at a
0.5 dilution factor and a control to up to 4 replicate chambers per
treatment. Lake Superior water was fed from stainless steel headboxes to
the diluter after it was vigorously aerated to remove excess dissolved
gases. All toxicant solutions were delivered to the diluter mixing cell

via FMI pumps (Fluid Metering Inc., Oyster Bay, N.Y. 11771) from 19 liter



glass stock bottles containing either individual or mixtures of stock
solutions. ‘

Glass test chambers measdréd;7 cm wide x 18 ¢m long x 9 cm high with
a water depth of 6.4 - 7.0 cm. The flow rate to each chamber was ~15 +
1 m;/min. Wide spectrum fluorescent bulbs providea a light intensity of
30-45 and 110-320 lux for tests with rainbow trout and fathead minnows,
respectively, at the water surface during a 16 hr phcotoperiod. This
included a 30 win. gradual brightening and disming period with incandescent
lights.to si@ulate dawn and dusk [19].

Static renewal tests with daphnids were conducted in 30 ml plastic
disposable beakers (Plastics, Inc., Minneapolis, .iN) containing 15 ml of
solution. Replicate test beakers (10 per concentration) were used in all
tests for each of 6 toxicant concentrations ;nd a control, utilizing a
0.5 dilution factor scheme. Test beakers were located in a water bath to
provide the necessary temperature control. Light intensity at thelwater
surface was 25-100 lux for the 16 hr automaticélly controlled photoperiod.

Stock solutions- for all tests were prepared by dissolving readgent
grade sodium arsenite (NaAsO4.7H0), cadmium nitrate (Cd(NO3)5.H,0j,
sodium dichromate (NayCry07.H30), cupric nitrate (Cu(NO3)5.3H,0),
mercuric nitrate (Hg(NO3)9.Hy0) and lead nitrate (Pb{(NO3);) in distilled
water. For mixture tests, stock solutions of arsenic and chromium were
kept separate from each other and\frbm the other chemicals because of the
formation of insoluble compounds at high concentrations. Although
several valence states of arsénic and chromium exist in natural waters,
trivalent arsenic and hexavalent chromium were chosen for our studies
because numerous toxicological studies with aquatic organisms on these

forms were available in the literature and because their chemical properties



were suitable for mixture testing. Both forms, however, are easily!
coaverted to different valence states depending upon water quality (i.e.,
reversible reactions occur between trivalent and pentavalent arsenic and
hexavalent and trivalent chromium [20])). Therefore, arsenic and ch;omium
species were analyzed by methods described by Ficklin [21] and Martin and"
Riley 1982 [22], respectively, to determire the species present under our test
conditions. Trivalent arsenic was found to stay in this form when arsenic

was tested individually, however, peutavalent arsenic was measured periodically
in the presence of thg other chemicals. The ratio of trivalent to peﬁtavalent
arsenic ranged from 0 to 100 percent in chembers containing mixtures.
lexavalent chromium, essentially stayed in this form ( > 95 percent) in all
tests. Nitrates of copper, cadmiuﬁ,-mercury and lead were used in thig study
because of their solubility properties-and stability in these mixtures.

Quality Control

Samples of all test solutions wére taken from the test chambe:s or
mixing flasks and analyzed according to a monitoring program that
characterized the test pattern. Procedures for metal water analyses
were those described by the U.S. EPA [23]. Measurements of all of the
metals except for mercury are expgessed as total acid exchangeable metal.
Mercury measurements are reported as total recoverable metal. Detection
limits for these p?ocedures are included in Tables 2 and 3. To verify
the accuracy of the method of analyses, known amounts of metal were added
to control water to obtain percentége recoveries each time water semples were
taken. Mean, standard deviation and number of énalyses in parentheses of
percentage recoveries for arsenic, cadmium, chromium, copper, mercury,
and lead in all tests were 100+6 (61), 98+6 (58), 100+5 (61), $9+7 (65),
9746 (59), 9249 (60), respectively. Quality control samples from the

Environmental Monitoring and Support Laboratory, Cincinnati, OH were also



obtained for use as checks on our quality control. All values were

similar to those stated aﬁoge for spiked recoveries. In addition,. samples,
except for mercury, were periodically filtered through a 0.45 um Millipore
filter to measure the portion of dissolved metal. Mean, standard deviation
and number of analyses for dissolved measurements (in percent) of total

acid exchangeable arsenic, cadmium, chromium, copper and lead were 101+8 (11).
93+9 (11), 102+3 (11), 92+6 (11), and 75+14 (16), respectively. Because
ﬁercury loss is high during the filtration procedure, samples were differentiated
instead as to'their inorganic and organic components to characterize the
metal in solution [23]. Mercury samples were, generally, fouad to be >

90 percent inorganic mercury in our test water. All concentrétions are
expressed as the metal, not as the compound tested.

Biological Procedures

The test animals used in this study were fathead minnows (Pimephales

promelas), rainbow trout (Salmo gairdneri) and ceriodaphnids (Ceriodaphnia

dubia). The name ceriodaphnids will hereafter be used in the text as daphnids
for simplicity. Rainbow trout embryos (< 24 hr old after fertilization)
were obtained frcm the Minnesoté Department of Natural Resources cold
water fish hatchery located at the mouth of the French River, near Duluth,
Minnesota and were incubated and reared at our laboratory at 10° C prior
to testing. Both fathead mipnows and daphnids were obtained from existing
cultures at our laboratory. Procedures for conducting acute lethality
tests to determine LC50 values closely followed those described by the
Ameti;an Society for Testing and Materials (ASTM) [16]. Acute tests with
fish were continuous flow through tests and were initiated by randomly
distributing 10 rainbow trout (~ 90 day old, ~ 1.5 g) and fathead minnows
(~ 30 day old, ~ 0.15 g) to each duplicate test chamber per treatment.

Tests with fish were for 96 hr. Acute (48 hr) static tests with daphnids
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were initiated ty randomly distributing five (< 24 hr) daphnids to each
duplicate exposure chamber. Procedures for conducting flow-through
chronic tests with fish were similér to those described by ASTM [24] and
renewal tests witﬁ daphnids were déne according to Mount and Norberg
f25]. Survival,lgrowth and/or young production were used as the responsn
variables in these chronic tests.

Testing Design

The firét part of this study began in May of 1983 by exposing each
species to a mixture of the six metals at water quality criteria
concentrations proposed by the U.S. EPA [20] (Table 4). Water quality
criteria concentrations for aquatic life are expressed as two numbers, a
maximum and average concentration. The definition and guidelines for
deriving these concentrations are given by Stephan et al. [26]. Measured
water concentrations in our tests correlating to these criteria are shown
in Tables 2 and 3. Tests included concentrations at, above, below and in
proportion to the.criteria for each metal. Acute lethglity tests were
used to determine effects at criterion maximum concentrations and chronic
tests were utilized in tests at criterion average concentrations [26].
Criteria céncentrations of cadmium, copper and lead were adjusted for
water hardn;ss according to guidelines for deriving national water quality
criteria [26]. '

The second part of this study was initiated by exposing fathead
minnows and daphnids to each metal to determine respective LC50 and
chronic (MATC) values. Subsequently, each species was exposed to mixtgres
at, above, and bélow these concentrations to determine possible additive
interactions of the six selected metals. Rainbow trout were not used in
these studies because tests with this species were too long (up to 90

days) for the number of tests required.
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Statistical Procedures

Forty-eight and 96 hr LCS50 values were determined with a computerized,
modified trimmed Spearman-Karber method described by Hamilton et al. [27].
Daily mortality data from replicate exposure tanks vere combined before
LC50 values were calculated.

For early life-stage tests with rainbow trout and fathead minnows,
survival, embryo hatchability, and larval deformity data were transformed
to arcsin % [28) for variance stabilization. Individual weights of fish in
replicate ;bambers were pooled before data were subjected to Dunnett'’s
one-sided comparison of treatment means to control means (P = 0.05) [29].
Survival and young production data for life cycle daphnid Cesgs were

analyzed using the procedure of Hamilton [30] as modified by Rogers [31].



RESULTS AND DISCUSSION

'
i

Criteria Exposures

Survival of species expo;ed to metals mixed at their respective
criterion maximum concent;acions is shown in Table 5. Metal mixtures at
this criterion concentration reduced the survival of rainbow trout by 95%
and killed all of the daphnids in acute tests but caused no significant
effect on fathead minnow survival after 96 hours. Concentrations betwéen
4 and 8 times this criterion reduced survival of fathead minnows from 15
to 60 percent and killed ali of the rainbow trout. A mixture of one half
of the maximum concentration had no significant effect on any of the
three species. The sensitivities of these species appear to be directly
related to their sensitivities to éach of the individual metals. Both
rainbow trout and daphnids are in families that were consistently the most
sensitive to each of these metals when compared to other aquatic species
[20]). .Conversely, fathesd minnows were usuallylfound to be more tolerant
thar trout to all of the metals except mercury, where their sensitivity ranked
between that of daphnids and rainbow trout.

Survival, growth and young production of species exposed to metals
mixed at their respective criterion average concentrations are presented
in Tables 6 and 7. Concentrations of 8 and 16 times this value reduced
the survival of developing rainbow trout embryos and fathead minnow larvae
by nearly 100 percent (Table 6). A lower concentration of 4 times this
criterion also significaﬁtly reduced survival of trout sac larvae after
approxiﬁately 45 days of exposure and that of early juvenile fathead
minnows after a 32-day test. A further reduction in the survival of.
juvenile trout was observed at this concentration by the end of the 90-
day test, however, due to fungal disease in two of the four replicate

control chambers during the last three week: of the test, significant

.10



differences were not observed. Grswth determinations of trout exposed for

a 70-day period were also hampered by control remperatures that were ~ 1° C
lower than the.other treatments for approximately 21 days during the

90~day exposure. This resulted inéslightly smaller control fish by the

end of the test. Although fish apéeared smaller in chambers at &4 ;imes

the criterion.average compared to those in lower concentrations, statistical
decreases in,gfowth were not observed at :this concentration after 70

déys. Growth determinations on fathead minnows, however, indicated .
dramatic décéeaﬁes in weight. at lower mixture concentrations including a
significant 30_petceﬁc reduction at the criterion average concentration
(Table 6). Visual decreases in growth were noted at this concentration

as early as 3 weeks after Ehé test started. Significant adverse effects

of mixtures at the criterion average concentration were also observed in
tests with daphnids which caused approximately 80 percent reduction in
young production after a 7-day test (Table 7). Although survival of
daphnids was decreased by 40 percent by this concentration, the differences
were not statistically significant.

. The tolerance of rainbow trout to the criterion average mixtures was
surprising due to their normally sensitive nature to these individual metals.
However, tﬁis response may have been due to the lack of statistical dif-
ferences ia the data as a result of the decreased growth of fish in the
controls, as was previously stated. Althobgh trout appeared healthy in a
mixture at the criterion average concentration, it is likely that this
concentration could have been an effect concentration if control growth

was normal. This hypothesis is supported by the fact that this concentration
caused adverse effects §n both daphnids and fathead minnows; species

which, generally, have been shown to be as sensitive or less sensitive,

respectively, than trout to individual metals [20]. In contrast to the
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observed re§ponsé for rainbow trout, the hiz» sensitivity of fathead
minnow growth was unexpected. The reason for their.sensitivity to tae
present mixtures is noi known, although copper could have‘been the) mijor
factor contributing to the decre;se in growth. Copper was shown to
decrease growth of this species at very low levels in individual metal
tests conducted as part- of this study (see the following text) and in
recent studies corducted by Benoit [32] in Lake Superior water. (opper
concentrations causing effects were nearly the same as the criteria
concentrations in our mixtures.

The above results suggest that all three test species may not be
sufficiently protecfed if the selected metals were present in water as
mixtures at proposed water quality criteria concentrations. ‘These data
are particularily meaningful‘because rainbow trout are an economically
important species and were adQersé{y affected at least at tte criteriqn
maximum concentrations. Although presently proposed criteria do not
attempt to protect all species, éhe ;hronic adverse effects of metal
mixtures observed in this study on &aphnids and fathead minnows also
indicate that important forage organisms m#y not be protected which could
ultimately cause a decrease in more desirable fish populations.

Individual Metal and Mixture Exposures

Acute LC50 values for fathead minnows and daphnids exposed to individual
metals are shown in Tables 8 and 9. C(omparison of the results indicate
that daphnids were, generally, more sensitive to thes2 metals than were
fathead minnows even though daphnids were tested in lester River water
which was higher in hardness, alkaiinity and organic content than that of
Lake Superior water. These water quality characteristics usually decrease
.the toxicity of metals by decreasing their bioavailability by complexation

in water [33-35). Both species were less sengitive to arsenic, chromium,

12



and lead than to mercury, cadmium and copper but their sensitivity to
these metals was not the same after the respective exposure periods.

" Fathead minnows were most sensitfve to cadmium then copper and mercury,
whereas daphnids were most sensiéive to mercury then cadmium and copper.
Sensitivity differences in these tests were also probably related to water
quélity differences since some water quality parameters may effect some
metals differently. For example? water hardness haé been found to effect
the toxicity of cadmium, copper and lead more than that of arsenic, mércury
and chromium [20]. However, the acute values obtained for both species
in these -tests were similar to those observed by other investigators {20].
o The LC50 values calculated for these metals in mixture tests for
each species are included in Tables 8 and .9 along with the.fracfions of
toxic units (LC50s) calculated for each metal. The toxic unitvapproach for
calculating the combined effects of mixtures of toxicants was reviewed
by Sprague [2]. In this method, fractions of toxic units of the iandividual
toxicant in the mixture adding up to a total of 1.0 indicate a sktrictly
additive joint action, < 1.0 more than additive and > 1.0 less than
aadditive. The sum of the fractions of -toxic units calculated for fathead
minnows from Table 8 was 0.53 indicating that these metals were more than
adéitive in their acute joint action. Conversely, the value calculated
for daphnids was 1.47 (Table 9) suggesting a .nearly strictly additive
joint action. - Differences in the joint action correlate to the sensitivity
differences of 'these species to fhe individual metals as was noted above.
Differences in the behavior of metals in mixtures have also been reppgted
in a review of ‘the literature {7] on effects of mixtures on aquatic
organisms. = This review showea_that the same metals may be additive, more
:than additive or less than -additive depending upon thegapecies;'combination

of metals, or water quality present. Anderson_and Weber [3] suggested
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that discrepancigs found between additive -action and mor~ than additive
ac;ions of métals in organisms may be due to water quality characteristics
such as water hardness, Qﬁich may alter metallic forms. They discussed
that more than additive ;ésponses werelshown in tests with copper and
zin; using soft water and addiéive responses were observed from exposures
with hard water. More recent stﬁdies by Anderson and others [36, 37}
indicate that the'reduction in toxicity of a metal with increasing hardness,
however, may not be great when other metals are present concurrently.
Although additional work is needed to make corrélations between water
quality characteristics and the }eaction of chemicals in mixtures, water
quality effects on toxicity may also be a plaﬁsible explanation fo.: the
slight differences observed in this study since water quality parameters
in these tests were different.

The chronic effects of individual metals on fathead minnows are
shown in Table 10. Growth in these tests was the most or among the most
sensitive measure of responsé to all metals. A significant value obtained
in the arsenic test at 1,340 ug/l was not used in the calculation of the
MATC because significant adverse effects were not observed in the next
higher concentration. The MATC's or chronic values (calculated as the
geometric mean of the highest no-effect and loﬁest effect concentiations from
Table 10) for this species and each metal are included in Table 11. MATC's
calculated for this species were similar to chronic values observed for
the respectivé metals by other investigators [20]. Comparison of the
above MATCs for fathead minnows showed that species sensitivity to
the metals differed slightly in chronic tests compared to that from
acute tests. Cadmium was the most toxic metal in acute tests followed by
copper, mercury, lead, arsenic and chromium; whereas mercury was much

more toxic on a chronic basis followed by copper, cadmium, lead, chromium,
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and arsenic. Acute to chronic ratios for each metal arz alsc included in
Table 11. Tests with mercury sﬁowed the highest ratio (193) for fathead

minnows indicating that it is much more toxic oa a chronic basis than on

an acute basis to this species than the other metals.

The effects of these metals on the survival and young production of
daphnids are presented in Table 12. Both mortality and young production
were used to determine the overall toxicity comparison (scaled T-statistic)
({30, 31) in these tests. Young broduction was the most sensitive parameter
measured with-ali the metals except chromium for which survival was
slightly more sensitive. The high sensitivity of daphnid young production
to metals and other chemicals including several industrial effluents has
also been observed by Mount [38]). The MATC's for each of the wetals and
daphnids are shown in Table I1l. As with the acute tests, chronic values
obtained for daphnids were generally lower than those calculated for
fathead minnows indicating their high chronic sensitivity to these metals.
Comparisons of the above values for daphni&s to these meﬁals showed
that their sensitivity differed slightly on an acute versus chronic basis
as it did with fathead winnows. Mercury was the most toxic metal to
daphnids in acute tests but cadmium was more toxic on a chronic basis.

"This was the opposite of that observed for fathead minnows. The ranking
of acute to chronic ratios for these two metals and daphnids was also
opposite that observed for fathead minnows with the highest ratio being
for cadmium (12.4) and lowest for mercury (0.73) (Table ll). Generally,
acute to chronic ratios were lower for daﬁhnids than fathead minnows,
especially for mercury. This difference may be attributed to the greater’
influence of food on metal toxicity in chronic tests with daphnids which
could have decreased biological availability and/or toxicity of these

chemicals. Biesinger and Christensen [39] and Lima et al. [40] showed
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that the presence of food decréaseslthe toxicity of metals to these
types of organisms.

Measured wéter concentrations and results of chcronic mixture tests
for fathead minnows and daphnids are;presented in Tables 13-17. Two 32-
day flow-through tests with fathead minnows were conducted to determine
the effects of mixéure concentrations at 0.5 dilution ratios of the MATC's.
Results from these tests (Table 16) show that metals mixed at MATC, and 4/3
MATC concentrationé caused nearly 100 percent mortality and decreased
growth of juveﬁilé fish after 32 days of exposure. All larvae that
hatched at these.qoncéntrations were deformed and all but a few fish died
only one week after hatching. Metals combined at 1/2 and 2/3 of the MATC
values also caused 40 to 5C befcent mortality, respectively, although
statistical differences at P = 0.05 were just on the border of not being
significant. The lack of statistical significant difference here appears
to be attributed to the fact that mortalities in duplicate chambers at
these concentrations were more dissimilar than usual. The authors, however,
feel that these are real differences because deformities'and abnormal
behavior of ﬁewly hatched larvae were observed at these concentrations
early in each experiment at hatch. Iu addition, growth of juvenile fish
exposed to mixtures of 2/3 of the MATC were reduced by as much as 25
percent by tﬁe end of the test.

The effects of mixture concentrapions oﬁ survival and young production
of daphnids are shown in Table 17. Metals comtined at 4/3 MATC, MATC,'
and 2/3 MATC concentrations all caused 100 percent mortality. The next
lower concentration of metals mixed at 1/3 of the MATC did not adversely
effect survival but significantly reduced yoéng production by approximately

60 percent. The lower effect level observed for daphnids compared to

" that for fathead minnows agrees with the findings from individual metal
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tests and suggests that the mechanism of toxic action of individual metals
may be similar to those in mixtures. The adverse effects of mixturés at
!

fractions of the MATC also indicate that chronic joint action may occur
in these species at levels presumed agceptable based oan tests with in-
dividual metals. Other studies on the effects of metal mixtures on fish
[8, 41) and more recent Anes on invertebrates [42) have also indicated
the adverse effects of mixtures occur at concentrations having né significant
effect on an individual basis. The literature on the sublethal effect;
of combinations of metals on aquatic organisms indicate that joint action
may occur at sublethal levels, but that there is no clear trend as to the
degree of response {7}. As in acute tests, chronic responses vary in the
literature [7] from less than additive to more than additive depending
upon the chemical or species tested,-

Because the MATC is not a poinElestimate level, the degree of
sublethalijoint action based on this enépoint in the present chronic
tests cannot be calculated precisely. - In order to determine the type and
degree of joint action, an estimate of the value causing a Sd percen;
reduction in weight and the number of young produced per female for
fathead minnows and daphnids, respectively,.exposed to individual metals
and metal mixtures, was obtained from response curves relating these
endpoints to exposure concentration. Figures_l and 2 show that these
response relationships were curvilinear for the metals tested on an
individual as well as mixture basis, respectively. This pattern was
similar for both species and all metals in bogh types of tests and was
characterized by a gradual decrease in the curve followed by a répid
deciine as exposure concentration increased. Slopes for the steep part of

the curves were, generally, greater for metals in the mixture than for

metals tested individually indicating that the observed joint action
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caused greater toxicity than that caused by each wetal during the same
exposure period. The similarityiin the slopes of the response curves for
individual as well as combined métals suggest that modes of action of
métals may also be similar under these conditions and not changed but
merely enhanced by metal intefacfions in some fashion. This has been
postulated previousiy for lethal tests with metals and binary metal
mixtures by Hewitt {43].

All values beloﬁ the 50 percent response level in Figures 1 and 2
we?e significantly less than the control (P = 0.05) and are shown by the
"open symbols. However, some values above this level were also statistically
significant for both species exposed to the individual metals (Figure 1)
suggesting that the 50 percent response is probably too high a level to
estimate chronic no effect concentrations. In general, no effect concentrations
(i.e, MATC) are estimated from chronic endpoints that are significantly
different_from the control. These endpoints are not estimates of the
degree of adverse effect and ray.or may not be biologically significant.
Additional chronic studies are needed to define meaningful pointAestimates
which would better correlate to biological effect concentracions.

Chronic concentrations and fractions of this toxic unit based on the
response curves for each species exposed to‘individual metals and to the
mixture are shown in Table 18. Sums of the fractions of toxic units of
3.31 and 1.08 indicate that the chronic joint action of these metals was
less than additive with fathead minnows and nearly strictly additive with
daphnids, respectively. Comparisons of these results with the acute
joint action determined above for these species show that the interaction
of metals may be different on an acute and chronic basis and between
differcnt classes of organisms. The joint action of the selected metals

was more than additive to fathead minnows at acutely lethal levels but
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w;s less than strictly additive at sublethal concentrations as determined
by effects on growth. The joint action displayed on daphnids was nearly
strictly additive on both an .acute and chroaic basis. These differences
agree with tentative conclusions made on Fhe 5oint action of metal mixtures
on fish and invertebrateé by the European‘countries [7]. Generally, the
few sublethal mixture t;sts reviewed using growth as the endpoint showed
. that chemical inte(acgions were less than additive than the corresponding
effect on survival. The data available for aquatic invertébrates showed
a generally additive joint action. However, the review reported that one
study [44] indicated that sublethal metal mixtures may be more than
additive on fish reproduction and suggested that this work be extended to
include other commonly occurring toxicants. The reason for differences
in the joint action of metals on the present tast sbecies is not .clear but
it may be linked to the species sensitivity differences noted above and
thus attributed to differences in metabolic defense mechanisms of these
"different types of organisms. These mechanisms are primitive in daphnids,
and may be the same in this species during both acute and chronic exposure.
On the other hand, defense mechanisms in fish are more specialized than
daphnids which may allow fish to become more tolerant to metal toxicity
-during long-term exposures as they develop resulting in a lesser joiat aciion
of the tox;cant.! Such mechanisms of detoxification may be related to the
binding of metals to special proteins (i.e., metallothioneins) as suggested
in the literature [45]. However, further study of the mechanisms of
toxic action of chemicals are needed and may be the key to underétanding
long-term chemical interactions. .
The mode of actidn of ﬁetals in fish is obviously different on an

acute basis than on a chronic basis. It is generally considered that

metals cause acute toxicity by destruction of the gill membranes. Studies
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by Hewitt [43] indicate that the gills of zebra fish (Brachydanio rerio)

wére the primary site of sigdificant metal accumulation during acute
exposure and that the relative bioconcentration of metals was significantly
" greater in gill tissue of'fiéh exposed to meidl mixtures than to individual
metal solutions. These results may explain the more than additive response
obtained in our acute tests Qith fathead minnows. Knowledge of metal
concentrations iﬁ fish exposed to mixtures on a long-term basis would

help to explaiq the difference in metal interactions observed between

acute and chronic tests.

Although it appears from the present studies that mixtures of metals
may be less than additive to fish in long-term exposures, the adverse
effect observed on survival of this species at concentrations of 2/3 to
1/2 of the MATC are low enough to cause concern that these organisms may
not bg protected by criteria that are based on MATC concentrations derived
for individual metals. Chronic adverse effects on daphnid reproduction
caused by metals mixed as low as 1/3 of the MATC can be correlated to
the nearly strictly additive effect shown above, and guggests that these
organisms may be more susceptible to metal interactions than fish.

Recent studies by Biesinger et al. [42] have also indicated that metal
interactions may be nearly additive on daphnid reproduction based on
complete life-cycle studies. Similarly, Hermans et al. (12]) suggested

that although the joint toxicity at sublethal levels is lower than at
lethal levels to daphnids, the toxicity of mixtures containing primarily
organic chemicals remains much higher than that of individual chemicals and
may belnear concenttation addition. Still other studies on the effects

of mixtures on fish [8, 43) and algae [46] indicate that some metals as
well as other chemicals such as pesticides [37] may be even more than

additive on a chronic basis.
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The effects of metals mixed at fractions of both acute and chronic
values on thévselected species correspond with tﬁe<effects noted in_&he first
part of this study from mixtures iased on proposed water quality criteria
concentrations.. Water quality criteria are based on data from tests with
individual chemicals on several families of aquacic organisms and are not
species-specific. Howe?er, endpoints such as the LC50 and MATC are species~
specific and aré used to determine the criteria for individual chemicals.
Thus, the advefse effects caused by metal mixtures at proposed water quality
criteria concentrafions-appear to be due to the joint action of the selected
metals at concentrations having no significant effect on ;n individual basis,
and suggest that componenfs of mixtures at or below no observable effect
concentrations may contribute significantly to the toxicity of these mixtures.
The effecés of mixtures at sublethal levels are of particular importance
sigce theée concentrations would be allowed to exist continuously thrqughoug
the year as criteria and may not be sufficient to protect some aquatic
species. These effects may also be magnified in watefs having a low buffering
capacity énd pH which may increase the bioavailability and/or toxicity of
metals. Recently completed studies by Hutchinson and Sprague [47] show
that rep%oductive failure of fish was complete when fish were exposed to
trace metal mixtures in water cf low pH (pH 5.8). This level of pH alone
caused no effects on fish reprodﬁction in'very soft (6.0 mg/l as CaCO3) water.

The results of the pfesent tests. suggest that further study is
needed to determine the :yée and ngree of interaction of toxicants on
both an acute and chronic basis and to determine the possible effects of
water quaiity characteristics on these interactioﬁs. Results obtained
from these tests would help identify general characteristicé of certain
mixtures and may provide data for new methods and possibly the rationale

for deriving water quality criteria for combined pollutants.
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Table 1. Measured water quality characteristics for metal tests conducted in Lake Superior,
reconstituted and Lester River water.

Hardness Alkalinity Total
Test as CaC0O3 as CaC03 Organic Carbon Conductivity
Species (mg/1) (mg/1) pHa (mg/1) ( ymhos)
Lake Superior Water
Rainbow trout 45.3+0.8 (23)®  42.7+1.3 (24) 7.7 (7.2-7.9) - -
Fathead minnow 43.9+1.0 (90) 42.4+1.9 (90) 7.4 (6.2 3.1) 2.0+1.4 (2) 91+1.4 (2)

o

. dubia .. 165+4.0 (2)

e}

. dubia 100+7.9 (11)

Reconstituted Water®

112+4.0 (2) 8.1,(7.8-8.3)

Lester River Water

97+49.3 (22) 8.2 (8.0-8.5)

1.6 (1)

7.1+0.7 (9)

45141.4 (2)

194420 (9)

3 Mean (range)

b Mean + standard deviation (number of samples)

C Reconstituted hard water [16]



Table 2.  Measured water concentrations for tests with fachead minnows, rainbow

trout, and daphnids exposed to meral mixtures ac criterion maximum

" concencrations.

Treatment {(ug/1)

Metal

1/2 Max

Control Max?d 2x Max 4x Max 8x Max
Fathead Minnow
As <1.0b 69+0.4 143+1.4 26242.5 - 556+4.2 1,092+93
cd’ <0.25 0.7%0.1 1.5%0.2 2.9%0.1 6.0%0.0 13%0.0
cr <1.0 6.8%0.6 15%4.8 26%2.4 50+1.6 90+0.8
Cu 1.0d . 4.4%0.1 7.9%0.7 15%0.2 30%1.0 58+1.6
Hg <0.05 0.6+0.0 1.3%0.0 2.3+0.2 4.2+0.0 7.9%0.6
Pb <0.5 9.9%1.4 23%4.7 40%4 .0 79+0.9° 161¥13.4
Rainbow Trout
As <1.0 8143.4 148+9.2 288+18.4 536+42 1,075+122
cd <0.25 0.8+0.0 1.6+0.0 3.2+0.1 5.7%0.4 12¥1.1
Cr <1.0 7.3%0.2 14%1.3 26+1.8 47%0.2 90%6.8
Cu 1.0d 6.1%1.1 9.2+1.6 17+0.9 30%0.6 57%1.8
Hg <0.05 0.5+0.1 0.9+0.1 1.9%0.2 3.6+0.4 7.240.0
Pb . <0.5 11%0.5 17%1.6 36+0.5 74%6.4 157%17.0
Ceriovdaphnia dubiad

As <1.0 72 157 308 645 -e
cd €0.25 3.4 7.0 1.1 34 .4 -
Cr <1.0 4.2 10.2 21.7 42.4 -
Cu 1.0d 8.5 19.0 39.1 81.5 -
Hg <0.05 0.34 0.9 1.8 4.2 -
Pb 0.5 64 611 -

143 284

4 Criterion maximum concentrations

b petection limit

€ Mean + standard deviation

d One measurement was made at the beginning of the test

€ Daphnids were not tested at this level.
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Table 3.

trout, and daphnids exposed to meral mixcures ac

concencracions.

Measured water concentrations for tests with fachead minnows, rainbow

criterion average

Treatment (ug/1)

Mec al Concrol Avgd 2x Avg 4x Avg 8x Avg 16x Avg
Fathead Minnow
As <1.0b 66+9.3  139+14.7 275326 548+45 1,225+266
Cd <0.25 1.470.2 3.230.6 6.9%0.6 14%1.6 3175.6
cr <1.0 6.4+1.8 13%1.9 26+2.1 6471.6 130%27
Cu 1.0 5.7+0.7 1130.4 19%0.7 39+1.6 101742
Hg <0.05 0.2%0.1 0.3%0.1 0.6%0.1 1.3%0.2 2.3%0.0
Pb <0.5 0.9+0.2 1.7+0.4 2.90.3 7.151.7 16+5.8
Rainbow Trout
As <1.0 79+9.6 154+1.8 306+40 571+49 1,260+128
cd <0.125 1.790.3  *3.8%0.4 7.5%0.7 14%1.1 31%2.0
Cr <1.0 8.4%1.7 15+2.8 29%3.1 56+6.4 122%9.0
Cu 1.0 7.3%1.0 13%1.2 23%2.2 43%6.1 8674. 3
Hy <0.05 0.2%0.1 0.4%0.1 0.7%0.2 1.5%0.2 2.9%0.5
Pb <0.5 1.1%0.3 1.8%0.4 3.470.7 6.0%0.7 12%1.4
Ceriodaphnia dubia

“As <1.0 68+2.3 13747.5 286+14 575+32 1,152+26
cd <0.25 6.7%0.3 13%1.3 28%2.5 5.6+6.2 117%15.6
Cr <1.0 7.0%0.3 14%0.4 29%0.6 59+0.5 121%1.5
Cu 1.0 1370.6 28%1.4 58%2.6 120%5.5 248%12.7
Hg <0.05 0.13%0.01  0.27%0.01  0.57%0.04  1.3+0.02 3.430.2

" Pb <0.5 3.6%0.5 8.3%0.6 16+0.4 33+3.9 70+6.3

2 Criterion average concentration

b petection limit

¢ Mean + standard deviation
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|
Proposed National Water Quality Criteria (1984) for selected

Table 4. ‘
metals and freshwater aquatic life. |
Criteria (pg/l)

Metal Max. Conc. Avg. Coﬁc.
Arsenic*t3 140 72
Cadmium*2 1.823, 8.2 1.82, g.2b
Chromium*® 11 7.2
Copper*2 7.63, 25.1b 5.23, 17.3b
Mercury*t?2 1.1 0.2
Lead*2 222, 128b 0.92, 5.1b
8 Adjusted for hardness of Lake Superior water (45 mg/l as CaCO3) [26]

b Adjusted for hardness of reconstitutedAwater (168 mg/l as CaCO3) [26].
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Table 5. Survival of fathead minnows, rainbow trout, and daphnids
exposed to metal mixture:at multiples of criterion maximum
¢ re:

concentrations.

Treatmenc? Fachead minnow? Raibow troucb C. dubia®
Concrol 100:6. od 100+0.0 90+32

1/2 Max © 100+0.0 100+0.0 106+0.0
Max 100+0.0 5+10 0+0.0
2x Max 100+0.0 0+0.0 0+0.0
4x Max | 85+7.1 0+0.0 0+0.0
8x Max 40+0.0 0+0.0 © 0+40.0

8 Treatment number corresponds to measured concentrations in
Table 2.

® Tests conducted in Lake Superior water for 96 hr.
€ Test conducted in reconstituted water [16] for 48 hr.

d Mean *+ standard deviation.
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Table 6. Survival and growth of fathead minnows and rainbow trout
exposed to metal mixtures at mulciples of cricerion average
concentracions for 32 and 90 days, respectively

. in Lake Superior water.

t

. Embryo Normal
Hatchabilicy Larvae at Survival Weight
Treatmenc® . - (%) Hatch (%) (%) (mg)

Fathead Minnow

Concrol © -100+0.0b 100+0.0 87+19 174+46
Avg 100+0.9 © 100+0.0 93+0.0 129%36%
2x Avg . 100+0.0 - 100+0.0 94+9.2 44¥29%
4x Avg . 100+0.0 $4+9.2 43+ 14% 6.5+2.5%
8x Avg 97+5.0 1044 . 2% 435.0% 2.0+0.0*
16x Avg 97+5.0 0+0. 0% 0+0.0% 0+0.0%

Rainbow Trout

Concrol 96+2.3 99+1.0 96+2.3¢ 1214424
Avg 92+2.3 99+1.0 92+2.8 195+85
2x Avg 95+1.2 99+1.0 95+1.2 185+62
4x Avg 88+3,5% 98+2.9 89+3,5% 150+48
8x Avg BY5 ., 3% 0+0.0* 8+5.3% =
16x Avg 0+0.0% 0+0.0% 0+0.0% -

3 Treatment corresponds tov measured concentrations in Table 3
b Mean + standard deviacion
€ Based oun 45-day exposure period (see text)

d Based on 70-day exposure period (see rexc)

!
[l
(=]
W
~

* Significant decrease from control (P =



le 7. Survival and number of young per female of C. dubia exposed to
metal mixtures at multiples of criterion average concentrations after

7 days in reconstituted water.

. Scaled
‘eatment?@ Survival Young per T-statistic of
(%) Female Overall Comparison

nerol 90 + 325 15.6 + 1.0 -c

/2% Avg - 80 + 42 12.5 + 1.1 0.81

we 60 + 52 3.3 + 1.0% 3.37%

x Avg 0 + 0.0% -d ' 2.08x%

ix Avg 0 + 0.0% | -d 2.08%

Ix Avg 0+ 0.0% -d 2.08%

.6x Avg 0 + 0.0% - 2.08%

[reatment cerresponds to measured concentrations in Table 3 except for
l/2x Avg concentration (not shown in Table 3)

fean + standard deviation
lo value because other values are compared to the control
o value because all animals died

jignificant decrease from control (P = 0.05)
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Table 8. Ninety-six hour LC50 (ug/1) and fractions of this toxic unit

for 30-d4 old fathead minnows exposed to individual metals and to

|l

a metal mixture in .Lake Superior water.

Pb

As .. cd Cr Cu Hg
Individual Metal Tests
12,600 13.2 43,300 96 172 2,100

(9,900-15,900)23 (10.9-15.9) (36,600-51,300) (83-111) 86-347) (1,100-4,000)

Metal Mixture Test
1,200 | 1.2 4,550 7.8 13.9 125

(1,000-1,500) = (1.0-1.5) (3,710-5,590) (6.6-9.2) (11.4-17.0) (104-149)
Fraction of Toxic UnitD®

0.10 0.09 0.12 0.08 0.08 0.06

4 Ninety-five percent confidence limits

b Mixture LC50 divided by individual metal LC50 (sum of
of 0.53) :
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Table 9. Forty-eigh: hour LC50 (ug/1) and fractions of this toxic unit for

< 24-hr old C. dubia exposed to individual metals and to a metal

mixture in Lester River water.

As cd Cr . Cu Hg Pb
Individual Metal Tests
1,448 27.3 144 66 8.8 248
(6.6-11.8) (212~-290)

1,214-1,727)8 (21.9-34.1)  (110-189) (55-81)

Metal Mixture Test

344 6.1 34.7 16.8

(303-390) (5.3-7.0) (30.6-39.4) (14.7-19.1)

Fraction of Toxic Unitb

0.24 0.22 0.26 0.26

2.3 60.7
(2.0-2.6) (53.0-69.4)

0.26 ©0.25

2 Ninety-five perceuat confidence limits

b Mixture LC50 divided by individual metal LC5C (sum of
of 1.47)
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Table 10, Survival and growch of fathead minnows exposed fu individual

aecals for 32 days in Lake Superior water.

Measured . Embryo Normal Larvae
Concencracion +  Hacchabilicy at Hatch Survival weight
(ug/1) ~ ) () %) {mz)
Arsenic
<1.02 (control) 100+0.0 100+0.0 84¢5.0 10923.0
1,340479°> - 100+0.0 100+0.0 100+0.0 91+2.0%
2,520778 10030.0 18070.0 87+0.0 100%1.0
4,6005169 - 100%0.0 100+0.0 77514 88+8.0%
8,340+428 100+0.0 100%0.0 8435.0 4833.0%
16,410+791 10050.0 97+5.0 o -
Cadmium
<0.1% (conzrol) 100+0.0 100+0.0 93+0.0 96+1.0
1.8+0.1> . 100+0.0 100+0.0 97+5.0 94+2.0
3.8+0.3 100+0.0 100+0.0 97+5.0 93+3.0
7.670.6 10050.0 97%4.9 1714 107%13
15.6%5.4 100%0.0 0 2.0%6.0% P
29.5+2.3 9754.9 o* o* -
Chromiun
<202 (coptrol) 100+0.0 97+5.0 94+9.0 123+6.0
220+18% 100+0.0 100+0.0 97+5.0 113+4.0
435+20 100+0.0 9735.0 97+5.0 11378.0
863+48 100+0.0 9439.0 9439.0 115+6.0
1,630472 100+0.0 100+0.0 100%0.0 105+1.0
3,170%130 10070.0 100%0.0 90%4.0 8o%11+
Copper
<2.0% (control) ~  100+0.0 100+0.0 90+4.0 128+1.0
4.8+0.3b 100+0.0 100+0.0 100%0.0 112%16
8.071.3 100<0.0 10070.0 63 % TUIS, O
16.0%1.9 100+0.0 10030.0 L7%19* 27<10%
31.0+2.8 9479.0 o 2.0%4.0% 9w
65.0¢5.0 100+0.0 o o -4
Mercury
<0.052 {contrel)  100+40.0 100+0.0 100+0.0 124+1.0
0.23+0.03° 10030.0 100+0.0 94+9.0 121713
0.36+0.05 100+0.0 100+0.0 9330.0 123%1.0
0.65+0.07 94%9.0 10050.0 80%0.0 120+5.0
1.21%u.ub tuvsu.y 100400 vaey .y BUtL. U
2.26+0.08 100+0.0 70+0.04* 79711 28¥3.0%
Lead
<1.0% (control)  100+0.0 100+0.0 86+9 122413
69+5P 1000.0 100+0.0 90% 14 110+10
123%10 100%0.0 100+0.0 94+9 104714
232+20 100+0.0 100+0.0 64423 123%26
466465 . 100+0.0 0 o* .=
946+145 100+0.0 o* 0 -d

a De:ec:ion-limi:

b Mean 4+ standard deviation

¢ Weight of one surviving fish

d No value because all animals died

* Significant decrease from the control (P = 0.05)
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Table 11. MATCs and acute to chronic ratios for fathead minnows and ddphnids

exposed to individual metals.

Test
Species : As Cd Cr Cu Hg Pb
MATCs (ug/1)
Fathead minnow? - 3,330 10.9 2,270 6.2 0.89 329
C. dubiad 1,140 2.2 63 A ¥ 52
Acute/Chronic Ratios®

Fathead minnow - 3.8 1.2 19 16 193 6.4
C. dubia 1.3 . 12.4 2.3 1.5 0.73 4.8
a

Tests were conducted for 32-d in Lake Superior water.

o

Tests were conducted for 7-d in Lester River water.

0

Acute LC50 (individual values, tables 8 and 9) divided by the MATCs.
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Table 12. Survival and number of young per female of C. dubia exposed to

individual metals after 7 davs in Lester River water.

M2asured ; Scaled
Concentration Survival Young per T-$catistiz of
(ug/l) A Female Overall Comparison
Arsenic
< 1.0 (control) 80+42 19.8+1.5 -b
102+6€ : 100+0.0 19.8+1.4 0.46
188+6 90+32 14.8+1.5 . 0.97
406+15 100+0.0 14.6%1.8 1.00
793+52 100+0.0 18.3+1.2 0.5%
163658 50+53 6.2+0.5% 3.36%
325060 0+0.0% -4 " 2.08%
Cadmiun :
< 0.253 (control) 100+0.0 25.4+1.6 -b
0.6+0.1¢ 100%0.0 22.6+1.5 0.50
1.5%0.1 90+32 24.2+1.4 0.50
3.2+0.2 100+0.0 18.8+1.7% 1. 15%
6.630.3 100+0.0 11.3%1.0% 2.90%
13.4¥1.0 90+32 5.3%1.2% 4.04%
25.6+2.1 0+0.0* 7.5+0.9% 4.106%
Chrowium
< 1.08 (contral) 100+0.0 13.3+1.1 b
10.3+1.1¢ ' 90+32 17.2+0.9 0.53
21.0+1.0 100+0.0 17.3+2.2 0.16
41.4%2.4 90+32 18.9+1.2 0.15
94.8%5.7 20+462% 14.2+0.5 1.20%
171817 0+0.0* 5.5¢1.9% -
365%2 0+0.0* - 2.47%
Copper N
3.4+0.32 (control) 90432 29.0+0.8 -b
9.9+0.3¢ 9032 26.2+1.4 0.70
16.730.3 100+0.0 28.2+0.8 0.53
31.6+2.6 "100+6.0 27.5+1.9 0.53
63.9+2.5 80+42 10.0+3.0% 2.28%
12247 60+52 1.5+0.5% 11.86%
2371 0+0.0% - 2.08%
Mercury -
< 0.053 (control) 100+0.0 29.6+2.0 -b
0.55+0.02¢ 100+0.0 25.9+1.0 0.66
1.05+0.01 100+0.0 27.8+1.0 0.32
2,07+0.03 80+42 29.9+1.6 0.45
4.36+0.10 100+0.0 28.5+1.5 0.18
8.69+0.24 100+0.0 27.7%1.7 0.29
16.9+0.15 20%62% 6.7+3.9% -e
Lead
< 1.02 (control) 90+32 19.3+0.6 -b
36+1¢ 100+0.0 21.3+0.7 0.98
7473 10030.0 16.6+0.8% 1.16w
165%9 30348+ 16.0+1.3% 1.55%
32147 30448+ 8.0+2.4% -
608722 030.0% T d 2.10%
128433 ~ 0+0.0* ~d 2.10%

Detection limit

No value because other values are compared to the control

Mean * standard deviation

No vaiue because all animals died

Too few degrees of freedom to calculate value

Significant decrease from the control (P = 0.05)
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Table 13. Measured water concentrations for a test with fathead minnows
exposed to metal mixtures at multiples of the MATC in Lake Superior

water {Test 1).

Treatment (ug/l)

Metal _ Control'  1/16 MATC 1/8 MATC _ 1/4 MATC 1/2 MATC MATC
As < 1.08 199+6b 403+21 805+54 1,545+64  3,203+158
cd  <0.1 0.6+0.1 1.3+0.1 2.640.3  5.3+0.5 10.8+0.9
Cr < 1.0 - 13549 272418 557+30 1,137+30  2,237+61
Cu 1.0 1.3+0.4 1.740.3 2.4+0.3 3.8+0.4 6.7+0.7
He < 0.05 0.05+0.01 0.1#0.02  0.2+40.03  0.4+0.03  0.7+0.1
Pb < 1.0 16.340.9 3441.4 70+2.3 14346 237491

2 Detection limit.

b Mean + standard deviation.
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Table 14, Measured water concentrations for a test with fathead minnows
exposed to metal mixtures at multiples of the MATC 'in Lake )

Superior water (Test 2).

Treatment (ug/l)

Metal Control - 1/12 MATC 1/6 MATC 1/3 MATC 2/3 MATC 4/3 MATC
As < 1.02 7315123b 575+28 1,153+65 2,156+128 3,974+380
cd < 0.1 0.8+0.1 1.6+0.1  3.3+0.2 6.7+0.3 12.2+1.3
Cr <1.0 é12i19 400+29 792431 1,600+111 . 2,894+130
Cu 1.0 1.6+0.3 | 2.0+0.3 3.0+0.4 4.7+0.6 8.0+1.0

Hg < 0.05 0.08+0.01 0.i4+0.01  0.3+0.04 0.6+0.06 1.0+0.16
Pb < 1.0 24+19 ‘46:4 | 93+11 185+17 339432

2 Detection limit.

b Mean + standard deviation.
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Table 15. Measured water concentrations for a test with C. dubia exposed to metal mixtures at

multiples of the MATC in Lester River water.

Treatment (pg/l)

Metal _ Control _ 1/12 MATC 1/6 MATC 1/3 MATC 2/3 MATC MATC 4/3  MATC
As < 1.08 84.3+1.6b 171+2 351410 707+13 1,027+18 1,426+42
cd < 0.1 0.1740.03 0.39+0.05 0.69+0.08 1.30+0.1 1.940.1 2.5+0.2
Cr < 1.0 5.5+0.4 10.2+0.3 20.7+0.4 41.2+0.9 62.9+1.1 82.1:1.6
Cu 4.9 8.4+0.8 11.8+0.9 20.0+0.8 35.6+0.7 48.6+1.5 66.3+3.4
Hg < 0.05 0.9+0.1 '1.8+0.1 13.840.03. 7.6+0.1 10.0+0.1 15.2+0.5
Pb < 1.0 4.0+0.2 7.1+0.1 15.1+1.3 30.0+1.3 44+1.8 59.242.8

4 Detection limit.

. b Mean + standard deviation.



Table 16. Survival and growth of fathead minnows exposed to metal mixtures

at multiples of the MATC for 32-days in Lake Superior water.

3

Embryo *  Normal

. Hatchability Larvae at ’ Survival Weight
Treatment?® (%) Hatch (%) (%) (mg)
Test 1
Control 100+0.0b 100+0.0 " 8749 109+5
1/16 MATC 100+0.0 ©10040.0 86+10 106+13
1/8 MATC 100+0.0 100+0.0 74+9 11443
1/4 MATC 100+0.0 100+0.0 83+14 102+5
1/2 MATC 100+0.0 100+0.0 63+14 104+23
MATC 100+0.0 0+0.0% 10+4% L 43424
Test 2
Control 100+0.0 100+0.0 . 84+5 114+13
1/12 MATC 100+0.0 100+0.0 90+14 107413
1/6 MAIC - 100+40.0 . 100+0.0 87+0.0 11846
1/3 MATC 100+0.0 100+0.0 87+0.0 ©106+2
2/3 MATC 100+0.0 100+0.0 50+24 85+14
4/3 MATC 97+4.9 0+0.0% 3.5+4.9% 9+0%

4 Treatment corresponds to measured water concentrations in Tables 13 and 14,
respectively.

b Mean * standard ‘deviation.

* Significant decrease from the control (P = 0.05)
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Table 17. Survival and number of youag per female of C. dubia exposed to

metal mixtures at multiples of the MATC for 7 days in Lester

River water.

. Scaled
Survival Young per T-statistic of
Treatment?d (Z) Female Overall Comparison
Control 100+6.0b 17.8+1.5 -c
1/12 MATC 90+32 18.0+2.1 0.03
1/6 MATC 90+32 19.6+1.8 0.53
1/3 MATC 90+32 6.9+1.5% 2.16%
2/3 MATC 0+0.0 -d 2.47%
MATC 0+0.0 -4 2.47%
4/3 MATC 0+0.0 -d 2.47%

4 Treatment corresponds to measured water concentration in Table 15.

b Mean + standard deviation.

€ No value because other values are compared to the control.

d No value because all animals died.

* Significant decrease from the control (P = 0.05).
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Table 18. Chronic concentrations® (ug/l) and fractions of this toxic unit
. i
based on a 50 percent reduction in weight and the number of
: i

young per female for fathead minnows and C. dubia, respectively,

exposed to individual metals and a metal mixture.

Species As ©Cd Cr Cu Hg ‘Pb

Individual Metal Tests

Fathead minnow 7,079 14.5 3,467 11 1.4 331
€. dubia 1,259 6.0 132 56 12.6 264
Metal Mixture Test
Fathead minnow 2,630 8.9 1,998 5.9 0.7 234
C. dubia 275 . 0.6 17 18 3.2 15
Fraction of Toxic Unith
Fathead minnow 0.37 0.61 ) 0.58 0.54 0.50 0.71
C. dubia 0.22 0.10 B 0.13 0.32 0.25 0.06

2 Concentrations are recalculated from log units at the 50 percent value
(Figures 1 and 2).

b Mixture value divided by individual metal value (sum of fractions = toxic
units of 3.3! and 1.08 for fathead minnows and daphnids, respectively).

45



Figure 1.

Percent reduction (50%) in weight and number of young per female

of fathead minnows and C. dubia, respectively, exposed to individual
metals for 32 and 7 days.. Open symbols
control (P = 0.05), X =

significant decrease from
total fathead mortality, S = steep slope.
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Figure 2.

Percent reduction (50%) in weight and number of young per female
of fathead minnows and C. dubia, respectively, exposed to a mixture

of metals for 32 and 7 days.

from controls (P = 0.05), S = steep slop=a.
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