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ABSTRACT 

Fish larvae and early juveniles of all species tested (brook 
trout, rainbow trout, brown trout, lake trout, northern pike, 
white sucker, herring, and smallmouth bass) were more sensitive to 
copper than the embryos. Embryo survival was affected only at 
the higher concentrations tested, for all species except the 
rainbow trout. The concentrations of copper that caused significant 
effects on the larval standing crop were similar for all species 
(31.7-43.5 wg Cu/l) except the northern pike, which seemed to be 
considerably more resistant (104.1 ~g Cu/l). Copper concentrations 
shown to have no significant effects on the early developmental 
stages of these species are considered close estimates of the copper 
concentrations that would have no measurable adverse effects during 
a complete life cycle toxicity test under s�8 test conditions. 

INTRODUCTION 

The chronic toxicity of copper to fish has been extensively 
investigated with both partial and complete life-cycle tests on 
all developmental stages of three species of freshwater fish: 
fathead minnow (Pimephales promelas) (MOUNT, 1968; MOUNT and 
STEPHAN, 1969); brook trout (Salvelinus fontinalis) (McKIM and 
BENOIT, 1971, 1974); and bluegill (Lepomis macrochirus)(BENOIT, 
1975). In all these long-term studies the most sensitive stage, 
or one of the most sensitive stages, in the life cycle was the 
embryo-larval or early juvenile period of development. In addition, 
several investigators (GRANDE, 1966; HUGHES, 1968; HAZEL and MEITH, 
1970; O'REAR, 1972) have studied the sensitivity of embryos, 
larvae, and early juveniles of freshwater fish to copper in acute 
exposures and have found that newly hatched larvae are more 
sensitive to copper than embryos or early juveniles. 

Since the embryo-larval and early juvenile life stages were 
the most sensitive, or among the most sensitive, to copper during 
life-cycle toxicity tests, the use of shorter exposures with only 
these sensitive life stages should allow the estimation of copper 
concentrations that would have no measurable adverse effects on 
the tested species. This procedure would allow a more rapid 
indication of environmentally acceptable copper concentrations for 
many different species of fish and also could be used with species 
that cannot be tested through an entire life cycle in the laboratory. 
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The present study was designed te determine the copper 
concentrations that had no measurable adverse effects on emDryos, 
larvae, and early juveniles of eight species of freshwater fish, 
and thus to provide an estimate of the copper concentrations that 
would not cause adverse effects in life-cycle tests with these 
species. 

MATERIALS AND �9 

Physical 

The proportional diluter and exposure tank system used were 
identical to those described by EATON et al. (1977). The estimated 
replacement time for 90% of the water in each exposure chamber in 
each of the eight tests was approximately 5,3 hr (SPRAGUE, 1969). 
Water was obtained directly from Lake Superior and was used without 
prior treatment. Temperatures of the test water approximated 
those that might be expected for each species during the early 
stages of development. Temperature was measured once daily in each 
test, and a summary is presented in Table I. 

A copper sulfate (CuS04, anhydrous, reagent grade) stock 
solution (19 liters) acidified with l0 drops of 6 N HCI to prevent 
precipitation was prepared and introduced from a Mariotte bottle 
to the diluter. Daily water samples (I00 ml) from each tank were 
composited over a 5-day period for the analysis of total copper. 
The cupferron-methyl isobutyl ketone extraction method with atomic 
absorption analysis was used for analysis of copper (ARTHUR and 
LEONARD, 1970). Two calibration curves were constructed by the 
addition of known amounts of copper to both glass-distilled 
water and Lake Superior waters; the curves compared well. The 
method with one extraction allowed a 98-100% recovery of copper. 
The nominal and measured copper concentrations from each exposure 
are shown in Table 2. 

Other chemical characteristics of the water were determined 
according to standard methods of the AMERICAN PUBLIC HEALTH 
ASSOCIATION et al. (1965). The results of these weekly analyses 
were: [mean, standard deviation, range, (N)] dissolved oxygen = 
11.4 + 1.2 mg/liter, 8.2-12.8, (86); hardness = 45.4 + 0.8 mg/liter 
as Ca~03, 44-50, (77); alkalinity = 42.4 + 1.0 mg/litœ as CACO3, 
40-45, (88); and acidity = 1.9 ! 0.6 mg/l�9 as CACO3, 1.1-4.2, 
(88). The pH range of 88 analyses was 7.3-7.9. 

Biolo$ical 

Eight species of freshwater fish were exposed to various 
concentrations of copper in these studies utilizing methods 
described by EATON et al. (3977). Two species (northern pike and 
brown trout) were exposed during all of their embryo stage and 
for 30-60 days after hatching. The remainder of the species were 
exposed from early eyed and late eyed embryo stages to hatching 
and 30-60 days after hatching (Table I). Experiments were also 
conducted with brown trout beginning with early eyed and late eyed 
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embryos to determine the effects of exposure duration and stage of 
embryo development on toxicity. Ai1 tests began with 50 embryos per 
duplicate test chamber. Fall spawning salmonids were exposed longer 
in most cases because of their slower development rate at lower 
test temperatures. 

Juvenile fish were fed either lire brine shrimp nauplii or 
commercial trout food, according to their preference, three times 
each day. 

Survival and growth of ~L1bryo-larval and early juvenile fish 
were measured. Size at test termination was determined by wet- 
weight measurements on surviving fish in each duplicate chamber. 
Standing crop (biomass at a single point in time) was determined 
for each exposure concentration and compared to control standing 
crop with procedures described by McKIM et al. (1975). Standing 
crop data were plotted as the ratio of the average experimental 
standing crop to the average control standing crop by species 
(expressea as a percentage change) and copper concentration. 

RESULTS AND DISCUSSION 

Larvae and early juvenile stages of all species tested were 
more sensitive to copper than the embryos. Embryo survival was 
affected only at the higher concentrations of copper tested in all 
species except rainbow trout. Embryo mortality was almost complete 
at the following concentrations: northern pike, 500 ~g/liter; 
rainbow trout, 37 ~g/liter; white sucker, 333 ~g/liter; brook trout, 
555 ~g/liter; lake trout, 555 ~g/liter; brown trout (green eggs and 
early eyed), iii ~g/liter; brown trout (late eyed), 555 ~g/liter; 
and herring, 555 ~g/liter. Copper had no effect on smallmouth bass 
embryos at any concentration tested. Although the effect of copper 
on embryos did not directly influence standing crop, it probably 
produced subtle changes during the embryo stage that indirectly 
influenced survival and growth of larvae and early juveniles. 

The effect of copper on the standing crop of six species of 
fish exposed during the embryo, larval, and early juvenile stages 
of development is shown in Figures i, 2, and 3. 

Northern pike, rainbow trout, and white suckers were exposed 
for approximately 30 days after hatching (Fig. i). The northern 
pike standing crop was significantly reduced at copper concentrations 
of 104.4 ~g/liter and above. Rainbow trout and suckers were 
considerably less tolerant of copper~ however, and their standing 
crops were significantly affected at copper concentrations of 31.7 
and 33.8 ~g/liter and above, respectively. 

Brook trout and lake trout, exposed for approximately 60 days 
after hatching, were similar in their sensitivity to copper (Fig. 2). 
The standing crop of both species was reduced significantly at water 
copper concentrations of 43.5 ~g/liter and above. Three groups of 
brown trout embryos, each group exposed to copper for a different 
length of time, were also exposed to copper for approximately 60 days 
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after hatching (Fig. 3). Copper concentrations causing significant 
reductions in standing crop were dependent on the duration of embryo 
exposure; those exposed longest were the most sensitive. This response 
was opposite that seen in brown trout exposed to cadmium, where 
the longest embryo exposure produced the least effect on standing 
crop (EATON et al., 1977). 
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CONCENTRATION OF ~PPER (pg/L) 

Figure 1. Ratio of experimental to control standing crop of 
embryo-larval-early-juvenile rainbow trout (X) (embryo exposure 
il days; larval-early-juvenile exposure 35 days), white sucker 
(@) (embryo exposure 13 days; larval-early-juvenile exposure 
27 days), and northern pike (&) (embryo exposure 6 days; 
larval-early-juvenile exposure 34 days) exposed to various 
copper concentrations. (Circled points are signficantly 
lower than controls, P = 0.05.) 
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CONCENTRATION OF COPPER (pg/L) 

Ra t i o  o f  e x p e r i m e n t a l  to  e o n t r o l  s t and ing  crop of  
embryo-larval-early~juvenile brook trout (X) (embryo exposure 
16 days; larval-early-juvenile exposure 60 days) and lake trout 
(e) (embryo exposure 27 days; larval-early-juvenile exposure 66 
days) exposed to various copper concentrations. (Circled points 
are significantly lower than controls, P = 0.05.) 
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Figure 3. Ratio of experimental to control standing crop of 
embryo-larval-early juvenile brown trout exposed to various 
copper concentrations (0) (embryo exposure 72 days; larval- 
early-juvenile exposure 55 days), (X) (embryo exposure 36 
days; larval-early-juvenile exposure 61 days), and (A) 
(embryo exposure 8 days; larval-early-juvenile exposure 63 
days). (Circled points are significantly lower than controls, 
P = 0.05.) 
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High mortality among the controls of the other two species 
tested, lake herring and smallmouth bass, d�8 not allow statistical 
treatment of the data. However, mortality data for these species 
excluding the controls showed that copper concentrations of 102.8- 
103.8 ~g/liter and above would have reduced standing crop 30 days 
after hatching. 

The concentrations of copper thit caused significant reductions 
in standing crop were similar for the brook trout, rainbrow trout, 
lake trout, brown trout, and white sucker. The concentration causing 
such an effect in northern pike, however, differed by a factor of 
three from the others. These concentrations were also simil~r to 
copper concentrations that caused measurable effects on embryo- 
larval and early juvenile stages in previous life-cycle toxicity 
tests. A life-cycle toxicity test with fathead m�8 exposed to 
copper in soft water similar to that used in the present study 
showed effects on embryo-larval and early juvenile stages at 18.4, 
but not at i0.0 ~g Cu/liter (MOUNT and STEPHAN~ 1969). Life-cycle 
toxicity tests with brook trout (McKIM and BENOIT, 1971, 1974) and 
bluegills (BENOIT, 1975) in the same dilution water as the present 
study showed effects on the early developmental stages at 17.4 
and 40.0, but not at 9.5 and 20 ~g Cu/liter, respect�8 The 
bluegill did not differ in copper sensitivity from the species 
reported in the present study, but the fathead minnow and the 
brook trout in the earlier studies were somewhat more sensitive 
than those in the present tests. Embryo-larval f�8 from 
previously exposed and unexposed parents differ little in copper 
sensitivity (MOUNT and STEPHAN, 1969; McK~~ and BENOIT, 1971, 1974), 
so this factor was not considered in explaining differences in 
copper toxicity. The embryo-larval and early Juvenile brook trout 
exposure appeared to underestimate the toxicity of copper, in 
comparison with life-cycle exposure, by a factor of about two. 
However, when dealing with chronic effects of a toxicant on 
several groups of fish under different experimental conditions, 
this variation may not be unreasonable. 

The brook trout, lake trout, and brown trout were exposed 
for both 30 and 60 days. In all cases, the effect concentrations 
were lower in the 60-day copper exposures than in the 30-day 
exposures. The northern pike, rainbow trout, and white suckers 
were exposed for only 30 days and at much higher temperatures. 
Effect concentrations were established for these species on the 
basis of growth, not survival. Previous life-cycle toxicity 
studies with fathead minnows, brook trout, and bluegills exposed 
to copper indicated that at temperatures of 9-24 ~ C exposure of 
embryo-larval and early juvenile stages for more than 30 days was 
not necessary to establish the lowest effect concentration 
(MOUNT and STEPHAN, 1969; McKIM and BENOIT, 1971, 1974: BENOIT, 
1975; BENOIT, personal communication). Until further data are 
available, we suggest a minimum duration for embryo-larval or 
early juvenile exposures of 60 days for estimating chronic copper 
toxicity with all species. 
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The copper concentrations reported here to have no statistically 
significant effect on early developmental stages of brook trout, lake 
trout, brown trout, rainbow trout, white sucker~ and northern pike are 
considered to be close estimates of the copper concentrations that 
would have no measurable effects during a partial or complete life- 
cycle toxicity test with these species under similar test conditions. 
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