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Larval Fathead Minnow (Pimephales promelas) Growth and 

Survival 

by 

Louis Mark Rifici 

Donald S. Cherry and John Cairns, Jr., Co-Chairmen 

Biology 

(ABSTRACT ) 

The responses of larval fish to toxicants in 

subchronic toxicity tests may be modified by events and 

stressors not associated with the toxicants themselves. In 

the following work, three potential modifying factors 

related to larval fish growth, survival, and response to 

toxicant stress were investigated. Using four-day acute 

cadmium toxicity tests and seven-day subchronic toxicity 

tests, differences in the responses of larvae based on the 

age of the larvae, their exposure to methylene blue, and 

changes in environmental pH were determined, 

The age of larvae chosen for toxicity tests, 1 to 24 h 

old, 24 to 48 h, or 48 to 72 h, did not significantly 

affect the cadmium (Cd) LCso0s in acute tests or the larval 

growth or survival in subchronic tests. 

Prior methylene blue (MB) exposure in larval fish was. 

not found to affect the Cd LCs0 compared to unexposed 

larvae. However, in subchronic tests with industrial 

effluents, prior MB exposure resulted in lowered survival 

or lowered growth, but did not increase sensitivity to the 

effluent. Lowered growth and survival was observed in blue-



dyed individuals from larval populations exposed to MB 

during the interval from hatch to test commencement. 

At 20°C, the acute toxicity of MB, as indicated by the 

LC10, was apparent at concentrations greater than 44 mg 

MB/L in 24 h. At the suggested fathead minnow culture 

temperature, 25°C, concentrations greater than 5.0 ppm were 

acutely toxic in 96 h. Chronic toxicity, determined at 

25°C, was found at levels greater than 2.12 mg MB/L. Light 

intensity negatively affected MB chronic toxicity. Chronic 

values estimated by larval fish growth response were 

Significantly lower in the test done under normal lab light 

compared to that done under very subdued light. 

Larval fathead minnows were sensitive to low pH stress 

based on the acid used to lower test solution pH. 

Hydrochloric acid was found least toxic to larvae at low 

PH; phosphoric acid was found most toxic. Larvae tolerated 

instantaneous changes in pH 2.0 units lower and 1.5 units 

higher than their culture water without any significant 

decrease in growth and survival as measured in 7 dad. These 

results indicate that the pH tolerance range for larval 

fathead minnows, where no effects are seen on growth or 

survival, is greater than pH 6.0 and less than pH 9.5.
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INTRODUCTION 

The Federal Water Pollution Control Act (FWPCA) of 

1972 mandated that: (a) the discharge of toxic pollutants 

in toxic amounts be prohibited by 1985; and (b) an interim 

goal of water quality which provides for the protection and 

propagation of fish, shellfish, and wildlife and provides 

recreation in and on water be achieved by 1983. Section 

402, found in Title VI. of the legislation, describes the 

National Pollutant Discharge and Elimination System permit 

program (NPDES) which enabled chemical and toxicity limits 

to be set for effluents of point source dischargers 

(Burkhard and Ankley, 1989). 

Since the time of this initial mandate, the methods of 

enforcing FWPCA shifted from a purely chemical 

investigation to an integrated, toxicity-based approach 

using both chemical information and the results of toxicity 

bioassays (Foster, 1984). In early permit investigations, 

water quality measurements like dissolved oxygen (D.O.), 

PH, biological oxygen demand and total suspended solids 

were applied to effluents to predict good water quality. 

Later, the integrity of an effluent was further measured by 

the quantities of 129 priority pollutants it potentially 

contained. Maximum allowable water concentrations for 65 

of these were published using information gathered from 

biological tests (i.e. acute and chronic toxicity tests). 

This approach lent itself to the establishment of 

systematic methods of pollutant investigations and the. 

development of numerical criteria specific to given water 

characteristics (e.g. hardness [Foster, 1984]). Toxicity 

evaluations of a particular effluent was based on the 

chemically derived numerical presence of pollutants. 

In 1984, the USEPA recognized that in many cases all 

potentially toxic pollutants could not be identified by



chemical methods. They lauded the advantages of biological 

over chemical techniques because: (a) the effects of 

complex discharges with unknown constituents could only be 

measured by biological tests; (b) the bioavailability of 

pollutants after discharge is best measured biologically; 

and (c) many pollutants exist for which there are no 

criteria or adequate chemical analysis (USEPA, 1984). Asa 

result, standard biological methods for estimating acute 

and chronic toxicity of effluents, receiving waters and 

chemicals were developed (USEPA, 1985a and b; 1989). NPDES 

permit applicants could be required to provide biological 

tests to compliment chemical analyses (USEPA, 1984). 

Results of whole effluent toxicity tests could be used to 

establish discharge rates and express permit 

limitations. 

Larval fish survival and growth are two biological 

parameters used to estimate chronic toxicity of industrial 

effluents. Given recent USEPA guidelines, much importance 

has been placed on the Fathead Minnow (Pimephales promelas) 

Larval Survival and Growth Test Method 1000.0 (Norberg and 

Mount, 1985; USEPA, 1989). Currently, NPDES permit 

compliance relies on results of this toxicity test (and the 

Cladoceran (Ceriodaphnia dubia) Survival and Reproduction 

Test). 

The reliance on single-species, single life-stage 

tests, such as the fathead minnow test, to protect 

ecosystems has been questioned. Single-species tests 

ignore interactions between organisms which directly. 

contribute to ecosystem function and therefore may not 

predict safe effluent concentrations for ecosystems 

(Cairns, 1982, 1983, 1989; Cairns and Pratt, 1987; Chapman, 

1983; Kimball and Levin, 1985). Extrapolating from single 

species tests to predict population and community level 

responses has been cautioned by the National Research



Council (Perez and Morrison, 1985), the National Academy of 

Sciences (Giesey and Allred, 1985) and others (Barnthouse 

et al., 1990; Cairns and Pratt, 1989). 

Suter et al. (1987) evaluated concentration-responses 

from published life-cycle, partial-life-cycle and early 

life-stage fish tests. They found, on average, that the 

fecundity of reproductive females was most sensitive to 

toxicant stress and cautioned against using early life- 

stage tests (referred to as ‘subchronic’) to estimate 

chronic toxicity. Barnthouse (1990) found similar results 

in populations of Chesapeake Bay striped bass (Morone 

saxatilis) and Gulf of Mexico menhaden (Brevooria patronus) 

exposed to pollution and fishing pressure. Heath (1987) 

summarized information from two review articles concerning 

the effect of chemicals on fish developmental stages in 

life-cycle tests. Embryo and larval stages were found as 

sensitive as any other life stage. However as in Suter’s 

review, fecundity was also very sensitive to toxicants, 

sometimes the most sensitive indicator. 

Full life-cycle tests may be more accurate in 

predicting toxicant effects on organisms but are much 

longer and more costly than partial life-cycle or 7-day 

larval tests. Tebo (1985) noted that regulatory scientists 

needed cost-effective methodologies with known precision 

and meaningful decision criteria. The fathead minnow 

larval test is used as a_ surrogate to life cycle tests 

because of its simple design (set-up much like an acute 

test) and the short time required to complete the test (7. 

days). 

The objective of fathead minnow chronic toxicity tests 

is to estimate the highest "Safe" or "no effect 

concentration" of effluents (USEPA, 1985a). The No 

Observed Effect Concentration (NOEC) is defined as the 

highest concentration of toxicant in a full or partial life-



cycle test that causes. no observable effects on the test 

organisms. In fathead minnow toxicity tests, the NOEC is 

the next lowest toxicant concentration below the first 

concentration (Lowest Observed Effects Concentration 

[LOEC]) to be significantly different from the control for 

growth or survival. The NOECS and LOECs can be determined 

using Analysis of Variance with subsequent multiple 

comparisons of means (USEPA, 1989). The Maximum Acceptable 

Toxicant Concentration (MATC), synonymous with the Chronic 

Value (ChV), is a "safe" toxicant concentration found by 

calculating the geometric mean of the NOEC and LOEC (USEPA, 

1985a). 

Barnthouse et al. (1987) indicated that the 

statistically derived NOEC from fathead minnow tests is 

susceptible to variation based on experimental design, low 

numbers of replicates and high between replicate 

variability. The data collected may violate the assumptions 

underlying the statistical models (Cairns and Pratt, 

1989). In these cases, the NOEC may be applied to 

ecosystems erroneously or require the use of application 

factors (one of the main limitations in the use of acute 

test results to protect aquatic systems). 

Although the larval fathead minnow test is widely used 

today, further research involving fathead minnow biology 

and toxicity test methods is needed to improve the 

precision of the test. Larval fathead minnows encounter a 

number of challenges during ‘T7-day bioassay (impairment) 

procedures. These include daily handling during solution 

renewal, fungus build-up, and changes in water chemistry, 

light intensity, and temperature. 

Sprague (1984) referred to any characteristic of an 

organism and surrounding water affecting toxicity asa 

modifying factor. Biotic modifying factors include life- 

stage, size of the individual, nutritional status/health,



seasonal changes in Physiology and the degree of 

acclimation to a new environment or pollutant. Tolerance 

of animals in toxicity tests may increase or decrease 

depending upon the factor involved. Young animals are 

fragile, requiring skilled handling and culture (Hunn et 

al., 1968; Bishai, 1962). Norberg and Mount’s (1985) 

published procedure did not address many of the potentially 

modifying factors in the tests due to a lack of information 

at that time. Conceivably, they may have generated as much 

data as possible and then released the procedure to 

implement peer research. The need to know about organismic 

responses due to factors not directly attributable to 

effluent toxicity is fueled by the enormous expense of test 

failures requiring retesting, or further requirements with 

respect to testing frequency or Toxicity Reduction 

Evaluations (TRE). 

Variability in test organisms has been addressed. The 

USEPA recommends the use of healthy, young, disease-free, 

laboratory-acclimated fish in tests (USEPA, 1985b). 

However, some variation in test animal populations may 

still be unaccounted for. Belanger et al. (1989) evaluated 

several factors which influenced the relative health of 

Ceriodaphnia used in toxicity tests. They determined the 

quality of the parental diet had a profound effect on the 

susceptibility of neonates to copper (Cu). The neonate 

48-h LCs0 from parents fed a Yeast-Cerophyll-Trout chow 

(YCT) mixture was 79 #g Cu/L compared to 99 #g Cu/L for 

neonates from parents fed a tri-algal mixture. This study 

indicates that factors other than the immediate health of 

the cladoceran can affect its response to toxicant stress. 

It seems important to determine what factors influence the 

response of larval fathead minnows independent of their 

immediate health. Parental factors as well as egg 

collection and incubation methods, and environmental



stresses encountered when starting the fathead minnow test 

procedure may affect larval response to toxicants and need 

to be further researched. 

Current test procedures attempt to control variability 

by increasing replicates, choosing probability levels and 

statistical analysis based on the data (see flow charts 

associated with USEPA (1989) chronic methods) and 

identifying sources of variation in test organisms using 

reference toxicant tests (USEPA, 1989). The sensitivity of 

the organisms and the overall credibility of the test 

system is suspect if the measured reference LCs50 falls 

outside the recommended response interval. For fathead 

Minnows 24-h old or older, the 24-h and 96-h LCso0s for 

CdClz2 should be between 0.13 and 0.78 mg/L and 0.10 and 

0.41 mg/L, respectively. Organisms used in chronic tests 

may need to be evaluated within tighter limits. For 

example, the Electric Power Research Institute (EPRI) used 

4 effluents and 2 reference toxicants to determine intra- 

and interlaboratory precision of the 7-Day Ceriodaphnia 

dubia Survival and Reproduction Test (Mattice, 1989). 

Eleven laboratories cultured Ceriodaphnia for the tests. 

Toxicity tests were performed using experienced personnel 

at each of the laboratories. Even though the fitness of 

the Ceriodaphnia was checked with reference toxicants, only 

fifty-six percent of the initiated tests were completed. 

Only one laboratory successfully completed all tests. The 

variability in NOECs between laboratories was an average of 

2.9 concentrations for survival and 4.1 concentrations for. 

reproduction (all labs used the same concentrations). EPRI 

cautioned that given this variability, nontoxic effluents 

could be judged toxic leading to costly retesting. At the 

present time, choosing the strongest, most robust larvae 

for use in 7-day fathead minnow toxicity tests is the best 

way to lessen toxicant-independent impairment. Weak



individuals i.e. those not actively swimming, with 

underdeveloped swim bladders, bent spines, and excessive 

yolk-sacs, must not be used in toxicity tests. Further 

research may find other "markers" of fitness in bioassay 

fish. 

In order to improve the accuracy and precision of the 

larval test, this study evaluated three factors which may 

influence the responses of larval fish to toxicants. These 

are (a) starting larval fish age, (b) the use of methylene 

blue during the incubation period, and (c) pH changes 

encountered at the onset of tests. 

Within a given species, the growth and mortality 

response is often different between each life stage. 

Bradley and Sprague (1985) found that 29.0 g rainbow trout 

(Salmo gairdneri) were significantly less resistant to zinc 

(Zn) than 1.7 g trout. Brown (1983) reported that swim-up 

fry were more sensitive to pH and aluminum stress than yolk- 

sac fry but indicated even more dramatic change in 

sensitivity between 30 and 80 days after hatchout. 

Conversely, Chapman (1978) did not determine any difference 

in the growth and survival of embryonic, juvenile and adult 

sockeye salmon (Oncorhynchus nerka) to Zn, but the levels 

used were too low to have an effect at any life stage. The 

present research attempts to determine if differences in 

sensitivity can be detected in fish as young as 24 h when 

compared to older fish up to 72-h old. 

The recommended age of larvae used in the Fathead 

Minnow Larval Growth and Survival Test Method is less than 

24 hours old. When larvae are shipped rather than obtained 

from in-house cultures, larvae can be up to 48 h old as 

long as they are all within 24 h of the same age (USEPA, 

1989). In any population of newly hatched fathead minnow 

larvae, random mortality due to natural factors will lead 

to some percentage of animals dying. The amount of time



necessary for cessation of this mortality is not known. 

Whether the age interval given by the USEPA takes into 

account natural post-hatch mortality is also not known. It 

is therefore important to know the effect of using younger 

fish (<24h old) as opposed to older fish (>24h old) on the 

growth and survival results in T-day chronic toxicity 

tests. 

The specific objectives of this portion of the study 

dealing with larval age were to: 

1. Use the USEPA (1985b) acute toxicity protocol to 

compare the response of various age groups to cadmium metal 

(Cd*). Larval stages are very sensitive to Cd, and a 

significant database already exists (Alabaster and Lloyd, 

1982). Each age group was exposed to a range of 

concentrations and a LCs0 determined. It was hypothesized 

that younger age groups would have lower LCs0 values 

(indicating greater sensitivity to the toxicant) due to 

naturally higher mortality. 

2. Compare the response of various age groups to a 

toxicant (power plant effluent) using the Fathead Minnow 

Larval Survival and Growth Test. This research provides 

baseline data for actual differences in growth and 

mortality between younger and older larvae. While it was 

hypothesized that younger larvae are more susceptible to 

errant mortality, it was also important to know how larval 

age and feeding affect test sensitivity. 

In the third edition of Methods for Measuring the 

Acute Toxicity of Effluents to Freshwater and Marine 

Organisms (USEPA, 1985), Klemm recommends the use of the 

fungicide, Methylene Blue (MB), in isolated fathead minnow 

egg incubation vessels when fungal growth is a problem. 

However, the literature describing the use of MB with eggs



and larvae is sparse. Abrahams and Brown (1977) determined 

that MB could be used to protect juvenile European lobsters 

from fungus. Single dips in 10 ppm MB for as long as 20h 

caused no significant mortality. Bailey and Jeffrey (1989) 

evaluated 215 candidate fungicides for use in fish culture. 

In their intensive study using the eggs of rainbow trout 

and channel catfish (Ictalurus punctatus), they found MB 

unsuitable for use but did not indicate whether it was 

ineffective against aquatic fungi or toxic to fish eggs. 

The acute toxicity and histopathology of MB has been 

determined for adult catfish (Ahmad and Srivastava, 1983; 

1985; Ahmed, 1984) wherein they found 24h LCs0 values for 

Heteropneustes fossilis and Mystus vittatus to be 188.5 and 

27.5 ppm respectively, at 18-22°C. Tonogai et al. (1982) 

determined the MB median tolerance limit (Tls) as 

approximately 160 mg MB/L for adult Japanese medaka 

(Oryzias latipes). Lethal toxicity has also been 

determined for Daphnia magna (24h LCs50=4.93 ppm; Miller, 

1982) and Paramecium aurelia (17% survival after 90 min. in 

1 bg MB/L; Joshi and Misra, 1986). Several authors report 

increased toxicity of MB in bright light (Hayes and 

Schechter, 1970; Graham et al., 1972; Gutter et al., 1977; 

Joshi and Misra, 1986). No studies on MB toxicity or 

impairment have used larval, juvenile, or adult fathead 

minnows. Sublethal effects need to be determined if MB is 

to be used safely as a prophylactic fungus treatment. 

This study evaluated the response of fathead minnows 

exposed at presently recommended levels of MB (Herwig, . 

1979) compared to unexposed larvae. Early in this study, 

it was found that some larvae exposed to MB absorbed the 

dye, and that heavily dyed larvae had lowered survival. 

Therefore, the 7-day growth and mortality of larvae 

compromised by the degree of dye absorption from MB 

exposure was investigated as an evaluation of fitness.



Finally, the acute and chronic toxicity of MB to larval 

fathead minnows was determined. 

The specific objectives were: 

1. Expose eggs, larvae, and eggs and larvae in 

combination to MB to determine the response of larvae to 96- 

h acute Cd* exposures. Using present MB treatment levels 

(3.0 ppm), these tests compared different populations of 

larvae for sensitivity to toxicants. 

2. Investigate the phenomenon of the blue dyed fish 

by determining the growth and mortality of dyed fish 

compared to undyed fish (from the same treated population) 

in a controlled setting. The above two fish groups were 

further compared to unexposed larvae in a test with power 

Plant effluent. The result of this objective was to test 

blue dyed larvae and exposed but undyed larvae for 

suitability in chronic toxicity tests. The effect of the 

length of MB exposure was determined using pulp mill 

effluent. 

3. Using present USEPA protocols, determine the acute 

and chronic toxicity of MB for larval fathead minnows. The 

chronic toxicity under normal laboratory illumination was 

compared to the toxicity value in very subdued light. 

One problem which often arises in toxicity tests is 

that river water samples which accompany effluent samples 

often have a water chemistry which is different from the 

minnow culture water. Laboratory fish are spawned in. 

clean, soft water with pH of about 8 (dechlorinated 

municipal tap water). River water samples come from 

facilities located in the Southeastern and Eastern United 

States where water quality and chemistry is often quite 

different from that of the New River Valley in Southwest 

Virginia. In many cases, the less than 24 h old larvae 

10



used in the test are subjected to the different water 

chemistry (i.e. pH and hardness) of the river water sample 

as well as any toxicants present in the effluent. 

Generally, eggs and larvae have a high sensitivity to 

changing water chemistry parameters. Utlsch et al. (1979) 

reported that adult carp (Cyprinus carpio) and rainbow 

trout tolerated a pH change from 8.3 to 5.0 with little 

difficulty but eggs and larvae were much more limited in 

tolerance. With pike sac fry placed in pH 4.2, Johansson 

and Kihlstrsm (1975) found less marked pigmentation after 2 

days of exposure, and ae significant decline in growth 

compared to controls after 4 days. In later stages they 

observed a lowered mobility which eventually led to death. 

Chronic toxicity tests need to determine mortality and 

growth impairment due to the effluent alone (Sprague, 

1984). Therefore it is very important to separate the 

stress of pH changes on the larvae from that of the 

effluent for the purposes of regulation. 

While previous studies and testing procedures 

(Benson, 1984; Geiger et al., 1985; USEPA, 1971, 1979, 

1985a) indicate the need for dilution water chemistry to 

mimic receiving water chemistry for applicable results, few 

mention trying to match minnow rearing water to a given 

test dilution water. Chapman (1983), and in other work, 

Benson (1984) state that organisms in the wild frequently 

acclimate to low levels of stressors (e.g. low hardness/low 

PH) in the environment. Laboratory animals are held under 

stress-free conditions until test commencement. The 

environmental change (i.e. water chemistry parameters) 

experienced by the organism at the onset of the test can be 

significantly stressful to confound and add to the apparent 

toxicity of the effluent. In work on the toxicity of 

copper to fathead minnows in water of variable quality, 

Nelson et al. (1986) found that increases in the hardness 

11



of test water at constant alkalinity increased the LCso for 

total, dissolved and free Cu. The free Cu LCs50 increased 

with an increasing pH from 6.6 to 7.3, remained constant at 

PH 7.3 to 8.0, and decreased with increasing pH from 8.0 to 

8.7. They concluded that changes in general water quality 

Parameters, such as pH, change the toxicity per unit 

concentration of one or more toxic Cu species. . 

What effect does placing a fathead minnow larvae in 

water of different pH from its rearing water have on its 

response to a given toxicant? Preliminary results 

(Cherry, unpub. data) in our lab on hatching success of our 

lab-raised fathead minnow eggs in different 

receiving/dilution waters indicate that water chemistry 

differences between the rearing water and the test dilution 

water can be ae significant factor affecting survival of 

larvae. 

The purpose of this research was to identify the 

tolerance of the larval fathead minnow to changing water 

pH. For this work, the term tolerance will be defined as 

the range of pH change larvae can withstand in a 7-day 

period where no significant increase or decrease in growth 

is encountered. 

I hypothesized that placing a larval fathead minnow in 

water with significantly different pH from its culture 

water would affect growth. Fish raised at ambient 

laboratory pH (7.5 - 8.0) were tested in low (down to 5.0) 

and high (up to 10.0) pH. Growth differences from control 

PH (8.0) were used to determine the tolerance range of 

larval fathead minnows. 

The overall focus of this research was to standardize 

the sensitivity of fathead minnow larvae chosen for 

toxicity tests. Better understanding of the effects of (1) 

natural mortality in young fish, (2) incubation factors 

12



like chemical treatment effects and (3) water chemistry 

changes encountered in the test is necessary. This 

information will in turn provide more reliability in test 

results. If single species tests continue to be part of 

the decision-making process, confidence in the results is 

paramount. 
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LITERATURE REVIEW 

The effect of fish species, age and size on response in 

toxicity evaluations. 

Variations in susceptibility of fish species to 

toxicants is common in toxicity tests. For example, Cherry 

et al. (1987) found rainbow trout (Salmo gairdneri) were 

nearly two orders of magnitude more sensitive to a blend of 

heavy metals than bluegill (Lepomis macrochirus). But 

using the same organisms to determine susceptibility to pH, 

both trout and bluegill responded similarly to extremes 

below 4.0 and above 9.1, which seems to indicate that 

sensitivity or the lack of sensitivity may be a product of 

the stressor involved as well as the species. Macek and 

McAllister (1970) determined that the type of insecticide 

studied affected the observed variability in test responses 

in a series of acute tests using three genera from each of 

‘four fish families. Of the three groups of insecticides 

tested, the most toxic, the organochlorine insecticides, 

had the lowest variation in response. The toxic 

concentration for each constituent was within one order of 

magnitude for each of the four families. Phosphorothionate- 

organophosphate and carbamate insecticides were 

intermediate in toxicity and phosphorodithionate- 

organophosphate insecticides were least toxic. 

Susceptibility of the fish groups to less toxic 

organophosphorus and carbamate insecticides was more 

variable, up to two orders of magnitude difference between 

families. Susceptibility was similar between 

representatives of each family, but was greatly different 

between families in some cases. 

Within a given species, susceptibility to toxicants 

can also vary widely depending upon the developmental stage 
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of the fish. Fish embryos have been found least sensitive 

to acute exposures. The embryonic period is identified as 

beginning immediately after fertilization. Embryos utilize 

an endogenous food source and are protected during at least 

part of their development by the chorionic shell (McKin, 

1984). 

Exposure of fertilized eggs of bluegill to aquatic 

herbicides (e.g. 5 ppm Silvex and 2,4-D) did not prevent 

development and hatching, but larvae were acutely affected 

(Hiltibran, 1967). Safe concentrations for 12 day larval 

exposures were determined at 1-2 ppm. Sensitivity of eggs 

decreases with increasing time after fertilization. 

Fathead minnow eggs exposed to zinc (Zn) 30 to 60 min. 

after spawning were more sensitive than older eggs (Benoit 

and Holcombe, 1978). Nebecker et al. (1985) began three 

early life-stage chronic tests with rainbow trout using 

newly fertilized eggs, eyed-stage eggs and pre-swim-up 

larvae. No observed effects concentrations (NOECs) for 

nickel (Ni) depended upon the stage with which the test was 

started. Newly fertilized eggs had the lowest NOECs, 

indicating that Ni compromised the younger eggs. Michibata 

et al. (1987) observed a similar decrease in sensitivity in 

Oryzias latipes eggs exposed to 200.0 mg/L cadmium (Cd) at 

11 different stages of egg development. Even though the 

sensitivity decreased with increasing egg age, the Cd 

content remained at 520 ng Cd/egg for all stages throughout 

the experiment. It is believed that water hardening of the 

chorion provides a partial barrier to toxicants. 

Klaverkamp et al. (1977) suggested that the reason the 

embryonic stage of rainbow trout was least susceptible to 

fenitrothion was a lack of uptake or the inability of 

embryo/sac-fry livers to activate fenitrothion to a more 

toxic metabolite. Chapman (1978) determined that 

acclimation of adult sockeye salmon (Oncorhynchus nerka) to 
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Zn increased the tolerance of eggs in the Fl generation. 

In addition, egg to smolt chronic exposures tolerated more 

than twice the [Zn] than that of smolt to adult exposures, 

evidence of acclimation to Zn. 

Larvae are, in general, more sensitive to toxicants 

than embryos. Most toxicity to developing larvae appears 

in the first few days post-hatch with the heaviest 

mortality frequently occurring in the first week or two 

(Norberg and Mount, 1985). The larval period begins at 

hatching and ends with the growth of fin rays and spines 

and the disappearance of the embryonic median fin fold 

(McKim, 1984). The length of the larval period depends on 

the species, coldwater salmonids having long larval periods 

(Bishai, 1962). Within the larval period, three distinct 

Phases of development are recognized: 

(1) The protolarvae is very much like that of the 

embryo. No dorsal, anal, or caudal fin rays or spines are 

present. The only median fin elements’ present are the 

dorsal and ventral fin folds. 

(2) In the mesolarval stage, at least one of the 

principle rays is found in the median fin, and pelvic fin 

buds are not yet apparent. 

(3) The metalarval stage possesses median fins with 

well developed rays and pelvic fin buds. 

Shortly after hatching in cyprinids like fathead minnows 

and the dace (Leuciscus leuciscus) studied by Kennedy 

(1970), the yolk sac is rapidly reduced to a cigar-shaped 

band on the lower portion of the body. Larvae begin to 

feed before the yolk is completely absorbed which, for 

fathead minnows, is commonly less’ than 24-h post-hatch. 

The swim bladder forms’ shortly after hatch in successful 

individuals. 

Macek and Sleight (1977) determined that newly hatched 

fathead minnows were more sensitive to linear alkylbenzene 
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sulfonate than older’ stages. Conversely, Brown (1983) 

reported that swim-up fry, those larvae with developed swinm- 

bladders and absorbed yolk, were more sensitive to pH and 

aluminum (Al) stress than yolk-sac fry. Older larval 

Stages are more sensitive to pH in salmon and brown trout 

(Bishai, 1962). Alevins, actively swimming larvae less 

than four weeks old, were indifferent to pH 6.0 while fish 

five weeks and older avoided pH 6.5 and below. Howarth and 

Sprague (1978) found that acute lethality to copper (Cu) in 

rainbow trout gradually decreased by a factor of 2.5 with 

increasing size of the animal from 0.7 g to 10.0 g. Benoit 

et al. (1982) looked at the chronic toxicity of four 

organics to fathead minnow early life-stages. They found 

larval growth the most sensitive measure of chemical effect 

in the tests and no toxic effect was observed during the 

embryonic and hatching periods. 

Juvenile stages in salmonids and cyprinids were 

indicated as most sensitive to cadmium (Cd) (Alabaster and 

Lloyd, 1982). McKim (1984) defined the juvenile fish as 

morphologically similar to adults but lacking in the 

production of gametes. Nebeker et al. (1985) found that 

the age of the juvenile fish (3 months versus 12 months) 

does not significantly affect the 96-h LCs50 for nickel 

chloride. Older fish appeared to be somewhat’ more 

sensitive, but the confidence limits of both age groups 

overlapped indicating no significant differences between 

LCso0s. 

A number of researchers have compared the tolerance of 

adult and juvenile fish. In general, fish sensitivity to 

toxicants is inversely proportional to fish size once past 

the larval stage (Wedemeyer and Yasutake, 1978). The 

observed LCso0 in pumpkinseed sunfish (Lepomis gibbosus) 

increased from 1.24 mg Cu/L for 1.2 g fish to 1.94 mg Cu/L 

for 7.6 g fish; however, no change in LCso0 was found 
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between 3.9 and 17.6 g rainbow trout (Anderson and Spear, 

1980). With the insecticide Permethrin, tolerance in 

rainbow trout doubled between 1 g and 5 g fish, increased 

by a factor of 5 between 5 g and 50 g fish and did not 

change between 50 g and 200 g rainbow trout (Kumaraguru and 

Beamish, 1981). Survival time of 1.7 g brook trout in low 

PH was two-thirds that of 92 g fish (Robinson et al., 

1976). Robinson et al. calculated the weight/body surface 

area and weight/gill surface area. On the weight 

equivalent basis, smaller fish have higher gill and body 

surface area than the larger fish. Larger fish in this 

experiment have the clear advantage of relatively less gill 

surface for detrimental ion flux due to pH stress. 

The survival of young fish is naturally more variable 

than of older fish (Barnthouse et al., 1990). However, 

Bradley and Sprague (1985) determined larger rainbow trout 

were significantly less resistant to Zn than smaller fish. 

They note the 3.2 fold reduction in tolerance seen in 29.0 

g fish as compared with 1.7 g fish has not been observed in 

other studies and is the reverse of what was observed with 

copper in the same laboratory (Howarth and Sprague, 1978). 

Choosing the most sensitive life stage for abbreviated 

chronic testing was desired by regulatory scientists to 

reduce the costs and time spent obtaining defendable data. 

Biological evaluation of effluents and prior-to-manufacture 

chemicals was previously done using the acute lethality 

test with juveniles and adults (Sprague, 1969;1973). 

Lethal concentration (LC) values from these tests 

unfortunately were limited in their use for regulatory 

purposes because they could not be directly applied to 

environmental concentrations. As a result, LCs0s were 

adjusted to assumed environmentally safe concentrations 

using application factors (AFs). The major limitation of 

early AF use was that the selection of an appropriate 
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general AF for a specific chemical was arbitrary (Macek and 

Sleight, 1985). Later AFs were mathematically derived 

based upon several acute lethality tests and constituted a 

more scientific approach to applying results to the 

environment. Parrish (1984) summarized the usefulness of 

static acute toxicity tests as follows: 

(1) acute tests can derive estimates of the upper 

limit of concentrations producing toxic effects, 

(2) evaluate the relative toxicity of many substances, 

(3) evaluate the relative sensitivity of different 

organisms to a toxicant, 

(4) evaluate the effects of water quality on toxicity, 

(5) and help develop an understanding of the 

concentration-response relationship. 

Acute tests are highly standardized, rapid, laboratory 

tests which are well suited to objective decision making. 

However, the uncertainty of AF usage leading to inadequate 

or unduly stringent "safe environmental concentrations" 

(Macek and Sleight, 1977) and the knowledge that chemicals 

and effluents are often chronically toxic (Norberg and 

Mount, 1985) forced regulators to look for other methods 

to use as estimators of safe concentrations. 

It was recognized by early researchers that sublethal 

levels of toxicants in ecosystems could be measured by 

morphological, physiological and behavioral changes in the 

exposed biota. Gunning and LaNasa (1973) suggested using 

growth comparisons between upstream and downstream 

populations of blacktail shiners (Notropis venustus) as an 

indicator of the chronic toxicity of a pulp mill effluent. 

In the laboratory, chronic life-cycle exposure tests were 

designed to mimic the continuous exposures often found in 

effluent affected areas. All life stages of the test 

animal, as McKim (1984) put it, "from embryo to embryo", 

were continuously exposed to a chemical or mixture in the 
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standardized conditions of the laboratory. Data from the 

test were used to estimate the lowest effect and no-effect 

concentrations of a chemical to aquatic organisms during an 

entire life-cycle {Petrocelli, 1984). This approach fit 

into the USEPA strategy of "no toxic substances discharged 

in toxic amounts” mandated by the Federal Water Pollution 

Control Act (FWPCA) of 1972 and amendments to the act in 

1977. 

The amount of time necessary for completion of a life- 

cycle chronic toxicity test (LC) depends upon the species 

involved. McKim (1984) reported that fish required 6-12 mo 

of concentrated effort to determine the maximum acceptable 

toxicant concentration (MATC=geometric mean between’ the 

lowest observed effect and no observed effect 

concentration). 

Through work with life-cycle tests, certain stages 

were deemed more sensitive to chronic stress than others. 

McKim (1984) suggested that early life-stages, embryo to 

juvenile, were the most sensitive portion of the life-cycle 

because of the number of critical events which take place 

in a short period of time. He noted that chronic stress 

during this period could disrupt critical timing of 

developmental events leading to lower survival. 

The need for short tests which could estimate chronic 

toxicity fueled interest in early life-stage tests (ELS) as 

surrogates to full life-cycle chronic testing. Compared to 

LC tests, ELS tests are considerably shorter, 28-32d (60d 

posthatch for salmonids). Given the quantity of chemicals 

to be tested (33,000 have been reported in common use by 

the American Chemical Society [Cairns, 1980]), LC tests 

could not adequately be used to protect aquatic life. The 

amount of effort and money to test all or even most of 

these using life-cycle chronic tests would be 

astronomical. 
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In order for ELS tests to replace LC tests three 

assumptions have to be met (Macek and Sleight, 1977): 

(1) the chemical or mixture being tested must not be 

cumulatively toxic, 

(2) the effect of the toxicant on fish is through a 

Single, rapid mode of action, 

(3) and the effect of the toxicant is most severe on 

the critical life stages which can be identified 

consistently. 

Macek and Sleight indicate that there are some chemicals 

which do not meet these assumptions, i. e. those which 

bioaccumulate. In addition, Suter et al. (1987) and 

Barnthouse et al. (1987) caution against dropping life- 

stages from tests which are meant to protect populations. 

They have found the fecundity of reproducing females very 

sensitive to toxicant stress and in some cases a more 

sensitive indicator than larval growth and_ survival. 

However McKim (1984) defends ELS use explaining that 

comparisons of MATCs derived from ELS tests closely follow 

MATCs from longer full life-cycle tests. 

In 1985, T. J. Norberg and D. I. Mount of the USEPA 

‘Environmental Research Laboratory in Duluth, citing the 

need for more rapid measures of chronic toxicity of 

effluents to aquatic life, published the 7-d larval fathead 

minnow subchronic toxicity test. Unlike the year before 

when Mount and Norberg (1984) published the 7-d cladoceran 

chronic toxicity test, the authors confidently described 

this test as an effective replacement to longer-term LC and. 

ELS testing with the added benefit of being able to screen 

many effluents of variable compositions and toxicities. A 

discussion of this test method can be found in the 

introduction of this thesis. 

21



Summary 

Variation in the response of different fish species 

and families to toxicants is well documented in the 

literature. Within a given species, susceptibility to 

toxicants may vary widely depending upon the life-stage and 

the stressor being tested. The exact progression of 

increasing sensitivity of the various life-stages, if one 

exists, is not evident from the literature. In general, 

pre-water-hardened eggs and young larvae are most sensitive 

to toxicants. 

In an effort to protect waterways from toxic 

concentrations of pollutants, biological methods of 

evaluating effluents and chemicals were developed. Acute 

tests giving lethal concentration values for toxicants were 

found unacceptable because they were not directly 

applicable to environmental concentrations and because it 

was known that many toxicants were present in the 

environment in sublethal concentrations. Life-cycle 

chronic tests were developed to directly estimate safe 

levels of chemicals in the environment. These tests proved 

valuable but their length (6-12 months) made them 

prohibitive as a screening method. 

Through the work of researchers doing LC tests, early 

life-stages of fish were found useful in estimating chronic 

toxicity and represented a shorter (30-d), cost-effective 

way to screen many chemicals and effluents. Comparisons 

between ELS and LC MATCs were good for most chemicals. ELS. 

screening tests have presently been replaced by a 7-d 

subchronic method developed by the USEPA in Duluth. This 

method utilizes larval fathead minnow growth and survival 

to determine no effects concentrations and is the most cost- 

effective "chronic" test to date. 
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Methylene Blue: Its Therapeutic Uses, Toxicity, and Mode of 

Action. 

In a 7-year study of fecundity and hatching success of 

the central johnny darter (Etheostoma nigrum nigrum) in 

southern Michigan streams, Speare (1965) observed that 1% 

of fertilized eggs were invaded and killed by fungus. From 

the literature, Martin (1968) reported that at least six 

genera of aquatic fungi were known natural parasites of 

fish and fish eggs. He noted that Saprolegnia parasitica 

was the most pathogenic due to its high incidence of 

occurrence in fish. Methylene blue (MB), 3,7- 

bis(dimethylamino ) phenazathionium chloride, (m.w. 2338.45 

g/mole, structure in Fig. 1) was the first dye to be used 

as an antiseptic and the first antiseptic dye to be used 

therapeutically (DiSanto and Wagner, 1972}. It is a common 

dye in the textile industry (Ahmed, 1984) and has been used 

as an antifungal agent on fish eggs, an external 

protozoacide (on such organisms as Ichthyophthirius) and in 

the control of monogenetic trematodes like Gyrodactylus 

(Herwig, 1979). Other therapeutic uses for MB with fish 

include treatment of methemoglobinemia caused by nitrite 

toxicity (0.1-1.0 ppm MB, Wedemeyer and Yasutake, 1978) and 

resuscitation of fish poisoned by rotenone (5ppm MB, Bouck 

and Ball, 1965). DiSanto and Wagner (1972) list many 

medicinal uses for MB in humans. 

The available literature has presented a number of 

different levels which could be used. Abrahams and Brown 

(1977) suggested that 10 ppm MB be used in conjunction with 

several other fungitoxins as a prophylactic treatment for 

juvenile lobsters (Homarus sp.). Mycelial growth of the 

lobster parasite Haliphthoros milfordensis was completely 

inhibited at a dosage of 10 Fg MB/ml in culture medium at 

20°C. Juvenile European lobsters, Homarus gammarus, 
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Figure 1. Structure of methylene blue (Herwig, 1979) 
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survived short dips in 10-20 ppm MB with good survival but 

a 7 day bath in 1 ppm caused 100% mortality (Abrahams and 

Brown, 1977). Bouck and Ball (1965) reported MB as 

apparently not toxic to fish but dangerous to aquatic 

plants at levels greater than 4 ppm. Hughes (1973) found 

MB safe to use as a fungal treatment in fingerling striped 

bass (Morone saxatilis) but cautioned its use with fish 

larvae. 

D. J. Klemm of the USEPA, citing Herwig (1979), 

recommends MB to control fungal infection in fathead 

Minnow egg incubation vessels at a dosage of 3 ml of 1% MB 

solution per L (30 ppm) of incubation water (USEPA, 

1985b). However, the dosage recommended by Herwig is 10 

times more dilute (3 ml of 1% MB per 10 L of incubation 

water or 3 ppm) than that cited by Klemm. Unfortunately, 

the second edition of the USEPA methods for conducting 

chronic toxicity tests (USEPA, 1989) did not recognize 

this discrepancy and continues to refer the reader to 

Klemm for fathead minnow propagation methods and obtaining 

larvae for in-house toxicity testing. Special care is 

necessary when administering prophylactics to fish meant 

for toxicity bioassays. Information on disposition of 

prophylactically treated larvae is sparse, but it is 

possible that the use of prophylactics may make _ the 

organism more resistant (Cairns, 1989) or less resistant 

to a toxicant than they might otherwise be. 

Methylene blue is one of a group of chemicals and 

dyes known as photosensitizers (Graham et al., 1972; 

Bonneau et al., 1975; Epstein, 1977; Joshi and Misra, 

1986). Its phenothiazine structure can be excited to a 

triplet or free radical state by visible light in the 585- 

670 nm range. Triplet MB passes energy in the form of 
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electrons to diatomic oxygen (02) producing singlet oxygen 

(102) (Foote, 1976) which reacts further with electron 

acceptors in solution. Inefficient transfer of electrons 

between MB and O2 =dleads to the production of highly 

reactive superoxide anion radical by the reaction: 

MB: or MB:- + O2 (aq) --* O2 + or HO2 « + MB 

Superoxide radical is a biologically damaging molecule 

(Foote, 1976; Joshi and Misra, 1986) which, in vivo, can: 

a) attack DNA directly or cause the secondary generation 

of other radicals which attack DNA; b) cause the 

depolymerization of acid polysaccharides; cc) oxidize 

numerous important molecules like epinephrine, thiols and 

6-hydroxydopamine; and d) peroxidize unsaturated lipids 

(Fridovich, 1976). Illumination of DNA in the presence of 

20 }#g MB results in base substitutions and frameshift 

mutations in bacteria and bacterial virus which were not 

induced by illumination alone (Gutter et al., 1977). 

Gutter et al. hypothesized that singlet oxygen produced in 

the quenching of triplet MB degrades the guanine moiety of 

DNA; however, MB was not found to directly cause 

chromosome damage using an in vitro chromosome breakage 

assay (Au and Hsu, 1979). Processes in cells naturally 

produce Minute amounts of superoxide radical. Cells 

convert 0O2 ‘- to hydrogen peroxide (H202) and O2 via 

superoxide dimutase and Hz202 to H20 and O02 by catalase and 

peroxidase enzymes. The extent to which MB induces the 

production of superoxide radicals in egg incubation 

vessels has not been investigated. 

In higher vertebrates, intravenous injections of MB 

are quickly absorbed by erythrocytes and plasma proteins 

(Kozaki and Watanabe, 1979;1981). Oral doses are well 

absorbed in the gastrointestinal tract and excreted as MB 
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or its colorless reduced form, leukomethylene blue 

(DiSanto and Wagner, 1972; Kozaki and Watanabe, 1979). 

The toxicity of MB has been fairly well documented 

but not for my study organism, the fathead minnow. 

Protozoans quickly succumb to relatively low doses of MB. 

Seenappa and Manohar (1983) found 10.0 ppm MB killed 100% 

of Myxobolus vanivilasae spores in 6h and in 24 h at 5.0 

Pp. Isolated Ichthyophthirius multifiliis trophozoites 

were completely killed by 100 ppm MB in 2 min. (Post and 

Vesely, 1983). In natural sunlight, 83% of Paramecium 

aurelia exposed to 1.0 ppm MB at 20°C died within 90 min. 

{Joshi and Misra, 1986). 

Peters and Chevone (1968) used nile blue A as a dye 

to follow movement and map the distribution of 

mosquitoes. They found growth impairment and mortality as 

an artifact of marking mosquito larvae with 0.2 ppm nile 

blue (Chevone and Peters, 1969). Barbosa and Peters 

(1970) tried marking Aedes aegypti larvae with MB. At 

26.7°C, mortality at 4.5 ppm MB was significantly higher 

than control. The time for 50% larval pupation increased 

dramatically from 12-16 h in controls (0 ppm) to 56-80 h 

in 2.5 ppm MB. No effect on growth was observed at MB 

levels lower than 1.5 ppm. The 24 h LCs0 for MB ingested 

from leaf material was 482.6 ppm at 25°C for the cotton 

leafworm, Spodoptera littoralis (Ahmed et al., 1985). 

The interaction of light with MB led to increased 

mortality in the yellow mealworn, Tenebrio molitor, 

injected with 5 ppm MB (Graham et al., 1972) and coddling 

moth larvae injected with 3 #1 of 1% MB (Hayes and 

Schecter, 1970). Barbosa and Peters (1970) commented that 

the use of MB as a marker in insects cannot be assumed to 

have no effect on the organism being investigated. Even 
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concentrations which are minimally capable of marking 

insects have been shown to impair growth in insect 

larvae. "Failure to investigate the role of vital dyes in 

experiments may place a bias in the data so as to 

completely invalidate the conclusions drawn". 

Fish acutely exposed too MB were characterized as 

restless, frequently gulping air, showing erratic and 

jerky body movements, heavy mucus’ secretions, muscle 

spasms and finally becoming lethargic and sluggish as they 

neared death. Published 24, 48 and 72 h LCso0 values for 

Daphnia magna are 4.93, 2.26 and 1.33 mg MB/L (Miller, 

1982). For adult catfish Mystus vittatus and 

Heteropneustes fossilis, the 24, 48 and 72 h LCses were 

27.5, 24.0 and 22.0 mg MB/L, and 188.5, 181.5 and 172.0 mg 

MB/L, respectively (Ahmad and Srivastava, 1983). 

In chronic exposures, the skin proved very sensitive 

in catfish. Alterations in skin appeared within 24 h of 

exposure resulting in inflamation of epidermal mucus 

cells. Within 14 days, there was significant swelling, 

hypertrophy and hyperplasia followed by massive mucus 

secretion. By 56 days, necrosis had caused _ much 

epithelium loss (Ahmad and Srivastava, 1985). Alterations 

to adult H. fossilis liver from 100 ppm MB exposure became 

Significant after 7 days. Hepatic lesions were found 

confined to hepatocytes in excised livers. 

Ahmed (1984) exposed adult M. vittatus to 56 days of 

7 ppm MB to determine the effect of the dye on gill 

tissue. Hypertrophy and swelling of the gill was apparent 

in 24 h and became prominent in 7-14 days. Microscopic 

examination revealed thickening and swelling of the gill 

epithelium, especially the mucus cells of the respiratory 

lamellae and interlamellar filaments, resulting in massive 
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mucus secretions. Ahmed commented that hypertrophy was a 

general reaction of gills to various pollutants. However, 

by 28 days of exposure, the lamellar epithelium had lifted 

from the basement membrane leading to necrotic leisions on 

many of the fish. By 56 days, all fish in the study had 

died. Inspection of the gills indicated that the lamellar 

epithelium had completely sloughed-off leaving the pillar 

cell system exposed. Chronic tests with fish larvae have, 

to date, not been performed. 

Summary 

Methylene blue (MB) is a dye used in the treatment of fish 

fungal, protozoan and trematode infections. Its use has 

been well investigated with a number of organisms but, 

information regarding its effect on larval fish is 

sparse. Methylene Blue is more toxic than was earlier 

believed. Methylene Blue is in a class of chemicals known 

as photosensitizers which, when exposed to visible light, 

become excited to the triplet state. Singlet oxygen and 

superoxide radical are produced as MB returns to ground 

state in a catalytic-like reaction. Superoxide radical is 

a very damaging molecule to biological systems causing 

oxidation of numerous substrates such as DNA, acid 

polysaccharides and lipids. Methylene Blue is readily 

absorbed in vivo. Its acute toxicity varies but chronic 

toxicity in the presence of light is common at levels less 

than 10 mg MB/L. In adult fish, MB quickly damages skin 

and gill tissue with liver histopathology following within 

56 days of exposure. 

Presently, the USEPA Short-Term Methods for 

Estimating the Chronic Toxicity of Effluents and Receiving 
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Waters to Freshwater Organisms, 2nd ed. (1989) recommends 

the methods of Klemm to obtain larvae for toxicity tests. 

However, Klemm lists prophylactic MB treatment at 30 ppm 

where his reference, Herwig, recommends 3 ppm MB. It is 

clear that investigation into the effects of MB on fish 

eggs and larvae used in toxicity tests is necessary. 
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PH Tolerance in Fish 

Most natural freshwaters are in the pH range 5 - 9. 

Soft waters tend to be more acidic, pH 6 - 7, while hard 

waters are more alkaline, pH 8 - 8.3 (Sprague, 1984). 

Much of the literature concerning the effects of pH on 

fish and other aquatic life investigates lethal effects at 

extreme pH, or the subchronic effects of pH at levels 

which are environmentally unrealistic for maintaining 

active fish populations, i.e. pH below 6 and above 9. For 

example, pike fry (Esox lucius) growth and swimming 

behavior was abnormal at pH 4.2 (Johansson and Kihlstrén, 

1975), but reproduction in pike at pH levels less than 5.2 

is not possible. Seven-day LCsos for fingerling rainbow 

trout ranged from pH 4.1 to 4.5 in moderately hard water 

(140 mg/L as CaCO3; Graham and Wood, 1981), however hard 

water is rarely acidic. Growth of one year old rainbow 

trout, brown trout, and arctic char held for 3.5 mo. at pH 

4.8, 5.5 and 6.1 was significantly different depending 

upon the pH of the solution (Edwards and Hjeldnes, 1977). 

Rainbow trout and arctic char gained significantly less 

weight at pH 4.8 than at any higher pH. Unfortunately, 

two weeks into the test a pump malfunction released 

excessive acid into the pH 4.8 tanks killing all but a few 

of the brown trout. The authors admit that replacement 

fish were smaller than those in the other treatments. Due 

to the continuing release of oxides of nitrogen and sulfur 

into the atmosphere and their deposition as acid rain, 

information concerning fish response to unnatural pH 

extremes is essential. In addition, the results of these 

studies may provide insight into the effect of more subtle 

changes of pH on fish. 
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From a regulatory standpoint, the effect of pH on 

.response to a toxicant, and the ability of very young 

animals to accept modest changes in pH, such as one or two 

units of difference from their culture water, while 

concurrently facing toxicant stress, are important issues 

which have been minimally addressed in the literature. 

Belanger and Cherry (in press) determined the tolerance 

of Ceriodaphnia to pH change with and without metal 

stress. Using a three-brood life-cycle test design, 

Ceriodaphnia tolerated pH 6.14-8.99 with no significant 

effects on reproduction and survival. Acute exposures to 

heavy metals in combination with three levels of pH, 6, 8, 

and 9, showed that Ceriodaphnia were most sensitive to 

metals in low pH test solutions. Interestingly, moderate 

PH changes, such as those in the acute tests, had no 

effect on the chronic toxicity of heavy metals. Mount and 

Norberg (1984) reported that instantaneous pH changes of 

more than 0.5 units has killed Ceriodaphnia in tests where 

PH was being altered. Changes of less than 0.2 units 

were arbitrarily chosen as safe, indicating that the true 

value was unknown. The pH of the test solution is 

considered an important factor in proper acclimation of 

invertebrates and fish prior to toxicity testing (USEPA, 

1985) but knowledge of the extent of acclimation necessary 

for all bioassay organisms is not known. 

As a result of the concern over acid rain and acid 

mine drainage problems, the literature reflects more 

information on the toxic effects of acid exposures on fish 

than those of alkaline exposures. For adult and juvenile 

fishes, acute drops in pH lead to changes in blood pH 

(Falk and Dunson, 1976; Graham and Wood, 1981; Whitaker, 

1982), reduction in plasma chloride (Cl-), calcium (Ca?*), 
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and sodium (Nat) due to ionoregulatory failure (Beamish, 

1972; Ultsch et al., 1981; Heath, 1987), mucification of 

the skin and gills (Trama, 1954), increased ventilation 

(Dively et al., 1977), and eventual hypoxia (Robinson et 

al., 1976). Since Ca** is essential to osmoregulation 

(Heath, 1987), low hardness influences ion loss at low pH 

by lowering electrolyte permeability at the gill. 

Johansson and Kihlstrsm (1975) found that clotting in 

the yolk sac of larval pike caused death within 24 h. 

Denaturation of proteins and subtle conformational shifts 

in enzyme active sites may be an important effect which, 

to date, has not been thoroughly researched by 

investigators interested in pH stress. 

The acute toxic mode of action in fishes exposed to 

alkaline pH was damage to gill tissue. Daye and Garside 

(1976) found the gills of brook trout were the most 

sensitive of the surficial tissues to high pH within a 7 

day period. Damage to the eye lens and cornea were also 

observed during the course of the testing. The threshold 

PH value of observed effects was 9.0. Chronic alkaline pH 

exposure has received little attention. Alabaster and 

Lloyd (1982) speculate that chronic exposures above pH 10 

are harmful to all species of fish. They report salmonids 

and perch sensitive to prolonged periods above pH 9. 

Sublethal acidic pH effects include high hematocrit, 

hemoconcentration, depressed plasma Na‘, Cl-, and Ca?+ 

levels, liver damage, increased heart rate and blood 

pressure, reduced gill permeability to Ht, and decline in 

the production of gametes (USEPA, 1971; Ruby et al., 1978; 

Neville, 1979; Milligan and Wood, 1982; Lacroix, 1985). 

Short-term exposures to sublethal pH stress were 

associated with behavioral changes but physiological 
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compensations capable of prolonging life at lethal pH did 

not occur (Falk and Dunson, 1977). After 12 mo. of 

exposure, fathead minnows moved from pH 4.5 to 4.2 showed 

the same signs of distress as animals moved from control 

(7.0) to 4.2 (Mount, 1973) Trojnar (1977) however, did 

find evidence of adaptation in brown trout fry. Trout 

raised in pH 4.65, 4.97 and 8.07 were spawned. Hatching 

success at the three pH levels was 76.4, 84.2 and 91.1%, 

respectively. Fry were subsequently raised for 78 days at 

4.65, 5.64 and 8.07. Exposure of the acid-raised fry to 

PH 4.0 resulted in 24% mortality whereas alkaline-raised 

fry all died upon exposure. 

The toxicity of chemicals often depends on the pH 

(Howarth and Sprague, 1978; Bradley and Sprague, 1985). 

Within the normal range of pH that fish are found, the 

ionization of certain toxicants is subject to change. In 

general, positive and negative charges associated with 

ionized chemicals restrict their passage across biological 

membranes such as those at the gills. Membranes have a 

hydrophobic layer which repels charged polar species. As 

water pH changes, a toxicant may change ionization state 

based upon its specific acid ionization constant (pKa). 

Therefore, a toxicant with an acidic group and pKa of 7.0 

will be 50% ionized at pH 7, be mostly in its acidic form 

at PHs below 6 and mostly ionized at pHs above 8 

(Bohinski, 1987). Spehar et al. found this to be true for 

pentachlorophenol (PCP; pKa=4.74) with fathead minnows and 

amphipods. A rise in the pH of the test’ solution 

decreased both acute and chronic toxicity of PCP 

indicating that unionized PCP is more toxic than the 

jonized form. 

35



Summary 

The effects of lethal and sublethal pH extremes have been 

Widely researched. Acute toxicity of low pH is mainly due 

to changes in blood chemistry, as a consequence of the 

inability of the gills to regulate ion loss, which lead to 

hypoxia and death. Chronic acid effects are characterized 

by plasma ion loss, demineralization of bone, supressed 

gametogenesis, and major changes in blood parameters. 

The effect of alkaline pH on fish is centered around gill 

pathology. Chronic alkaline effects are essentially 

unknown. 

Acclimation does not appear likely for pH stress in 

fish, although there is evidence that selective breeding 

can lead to more resistant strains. The pH of the test 

solution can affect the toxicity of certain chemicals 

based on their pKa. Charged molecules are less likely to 

pass through biological membranes but effects on toxicity 

depend upon which form of the chemical, ionized or 

unionized, is least toxic. 

Most researchers agree that the nominal range for 

healthy fish production is pH 6.5 - 8.5. However, for 

fish used in toxicity tests which may face quick changes 

in pH up to 2-3 units from their culture water, acceptable 

PH changes producing no effects on growth and survival 

when combined with the additional stress of toxicants are 

not known. Preliminary results for chronic tests suggest 

changes which do not extend outside the 6.5 - 8.5 range 

are acceptable. 
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Materials and Methods 

Fathead Minnow Culturing 

Adult fathead minnows, originally acquired from the 

USEPA culture facility at Newtown, Cincinnati, OH, were 

maintained in three separate flow-through systems at 

Virginia Tech. Maturing and reproductive adults were held 

until they were needed for breeding. This system 

consisted of two 950-L (250 gallon) fiberglass tanks 

fitted with standpipes. Drainwater was collected in a 50- 

L plastic container and recirculated to the headbox where 

it was mixed with approximately 10% fresh dechlorinated 

Blacksburg municipal tap water. Fish were fed Tetramin to 

satiation, 2-3 times daily. Temperature varied with that 

of the municipal water supply, ranging from a low of 10°C 

in winter to 28°C in summer. Photoperiod was 16 h light, 

8 h dark throughout the year. 

Once or twice a week, it was necessary to clean the 

tanks by siphoning fecal material and scrubbing 

accumulated fungal biomass from the sides of the tank. 

Records of mortality were kept and disease was treated 

with oxytetracycline HCl (Argent Chemicals) according to 

Herwig (1979). 

The system used for minnow breeding consisted of 

twelve 37.9-L (10 gal) aquaria (Fig. 2). Two tanks were 

stacked in six rows on a metal rack; one breeding pair per 

tank. Three headboxes on the top level, one per group of 

four tanks, delivered water to each of the two top tanks 

of the group which drained into the tanks directly below. 

Water from the bottom tanks was collected ina small 

plastic box (#10-L) where it was recirculated to the three 
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Figure 2. Diagram of the breeding system used to obtain 

fathead minnow eggs showing headboxes, breeding 

tanks and water supply. 
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headboxes. Approximately 10% of the recirculated water was 

renewed with fresh dechlorinated tap water at the 

headboxes. The system was warmed to 25°t+2*C using 

immersion heaters Placed in each of the headboxes. Fish 

were fed Tetramin 2-3 times daily. As in the holding 

systen, the tanks were periodically cleaned and 

occasionally treated for disease. Records of mortality and 

reproduction were kept, and fish were frequently checked 

for signs of senescence and replaced with new individuals 

if necessary. 

Halved pieces of 11 cm diameter PVC pipe 4-5 inches 

long (referred to as a "tile") were placed inverted into 

tanks containing reproductive adults. Spawning usually 

took place on the underside of the tile. Tiles with eggs 

were transferred to 5-L glass aquaria containing culture 

(from the breeding system) water. Incubating eggs were 

held at 25°t1i*'C and aerated constantly. Methylene blue 

(1% w/v) was added to the incubation water (final 

concentration 3 ppm as per Herwig, 1979) except in cases 

where unexposed larvae were desired. 

A number of aquaria were maintained for treatment of 

diseased fish and rearing of fathead minnow brood stock. 

Newly hatched larvae not used in testing were fed first 

instar brine shrimp nauplii (Artemia salina, Gold Label, 

Argent Laboratories) for 1-2 weeks then powdered Tetramin. 
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Obtaining larvae 

Larvae used in tests were obtained from the above 

cultures or from additional culture facilities located at 

the Virginia Tech Ecosystem Simulation Laboratory (ESL). 

Eggs and hatched larvae were held at 25°t1°C with gentle 

aeration until needed. Exposure of incubating eggs and/or 

larvae to methylene blue (MB) varied based on _ the 

experiment as’ follows. In control reference tests and 

those tests to determine the effect of larval age on acute 

response to toxicant, no MB was used. Eggs in this group 

had to be closely monitored for the presence of fungal 

infection. Fungal hyphae attack unfertilized and dead eggs 

and then spread to healthy eggs. Infection was easily 

determined without the use of a microscope by removing the 

eggs from water and looking for fluffy-white hyphae 

covering eggs or groups of eggs. Infected eggs and 

surrounding healthy eggs were scraped from the tile and 

discarded. Remaining eggs were checked daily and infected 

eggs discarded. In some cases, 50 to 100 percent of the 

eggs on MB unexposed tiles would be lost to fungus. 

In tests where MB exposure to the eggs only was 

desired, viable eggs were removed to clean water after the 

first signs of hatchout were observed (Fig. 3). If MB 

exposure to the larvae only was desired, tiles would be 

removed from clean water at hatchout and placed in MB 

treated culture water. In all cases the approximate 

hatchout start time was noted. Hatch was allowed to 

continue until enough larvae were produced or until the 

period of hatch reached 12-24 h. Hatched larvae were 

isolated by removing tiles containing viable eggs from the 

incubation vessel and placing them into a fresh incubation 

vessel. In most cases, larvae of a desired age interval 

were segregated. Isolated larvae were further held until 

the desired age was reached. 
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Figure 3. Flow diagram of the method used in obtaining 

methylene blue exposed larvae for testing. 
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Acute Tests Using Cadmium 

Test procedures and conditions closely followed static 

acute methods for fathead minnows outlined in Peltier and 

Weber (USEPA, 1985; p. 41) unless otherwise stated. Test 

larvae were placed in six concentrations of cadmium (Cd) 

(Fisher Certified Atomic Absorption Standard lot 870113-24) 

and one control. Approximately 50 ml of solution was 

measured in a graduated cylinder and placed in a 100-ml 

acid-washed beaker, 3 replicates per concentration. Five 

serial dilutions were used for target concentrations of 

2.0, 1.0, 0.5, 0.25, 0.125, and 0.0625 mg/L Cd. 

Larvae were concentrated into approximately 250-ml of 

water using a long curved siphon hose fitted with nitex 

nylon screen (40 mesh size) to contain the larvae. 

Concentrated larvae were inspected for the presence of 

dead, deformed, poorly developed, and blue-dyed 

individuals. Individuals not actively swimming, with 

underdeveloped swim bladders, bent spines and excessive 

yolk were not used. Ten individuals were placed in each 

100 ml container. The containers were covered with plastic 

wrap and incubated at 20°!1°C, 16/8 light schedule and 39.9 

ft-c mean light intensity (range 31.49 to 48.31 ft-c; 

Lutron LX-101 digital lux meter). At 24-h intervals, dead 

larvae were counted and removed from each container. 

Twenty-four and 96-h Lethal Concentration values were 

determined using the USEPA Probit Analysis Program version 

1.4 (1989). Tests where significant heterogeneity of. 

variance was found in the data were repeated. 
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Dyed Fish Growth and Mortality Characterizations 
  

Larvae were hatched and aged as described previously. 

Larvae from three exposure groups were used; MB exposure to 

eggs only, exposure to larvae only, and constant exposure 

of eggs and larvae. Concentrated larvae were placed in 

small white porcelain pans. Any heavily dyed larvae were 

separated and counted. Dead, deformed and premature, and 

undyed larvae were enumerated for each population. 

Tests were set-up in a format similar to the 7-Day 

Fathead Minnow Larval Survival and Growth Test (USEPA, 

1989). Test containers were acid-washed covered storage 

dishes (Corning 3250, 80 x 100 mm) with a total volume of 

about 400 aol. Containers were filled with 250 ml of 

filtered culture water. Ten individuals from each fish 

group were placed in 4 replicate containers. On many 

occasions, there were not enough dyed larvae for 4 

replicates. In this case, ten-fish-replicates were set up 

according to availability of larvae. Any remaining 

individuals, both dyed and undyed, were placed in 1000 ml 

of culture water, 100 individuals per beaker, fed and 

renewed with fresh water daily. At the end of seven days, 

background (or "batch") survival was determined. 

Test containers were incubated at 25°!1°C (Fisher 

Isotemp Low Temperature Incubator Model 626), 16/8 

photoperiod, 90.5 ft-c mean light intensity (range 127.9 to 

53.1 ft-c). Test fish were liberally fed first instar 

Artemia 2-3 times per day. Every 24 h, 80-90% of the test 

solution was renewed with fresh filtered culture water. 

Dead fish were removed and noted. To ease problems of 

fungal build-up in the bioassay container, the bottom of 

each container was scraped with a rubber policeman before 

siphoning the test’ solution. The siphon consisted of a 

modified Pasteur pipette attached to a long piece of Tygon 
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tubing. The opening of the pipette was fire-polished and 

Wide enough to allow the passage of larvae if they were 

mistakenly drawn into the pipette. 

At the end of seven days, surviving larvae were killed 

in 10% formalin. Animals from each container were pooled 

and dried in a_ small plastic weigh boat in a 60°C drying 

oven (Fisher Isotemp Oven, 100 Series Model 126G) for 12-24 

h. Samples were weighed to the nearest 0.001 mg with a 

Sartorius M-4 microbalance. Growth analysis was performed 

on the average dry weight of the survivors using Analysis 

of Variance and subsequent multiple comparisons of means 

testing using Dunnett’s and Steel’s procedures. Tests for 

normality and homogeneity of variance were performed to 

justify the use of parametric statistical methods (Zar, 

1986). The arcsin square root transformation was used to 

overcome normality and heterogeneity problems in the 

mortality data. Analysis of variance was’ performed on 

transformed mortality data. Significant ANOVA was followed 

by Dunnett’s and Steel’s procedure to determine equality of 

means. 
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Growth Tests Using MB Exposed Larvae With Toxicant Stress 

Dyed Larvae Tests 

Eggs were held in a refrigerated incubator at 

25°t1°C. Eggs and larvae were exposed to 3 ppm MB until a 

few hours before the test (complete exposure throughout the 

egg incubation period then up to twelve hours as larvae). 

One set of three egg-containing tiles was placed in clean 

water to serve as an unexposed control in the test. 

Exposed larvae were concentrated and placed in a white 

pan. Dyed larvae were separated into a 250-ml beaker. 

Weak and premature larvae were removed and discarded from 

both dyed and undyed populations. Ten larvae were randomly 

selected for each test container. 

Test procedures closely followed the 7-Day Fathead 

Minnow Larval Survival and Growth Test. Effluent from the 

Clinch River Power Plant was obtained on 9/10/89 and 

9/12/89. The samples were pooled to ensure sufficient 

quantity. Due to storm events on and before effluent 

collection dates, the effluent contained a_ significant 

amount of silt. Copper (Cu) and zinc (Zn) concentrations 

(#g/L) were determined for whole effluent and effluent 

samples which had previously been spiked with 50 Hg/L Cu. 

Testing began on 10/11/89. Concentrations of effluent used 

were based on previous data provided by Dr. Don Cherry. 

Filtered culture water was chosen as test dilution water to 

minimize potential problems with water chemistry 

differences between the Clinch River and lab rearing water 

(water hardness of 120 and 40 mg/L as CaCO3 respectively). 

Effluent and dilution water were mixed v/v in a 1-L 

graduated cylinder. Standard water chemistry analysis was 

performed at the beginning and end of solution renewal on 

days 1, 4, and 7. 

Differences between dyed, undyed and unexposed control 

group responses’ to toxicant were determined using Analysis 
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of Variance with subsequent Equality of Means testing. 

Larvae Unexposed to MB Versus Exposed Larvae, Various 

Ages 

Two groups of eggs were used, one exposed to 3 ppm MB, 

the other held in laboratory culture water. Fish from both 

groups were aged to 0-24, 24-48, and 60-72 h old. Dyed 

individuals were not actively selected, but were 

incorporated into the test by random selection from the 

exposed population. Responses of the six groups to Clinch 

River Power Plant effluent was evaluated using the 7-Day 

Fathead Minnow Larval Survival and Growth Test. Due to the 

size of the test only two replicates of each concentration 

were used per group. Procedures’ for daily maintenance, 

test termination and statistical analysis have been 

outlined previously. 

Effect of Duration of MB Exposure 

Eggs were incubated with MB as in previous tests. Two 

groups of larvae were held in MB throughout the period 

prior to test commencement. One group was 1-24 h old, the 

other group was 24-48 h old. A 7-day larval survival and 

growth test was set-up on 1/20/90 using effluent from the 

International Paper Company Pine Bluff pulp mill 

(1/18/90). Effluent concentrations were 0.0, 2.5, 5.0, 

10.0, 30.0, and 100 % effluent mixed with appropriate 

volumes of synthetic water (hardness -~140mg/L as CaCO3). 

Determination of NOEC and LOEC for each group was made 

using the Chronic Analysis Program developed by J. Rodgers 

of the Wisconsin Department of Natural Resources (1985). 

Differences in growth and survival between the groups was 

determined by two-way Analysis of Variance. 
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Acute and Chronic Toxicity of Methylene Blue 

Twenty-four to 48-h old larvae were used in the 

tests. Eggs were incubated in lab culture water at 

25%+t1°c. Three parts per million MB was used to protect 

the eggs from fungus. When hatch began, eggs were moved to 

clean water and held until sufficient numbers of larvae 

were obtained. Larvae were not exposed to MB until test 

commencement. 

A preliminary test consisted of 7 concentrations and a 

control, and closely followed USEPA (1985) acute test 

methods. Serial dilutions using filtered culture water 

were done six times to give concentrations of 1000, 500, 

250, 125, 62.5, 31.3, and 15.6 mg MB/L (fisheries grade, 

Argent Laboratories). Approximately 50 ml of solution was 

measured into each of three 100 ml beakers after which ten 

fish were added. The beakers were covered with plastic 

wrap and incubated at 20°1t1°C, 16/8 photoperiod and 39.9 ft- 

c mean light intensity (range 31.49 to 48.31). Every 24 h, 

dead fish were counted and removed from the _ test 

containers. The test was terminated after 96-H. Twenty- 

four and 96-H probit LCs0 values were obtained using the 

USEPA Probit Analysis Program, version 1.4. 

Concentrations used in the definitive test were based 

on the results of the preliminary test. To increase the 

number of concentrations, two sets of dilutions were used. 

The resultant target concentrations were 125, 100, 62.5, 

50, 31.3, 25, 15.6 mg/L and a control. Test procedures and 

statistical analysis were identical to those of the 

preliminary test. 

The chronic test procedure closely followed the 7-Day 

Fathead Minnow Larval Survival and Growth Test (USEPA, 

1989). Eggs were incubated at 25°t1°C with 3 ppm MB used 
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as a prophylactic in accordance with current USEPA methods 

(1989). Hatched larvae were aged to 24-48 h in clean lab 

culture water before use. Weak individuals were removed 

from the population as in previous tests. Preliminary 

chronic test concentrations were based on definitive acute 

test data. The highest selected chronic concentration 

approximated the 96 H LC5s0 value from the acute test. Test 

concentrations were 50, 24, 12, 6, 3 mg/L MB and control. 

Standard water chemistry analysis (D.0., pH, conductivity, 

alkalinity and hardness) was done on test solutions at the 

beginning and end of days 1, 4, and 7. Mean light 

intensity during the test was 89.5 ft-c (range 120.6 to 

59.4 ft-c). 

Definitive test concentrations were 3.0, 1.5, 0.75, 

0.38, 0.19, 0.09 mg/L MB and control. Test conditions were 

as in preliminary testing except that the age of larvae 

used was 24 to 36 h old instead of 12 to 24 h. 

To evaluate the photosensitizing effect of MB, a 

second definitive test was performed in very subdued light, 

mean intensity 0.372 ft-c (range 0.465 to 0.279 ft-c). 

Test concentrations were 6.0, 3.0, 1.5, 0.75, 0.38 mg/L MB 

and control. 

Survivorship and average dry weight between groups was 

analyzed using the USEPA Dunnett’s Program, version 1.1, to 

determine the chronic value (CV), no observable effects 

concentration (NOEC ) and lowest observable effects 

concentration (LOEC) for MB. 
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Effect of pH Changes on Larval Fathead Minnows 

Larval Sensitivity to Three Acids 

Twelve-400 ml acid-washed covered storage dishes were 

filled with 250 ml of filtered culture water. The pH of 

the test water in each container was lowered using 1 N 

solutions of H2S04, HCl, or H3PO4. Larvae were tested at 

PH 5.5, 5.0, 4.5, and 4.0 so that lethal concentrations (in 

this case pH) could be determined for each of the acids. 

Ten 24-h old larvae were placed in each container and 

incubated at 20°C. Twice daily during the 96-h period, the 

PH of each container was determined (Fisher Accumet model 

806) and adjusted to the target value by dropwise additions 

of the appropriate acid. Dead larvae were removed and 

survival was determined daily. LCs0s were determined by 

non-linear interpolation using a program developed by C. E. 

Stephan (1985; Duluth, MN). 

Effect of pH on Larval Growth 

Lab culture water (pH 7.65) was filtered, adjusted to 

the desired pH with 1N HCl or 1N NaOH and immediately 

poured into test containers. Test pH levels were 6.0, 7.0, 

8.0, 9.0, and 9.5. Ten larvae from the existing lab 

culture were placed in each of four replicate containers 

per pH level. Procedures for daily maintenance, test 

termination, and statistical analysis have been outlined 

previously. 

Adjustments to target pH were performed every 4-5 h 

during the day and every 8 to 12 h at night, which 

sometimes led to deviations up to 1.0 units from target 

PH. At each adjustment, initial and final (post- 

adjustment ) pH valves for each test container were 

recorded. Data for four replicates of each pH were 

pooled. The mean and standard deviation of the pooled pHs 

before and after adjustment was determined. Survival and 

mean dry weight of survivors was analyzed using the USEPA 
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Dunnett’s Program ver. 1.1 to determine which pH values 

significantly affected growth and survival. 

In an effort to reduce pH fluctuations experienced 

between adjustments, phosphate buffers were evaluated. 

These buffers were found toxic to larvae in concentrations 

which were effective at maintaining target pH. The 

triprotic acid, H3P04, and the tribasic salt, Na3z3P04, were 

chosen as _ substitutes to a true buffer system. A toxicity 

test was conducted as in the previously outlined test 

except that the pH of the test solutions was lowered by the 

addition of 1N H3P03 and raised with 1N NazsPO«. The levels 

of pH used were 4.5, 5.0, 6.0, 7.0, 8.0, 9.0, 9.5, and 

10.0. 
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RESULTS AND DISCUSSION 

The Effect of Age in Acute and Chronic Toxicity Tests. 

The 96 h Cd LCs0 values (Table 1), though varied, all 

fall within the USEPA recommended response range for 

fathead minnows of 0.10 - 0.41 mg Cd/L (USEPA, 1985b). The 

age of the larvae had an effect on their response. Two out 

of three groups containing larvae less than 24-h old had 

the lowest LCs0s of 0.13 and 0.14 mg Cd/L. These two 

values are below the lower confidence limits (CLs) of all 

Older age groups. The LCs0s for older groups, those over 

24 h old, are similar, having close to identical CLs. One 

observation in the egg only, MB exposure group with a LCs50 

of 0.32 mg Cd/L and CL of 0Q.27-0.38 is the major 

exception. Increased sensitivity in less-than-24-h old 

fish was not demonstrated in all tests, for example a LCs0 

of 0.20 for the unexposed 12-24 h group. 

Norberg and Mount (1984) used 48 h LCse data to 

determine the relative sensitivity of 4 cladoceran species 

to ammonia, organics and heavy metals. They characterized 

similar responses between groups as LCs0s which differ by 

no more than a factor of two. Using their criterion for 

difference, none of the responses in the acute tests would 

be considered different from one another, indicating that 

the need for stringent control of fish age in toxicity 

tests is unnecessary. In fact, EPA (1989) has loosened the 

requirements on the age of larvae used in subchronic 

toxicity tests to include 48-h old larvae, provided the 

range of age is not more than 24-h. 

Acute tests have not been previously used to compare 

the sensitivity of such short age intervals of fathead 

Minnow larvae. Inspection of the confidence intervals 

suggests that fish less than 24-h old are in fact more 
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Table 1. 96 h LCso values for larval fathead minnows exposed to 

acute levels of Cd metal. 

  

  

Methylene Blue Larval Age LCsq Upper and Lower 
Exposure Type (h) (mg Cdfl) Confidence Limits 

no exposure 1 - 24 0.13 0.10 - 0.16 
12 - 24 0.20 0.16 - 0.25 
24 - 48 0.18 0.14 - 0.22 
48 - 72 0.18 0.15 - 0.21 

egg only 12 - 24 0.14 0.10 - 0.18 
24 - 48 0.32 0.27 - 0.38 
24 - 48 0.20 0.16 - 0.24 

larvae only 24 - 48 0.21 0.15 - 0.28 

egg and larvae 24 - 48 0.22 0.18 - 0.27   
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susceptible. However, the low number of tests suggests 

that caution should be used in the interpretation of the 

data and more tests are needed to solidify the conclusions 

presented here. No other trends with respect to age or 

treatment were observed. 

Clinch River Power Plant (CRPP) effluent concentration 

had no effect on survival or growth of larval fathead 

Minnows (Tables 2 and 3). The effluent is coolant water 

dominated by copper (Cu) and zine (Zn) leached from 

condenser pipes. The summer of 1989 was marked with 

numerous storm events) and unfortunately, the effluent was 

sampled shortly after a storm event in southwest Virginia. 

During storms, the Clinch River carries a considerable silt 

load which may have sequestered a portion of the toxic 

metals. Copper and Zn were measured in the effluent as 143 

t 4.5 fg Cu/L and 24 t 7.4 bg Zn/L. Copper is well above 

the national water quality criteria value of 43 Fg Cu/L at 

a water hardness of 200 mg/L as CaCO3s (USEPA, 1980). 

However, the hardness of whole CRPP effluent averages 780 

mg/L (Table 4), leading to decreased toxicity of Cu. 

Survival was fairly constant and high within all age 

groups exposed to CRPP effluent. There was a significant 

difference in the growth response of the three age groups 

(p<0.0001). The data in Table 2 show no trend however, 

Since the 1-24 h and 60-72 h age groups grew larger than 

the 24-48 h group. 

Unfortunately, when working with larval fish, 

unexplained variation appears to be a fact. Many outside 

factors can be at work in the growth and survival of very 

young fish. As noted by Belanger et al. (1989) in work 

with cladocerans, nutritional factors of the parents has a 

noticeable effect on the response to metals. Breeding 

fathead minnows were fed Tetra Min liberally, occasionally 

supplemented with frozen adult brine shrimp. This food can 
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Table 2. Mean growth (mg) of three age groups of larval fathead 
minnows exposed to Clinch River Power Plant 
effluent. Each age group was subdivided into methylene 

blue (MB) exposed (EXP) and unexposed larvae (UNX).~ 

  

  

Age | Age 2 Age 3 
% Effluent 1-24h 24-48h 60 - 72h 

Concentration EXP UNX EXP UNX EXP UNX 

0.0 0.36 0.48 0.28 0.36 0.37 0.42 

2.5 0.46 0.52 0.32 0.34 0.48 0.48 

5.0 0.35 0.5] 0.27 0.32 0.40 0.38 

10.0 0.4) 0.47 0.30 0.32 0.51 0.48 

20.0 0.35 0.44 0.30 0.31 0.45 0.52 

100 0.30 0.43 0.32 0.39 0.41 0.51 

mean 0.37 + 0.05 0.48 + 0.03 0.30+ 0.02 0.34 + 0.03 044+ 0.05 0.47 + 0.05 
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Table 3. Mean proportional survival of three age groups of larval 
fathead minnows exposed to Clinch River Power Plant 
effluent. Each age group was subdivided into methylene 
blue (MB) exposed (EXP) and unexposed larvae (UNX). | 

  

  

Age 1 Age 2 Age 3 
% Effluent 1-24h 24-48h 60 - 72h 

Concentration EXP UNX EXP UNX EXP UNX 

0.0 0.85 0.80 0.95 0.90 1.0 0.90 

2.5 1.0 1.0 1.0 1.0 1.0 1.0 

5.0 1.0 0.90 1.0 1.0 1.0 1.0 

10.0 1.0 1.0 0.90 0.95 1.0 1.0 

20.0 1.0 1.0 0.95 0.90 0.90 1.0 

100 0.85 1.0 0.95 0.95 1.0 1.0 

mean 0.95 + 0.08 0.95 + 0.08 0.96 + 0.04 0.95 + 0.05 0.98 + 0.04 0.98 + 0.04 
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Table 4. Average initial and final water chemistry data for lab 
culture water (Lab), Clinch River Power Plant Effluent 
(CRPP), synthetic water (Ecosystem Simulation Water- 
ESW), and International Paper Company pulp mill 
effluent (IPCo). 

  

  

  

  

  

  

  

  

Parameter Initial Mean s.d. Final Mean s.d. 

Value Value 

Lab 
Dissolved 7.8 0.5 7.2 0.5 
Oxygen 

pH 7.66 0.20 7.34 0.20 
Conductivity 135 21 147 25 

Alkalinity 55 22.1 52 24.5 
Hardness 59 3.5 60 10.9 

CRPP 
Dissolved 8.1 0.2 7.2 0.3 

Oxygen 
pH 7.66 0.08 7.25 0.12 
Conductivity 1366 77 1371 80 
Alkalinity 36 2.2 36 5.3 
Hardness 780 20.0 830 14.1 

ESW 
Dissolved 8.1 0.2 6.4 0.3 
Oxygen 
pH 7.46 0.35 7.63 0.15 
Conductivity 895 172 887 128 
Alkalinity 68 3.5 72 2.9 
Hardness 150 ---- 110 17.3 

IPCo 
Dissolved 7.7 0.5 2.5 0.8 
Oxygen 
pH 8.02 0.46 8.24 0.08 
Conductivity 3517 226 3500 ---- 
Alkalinity 423 3.5 393 23.1 
Hardness 340 14.1 313 11.6     
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be regarded as ae standard for indoor culturing as it is 

used extensively in the tropical fish trade. It is 

possible that Tetra Min lacks constituents which affect 

fathead minnow nutrition. A small percentage of the 

breeding population were found having opercular 

malformations manifested as folded forward membranes and/or 

opercular bones. Extreme deformity of the opercular bone 

was rarely found on both sides of the fish, but malformed 

membranes on each operculum was common in inflicted fish. 

The only apparent effect of this deformity on the adult 

would be diminished ability for sustained activity because 

of decreased capacity to ventilate the gills; any effects 

on breeding are not known. If improperly balanced 

nutrition is not the cause, it is possible that the low 

hardness of the breeding system is (Table 4). These fish 

were obtained as juveniles and adults from a culture 

facility located in Cincinnati, OH. Water hardness for 

that facility is approximately 200 mg/L as CaCO3, compared 

to 40 mg/L here at Virginia Tech. In any event, fish with 

the deformity, when found, were not used for breeding 

purposes. 

Even though a larval fathead minnow does not have a 

large yolk like that of salmonids, nutritional status of 

the breeding female probably effects early growth and 

health of larvae. Rezgnick (1982) found that offspring size 

was affected by the quantity of resources devoted to 

reproduction in populations of Rivulus exposed to intense 

predation. Variable egg Size has been observed on 

harvested tiles, but the variation appears to be more from 

tile to tile rather than many different egg sizes on the 

same tile. Gale and Buynak (1978) found that satinfin 

shiners (Notropis analostanus) spawned up to 11 times 

during the breeding season. Egg size in the first spawn 

was significantly larger than those in the last spawn. 
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Subsequently, Gale and Buynak (1982) determined that the 

number of eggs spawned by fathead minnow breeding pairs was 

variable, but no trend with respect to age or time of 

breeding season was found. They did not look at egg size 

as a function of the the number of spawns in fathead 

minnows. A single female is capable of many spawns per 

week; and it would be interesting to know if egg size 

decreases with the number of spawns. Smaller larvae may 

find Artemia too large, begin feeding later, and grow 

slower in the first week of life. 

Larvae used in acute tests are not fed prior to 

testing. Logic would suggest that the older a larva is 

prior to testing, for example 48-72 h old, the poorer its 

performance would be during the 4 days of the acute test 

due to lack of feeding. However, the data show older fish 

as better performers in the test or, depending upon how one 

would look at the variation in data, at least as good as 

any group tested. The LCs0 of the no MB exposure, 48-72 h 

old group indicates that larval fathead minnows can survive 

at least 7 days (3 days prior to the test and 4 days of the 

test) without feeding and still retain their ability to 

survive dosages of toxicants comparable to their younger 

counterparts. 

In any group of larvae isolated for testing, a certain 

number will appear unfit for use in toxicity tests. 

Interestingly, batches of larvae where most individuals 

were actively swimming and looked healthy and other 

batches, from the same culture and presumably the same 

conditions, where the majority of larvae were slow, 

congregating near the bottom of the culture vessel and 

generally much different in character from the "healthy" 

batches have both been observed in this laboratory. As 

mentioned in previous sections, excessive yolk, skeletal 

deformities, lack of a swim bladder and poor movement and 
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activity have been observed as leading to high mortality in 

larvae. Unfortunately, the severity of these anomalies is 

a matter of degree, and it is to this that variation in 

fish response can be partially attributed. The person 

setting up a toxicity test can easily spot the larvae 

showing the greatest degree of abnormality and remove them 

from testing, but those showing previously unrecognized or 

lesser degrees of abnormalities, along with "healthy" 

larvae, get used in the tests. This is not to say that the 

majority of fish used in testing have abnormalities. It 

does suggest that variability in larval fish is great and 

though mortality in larvae may not result from this 

variation, growth and response to toxicant will vary 

accordingly. 
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The Effect of Prior Methylene Blue Exposure On Survival and 

Growth. 

The acute responses of larval fish exposed to MB as 

eggs, larvae, and both eggs and larvae were similar (Table 

1). Median lethal concentrations for Cd ranged from 0.14 

mg Cd/L to 0.32 mg Cd/L with the 12-24 h old, egg only 

exposure group being the most susceptible to Cd. 

Comparison of each LCs50 value with the CLs of other groups 

indicates that the youngest age group and one of the 24-48 

h old egg exposure groups) have LCso0s which do not fall 

within the CLs of any other MB exposed group. The LCsos 

for MB exposed larvae are slightly higher than those of 

unexposed larvae, but not significantly different. 

Since prior MB exposure apparently has no effect on 

the response of larvae to acute dosages of Cd, researchers 

doing acute tests could safely use MB prophylactically to 

ensure adequate numbers of hatched larvae. Whether egg 

and/or larval MB exposure has any effect on subsequent 

juvenile response is not known, but since juvenile stages 

are usually less responsive to toxicants than larvae, the 

results here would not indicate this to be the case. 

Fathead minnows exposed to MB as eggs and briefly as 

larvae prior to testing with CRPP effluent survived as well 

as larvae which were not previously exposed to MB (Table 

3). However, MB-exposed individuals were significantly 

smaller than unexposed larvae (p<0.0001) within each age 

group (interaction p=0.037; Table 2). As explained in the 

previous section, CRPP effluent was not chronically toxic 

at any concentration so it cannot be said that the lower 

growth in MB-exposed larvae is the result of increased 

sensitivity to the effluent. MB must exert a direct effect 

on larvae which lingers for an unspecified amount of time. 

Recovery from initial exposures seems possible because 
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growth in exposed larvae is not so low as to indicate that 

the larvae would not survive. Tests longer than 7 d would 

be necessary to determine if recovery is possible and what 

period of time brings it about. 

When eggs and larvae are exposed to MB, some larvae 

are dyed deep blue, others become slightly tinted, while 

still others do not possess’ the dye to any extent. The 

degree of dye in the tissues was highly variable and 

depended on the batch, some batches having the majority of 

larvae with slight blue tint in the tissue. Dead fish and 

eggs were always deeply dyed. In the test above, selection 

of larvae was not based on color. Larvae were randomly 

selected and poor specimens removed (characteristics of 

poor specimens are given in the preceding section). It 

seems likely that any toxic effect of MB exposure stays 

with the organism until MB is completely metabolized or 

excreted. In this case, the toxic effect is not manifested 

as decreased survival, but as a slower growth rate in the 

larvae. Since the growth of each fish in a replicate is 

pooled and analyzed statistically as mean weight per fish, 

individual differences in dye uptake and subsequent effects 

on growth have not been determined. 

Growth and survival of isolated blue-dyed (BD) larvae 

were compared to undyed (UD) and unexposed (UE) larvae in 5 

concentrations of CRPP effluent (Table 5). As in the 

previous experiment, the effluent had no effect on the fish 

even at the highest concentration. Dyed fish growth was 

lower than unexposed fish growth in 4 out of 6 

concentrations but was not significant (p=0.320). The blue- 

dyed group had _ significantly lower survival when compared 

to the other two groups (p=0.012). 

Length of exposure to MB had a significant effect on 

the growth and survival of larvae exposed to International 

Paper Company (Pine Bluff) pulp mill effluent (IPCo) in a 7- 
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Table 5. | Mean growth and proportional survival of blue-dyed 
(BD), undyed (UD), and unexposed (UE) fathead minnow 

larvae chronically exposed to Clinch River Power Plant 

effluent. 

% Effluent Group Growth s.d. Proportional s.d. 
Concentration (mg) Survival 

0.0 BD 0.23 0.01 0.75 0.21 

UD 0.34 0.05 0.95 0.07 

UE 0.36 0.02 1.00 2--- 

2.5 BD 0.25 0.05 0.65 0.07 

UD 0.24 0.05 0.80 ---- 

UE 0.37 0.04 0.90 ---- 

5.0 BD 0.32 0.15 0.60 0.14 

UD 0.36 0.01 0.95 0.07 

0.36 0.04 0.65 0.07 

10.0 BD 0.39 0.11 0.80 0.14 

UD 0.36 0.02 1.00 --+- 

VE 0.30 0.10 0.90 ---- 

20.0 BD 0.30 0.01 0.70 0.14 

UD 0.33 0.06 0.90 0.14 

0.27 0.04 0.90 0.14 

100 BD 0.33 0.06 0.95 0.07 
UD 0.31 0.02 0.85 0.14 

UE 0.41 0.07 0.95 0.07     
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dad test (Table 6). Constant MB exposure of eggs followed by 

24-48 h larval exposure (group 2) significantly decreased 

growth and survival in the test, p<0.0001 and p=0.017, 

respectively. Group response to toxicant stress was 

Similar, the NOEC and LOEC for both groups was 30.0% and 

100% effluent, respectively. 

The IPCo effluent has a high biological oxygen demand 

resulting in low dissolved oxygen (DO) within 24 h (Table 

4). Below 30% effluent, inspection of growth and survival 

as a function of effluent concentration indicates no direct 

effect of the effluent on fish except possibly for 

enhancement of fish growth. Differences in the response of 

larvae appear to be the result of length of MB exposure 

alone. Age of the fish may have been responsible for the 

differences seen between the two groups, however, contrary 

to previous tests, the older group grew less. It is 

apparent that MB exposure of larvae used in toxicity tests 

must be done with caution. Even short exposure of larvae 

may result in decreased growth and possibly decreased 

survival. In this test, MB exposures less than 24 h did 

not appear to affect growth and survival, given the data in 

Table 5, although no direct comparisons to unexposed larvae 

are available. Growth values greater than 0.25 mg and, 80% 

survival or more in control fish constitute a valid test by 

present USEPA (1989) standards. The USEPA values 

presumably take into account variation in growth commonly 

encountered in toxicity tests, and by these standards, data 

from both groups of larvae constitute valid toxicity 

bioassays for IPCo effluent. However, the effect of a more 

toxic effluent on larvae compromised by MB would give a 

better indication whether test failure can result from MB 

exposure. It is conceivable that combinations of effluent 

and receiving water which present a more rigorous 

environment than Ecosystem Simulation Water (ESW) and IPCo 
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Table 6. | Mean growth and proportional survival of fathead 
minnow larvae exposed to methylene blue for 24 h 
(group 1) or 48 h (group 2) and subsequently exposed to 
International Paper Co. (Pine Bluff) pulp mill effluent. 

  

  

% Effluent Group Growth _ s.d. Proportional _ s.d. 
Concentration (mg) Survival 

0.0 ] 0.51 0.02 1.00 ---- 
2 0.35 0.05 0.93 0.10 

2.5 l 0.60 0.02 1.00 ---- 
2 0.40 0.07 0.83 0.17 

5.0 1 0.66 0.07 0.80 ---- 
2 0.38 0.06 0.78 0.10 

10.0 l 0.58 0.01 1.00 ---- 
0.36 0.08 0.75 0.19 

30.0 ] 0.45 0.12 0.85 0.21 
2 0.31 0.02 0.78 0.13 

100 1 ---- ---- 0.00 ---- 
---- ---- 0.00 ---- 

mean* 1 0.56 0.08 0.93 0.10 
2 0.36 0.03 0.81 0.07     
  

*100% effluent concentration not included in the determination 

of means 

66



effluent could lead to lowered growth and survival in 

controls and thus, test failure. 

Growth and survival of blue-dyed individuals from 

populations exposed to MB during egg incubation and the 

larval period prior to test commencement ("constant 

exposure”) were not significantly different from that of 

undyed larvae in either experiment (p=0.194 and 0.363, 

respectively; Table 7). Survival of blue-dyed larvae was 

lower in both experiment 1 and 2, and standard deviations 

were more than twice that of undyed larvae but not 

Significant enough to overcome the variation in the undyed 

larvae that survived. Growth differences were observed 

between experiments 1 and 2 (p = 0.012). Mean dyed larval 

growth was 0.51 and 0.28 mg in exp. 1 and 2 respectively. 

Analysis of undyed larvae alone showed no observed growth 

differences between experiments. Since variability in dyed 

fish growth was expected and, there was no significant 

difference in growth between undyed fish in exp. 1 and 2 

(p=0.516), the two tests were pooled. 

In populations of fish exposed to MB during the egg 

incubation period, but not exposed as larvae ("egg-only 

exposure"), growth and survival of blue-dyed larvae was 

Similar to undyed larvae, p=0.416 and 0.194. Among the 

three experiments, growth and survival responses were 

Significantly different, p<0.0001. Separate analysis of 

undyed larval data determined significant differences in 

their response from test to test. Experiment 3 data was 

removed and the data reanalyzed. Growth and survival 

between blue-dyed and undyed larvae remained nonsignificant 

(p = 0.435 and 0.350 respectively). The unusually low 

growth and survival values in exp. 3 compared to exp. 1 and 

2 account for the the significant differences found among 

the experiments. 

In the four experiments to determine the response of 
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Table 7. Mean growth and proportional survival of blue-dyed (BD) 

and undyed larvae (UD) tested for 7-d in lab culture 
water. 

  

  

Exposure Experiment Age Group Growth s.d. Proportional _ s. d. 
to MB Number (h) (mg) Survival 

egg and i 24-48 BD 0.51 0.07 0.65 0.22 
larvae 0.43 0.12 0.80 0.10 

2 28 - 48 BD 0.28 0.03 0.81 0.19 

UD 0.37 0.05 0.93 0.06 

egg only 1 14 - 26 BD 0.54 0.08 0.76 0.32 
UD 0.58 0.01 0.97 0.06 

2 12 - 36 BD 0.58 0.03 0.97 0.06 

UD 0.55 0.02 0.97 0.06 

3 40 - 48 BD 0.33 0.11 0.20 0.10 

UD 0.41 0.05 0.40 0.10 

larvae only 1 12 - 24 BD 0.18 0.01 0.55 0.05 

UD 0.47 0.09 0.90 0.10 

2 24 - 48 BD 0.51 0.07 0.68 0.16 

UD 0.47 0.09 0.83 0.15 

3 28 - 48 BD 0.28 0.04 0.81 0.19 
UD 0.37 0.05 0.93 0.06 

4 23 - §2 BD 0.58 0.14 0.92 0.07 
UD 0.63 0.06 0.83 0.06   
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environment than Ecosystem Simulation Water (ESW) and IPCo 

fish exposed to MB as larvae only ("larval exposure"), 

growth and survival of blue-dyed fish were significantly 

lower than in undyed larvae (p=0.003 and 0.020, 

respectively). Differences were also found in the growth 

of larvae between experiments. Growth in both groups was 

highly variable: values for blue-dyed and undyed larvae 

ranged 0.18-0.58 mg and 0.37-0.63 mg, respectively. As in 

the two previous exposure types, the effect of dyed larvae 

growth on the observed growth differences between tests was 

determined by analysis of undyed larvae alone. Undyed 

larval growth responses were different from test to test 

(p=0.013). When dyed versus undyed fish responses were 

reanalyzed following removal of either of two outlying 

experiments, growth and survival between dyed and undyed 

larvae remained significantly different (p=0.007 and 

0.012). 

Interpretation of this data should be cautious. While 

the trend in lowered survival of dyed larvae is fairly 

strong, the variation in response of both dyed and undyed 

larval growth is more difficult to interpret. Two of the 

experiments (1 and 3) show a clear trend of lowered growth 

with low standard deviations for the values, and, it is 

these values which have a estrong influence on the 

statistical analysis. In the two remaining tests, 

decreased growth in dyed larvae is not demonstrated. 

Compared to the "egg only" and "constant" experiments, 

lowered survival and, quite possibly, growth impairment due 

to MB uptake are suggested by the “larvae. only" 

experiments. 

In retrospect, an unexposed control would have been 

helpful in determining how much natural variation was 

present in the tests and how much was attributable to MB 

exposure. In addition, each experiment was run on a 
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different day, sometimes using different populations. This 

factor alone may account for the variability among tests 

and possibly for the within test variability which could 

not be overcome by the statistics. 

The data from all three exposure types may suggest 

that acclimation to MB stress occurs as exposure time 

increases. Of the three groups, "larvae only" exposure was 

the Shortest at 0.5-2.2 days, and produced the most 

noticeable effects. "Egg only" and "constant" group 

exposure began as eggs leading to total exposure times of 4- 

5 days or more, but effects on growth and survival were 

more subtle or nonexistent in these two groups. Benson and 

Birge (1985) found acclimation to Cd and Cu in adult 

fathead minnows within 35-days of sublethal exposure due to 

increased metallothionein production. If the toxicity of 

MB can be attributed to the production of superoxide 

radical, it is possible that superoxide dismutase induction 

is responsible for the lack of statistically significant 

impairment in the "egg only" and "constant" groups. The 

chorion may act to limit the amount of MB which reaches the 

embryo therefore keeping the concentration sublethal until 

hatch (Michibata et al., 1987). The results show a 

difference in growth and survival based on the type of 

exposure used. Whether 5 days of sublethal exposure is 

sufficient to induce enzyme production in larval fish is 

worthy of further study. 

The uptake of dye by prophylactically treated larval 

fish was described earlier in this section. The average 

percentage (!t 1 standard deviation) of blue-dyed larvae in 

the "constant" exposure, "egg only" and "larvae. only" 

exposure groups was 26.6 (121.4), 20.4 (114.5), and 15.7% 

(*7.6), respectively. The percentage of undyed larvae in 

each group was approximately 70% (14.5). Whether larvae 

take in the dye as a function of their physiological state, 
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suggesting that unhealthy larvae do not have the ability to 

actively exclude MB, or accumulate more MB as_ their 

exposure time increases was not determined directly by this 

study. It would appear from the percentage of dyed fish in 

the "constant" exposure group that the longer a group of 

fish are exposed to MB, the more fish in the group become 

dyed blue. This could also help explain why the 

differences between dyed and undyed fish from the constant 

exposure group were not significant. As explained 

previously, the degree of dye in the tissues was highly 

variable in all batches of MB treated larvae. In the 

constant exposure group, choosing blue fish invariably led 

to selection of some fish containing lesser amounts of the 

dye and larvae chosen for the undyed group having small 

quantities of dye in the tissue. Following this 

hypothesis, all fish would show some impairment due to the 

lasting effects of MB, but this is not strongly validated 

by the data. 
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Acute and Chronic Toxicity of Methylene Blue in Larval 

Fathead Minnows 

The 24 h LC10, LCs50 and LC90 for MB at 20°C are 52.7, 

73.7 and 103.1 mg MB/L (Table 8). Twenty-four hour median 

lethal concentrations at 25° (temperature used for egg 

incubation) are not available due to insufficient mortality 

at MB levels less than 50 mg/L. Ninety-six hour LCio, LCs0 

and LCsos at 20'°C are 30.2, 52.7, and 91.9 mg MB/L. At 

25°C, the values drop to 4.2, 12.4, and 29.7 mg MB/L, 

respectively. Previously published 24-h LCsos for fish at 

18-22°C range from 27.5 to 188.5 mg/L in two species of 

adult catfish (Ahmad and Srivastava, 1983). Muller (1982) 

reports the 24-h LCs0 as 4.93 ppm with Daphnia magna, but 

does not give the test temperature. These values can be 

compared to 3 mg MB/L, the concentration recommended by > 

Herwig (1979) for prophylactic egg treatment. 

Results of tests to determine the chronic toxicity of 

MB in normal lab lighting and subdued lighting showed that 

survival under both types of illumination was similar 

(Table 9). The lowest observed effects concentration 

(LOEC) was computed as 3.0 mg MB/1 in both tests. The LOEC 

for larval growth in subdued lighting was higher than that 

of normal light (3.0 and 0.75 respectively) indicating a 

slightly less toxic effect in lower light. Average initial 

and final water chemistry were not significantly different 

(Table 10). 

The results of the preliminary and definitive acute 

tests at 20° were close, and differences between LCs0s can 

probably be attributed to larger intervals between 

concentrations in the preliminary test. By 96 h, the LCsos 

in the definitive test all fall within the CLs of the 

preliminary test and vice-versa. Mortality was gradual at 

concentrations less than 125 mg MB/L. Death was rapid 

above 125 mg/L, usually in less than 24 h. Below 50 mg/L, 
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Table 8. Probit 24 and 96 h LCjo9, LCsq and LCo9 values with 
associated confidence limits for 24-48 h old larval _ 
fathead minnows acutely exposed to methylene blue 
(MB). 

Temperature 24h Confidence 96h. Confidence 
(°C) (mg MB/1) Limit (mg MB/l) Limit 

20 LCio 44.3 33.7 - 51.8 24.7 16.0 - 31.4 

LCs0 67.1 58.6 - 76.8 45.9 37.6 - 54.4 

LCo99 101.6 86.7 - 135.2 85.2 69.8 - 119.8 

20 LCi0 52.7 45.7 - 58.1 30.2 20.6 - 37.4 

LCso 73.7 67.9 - 80.2 52.7 44.4 - 60.1 

LCog 103.1 93.0 - 120.2 91.9 79.2 - 116.5 

25 LC109 5.8 4.2 - 7.2 

LCs50 insufficient mortality 14.7 12.4 - 17.5 

LCoo 37.6 29.7 - 52.9     
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Table 9. Results of chronic methylene blue (MB) exposures to 24- 
48 h old larval fathead minnows in normal (35) and low 

  

  

light (0.4). 

Test Type Light Intensity NOEC LOEC Chronic Value 

(ft_- c) _(mg MB/1) (mg MB/I) _ (mg MB/)) 

rangefinding 
survival 35 0.00 3.00 0.00 
growth 35 0.00 3.00 0.00 

definitive 
survival 35 1.50 3.00 2.12 
growth 35 0.38 0.75 0.53 

definitive 
survival 0.4 1.50 3.00 2.12 
growth 0.4 1.50 3.00 2.12   
 



  

Table 10. Average initial and final water chemistry data for the 
methylene blue definitive chronic toxicity test. 

  

  

mg MB / 1 Dissolved s.d. pH s.d. Conductivity — s.d. 

Oxygen 

0.0 initial 8.1 0.1 7.75 0.18 133 3.5 
final 7.1 0.1 7.55 0.06 140 4.0 

3.0 initial 8.1 0.1 7.85 0.06 132 3.5 

final 7.1 --- 7.68 0.05 140 4.0 

6.0 initial 8.2 0.1 7.85 0.06 133 3.5 
final 7.2 --- 7.70 0.01 140 4.0 

12.0 initial 8.2 0.07 7.86 0.01 133 3.5 
final 6.9 0.2 7.65  ---- 140 4.0 

24.0 initial 8.2 --- 7.87 ---- 133 3.5 
final 7.1 0.1 7.69 0.02 140 4.0 

50.0 initial 8.1 --- 7.87  ---- 133 3.5 
final 7.2 0.1 7.72 0.01 140 4.0   
 



mortality was not common until 72 h. In 96h, only fish in 

the lowest concentration, 15 mg/L, were not affected by MB 

exposure. At concentrations greater than 125 ppm, the 

solution was very dark and the fish difficult to see. 

Acutely poisoned animals were heavily dyed, emaciated, and 

deformed. 

While the results at 20° indicate that MB can to be 

used at the present prophylactic treatment level of 3 ppm, 

the results at 25% cast doubt on its safe use. However, 

four days (96-h) of larval fish exposure to MB (as in the 

acute tests) does not represent a realistic exposure at 

either temperature and shorter exposures to larvae, such as 

less than 24-h, may be tolerated well. This is also 

indicated by Gutter et al. (1977), who determined that the 

photodynamic effect of MB was dependent on concentration 

and the duration of exposure. 

Knowledge of the 24-h LCs0 at 25° would benefit the 

discussion of MB uSage at this temperature, but 100% 

mortality was not observed in the highest concentration, 50 

mg/L, within the first 24-h. Repeating this test with the 

addition of 125 mg/L would produce the complete kill (in at 

least one concentration) required by the statistical 

analysis. As in the acute tests at 20°, mortality at 25° 

was gradual but only below 50 mg/L. In 24-h, no mortality 

was observed at 24 mg/L and below but in four days only the 

3 mg/L larvae were unaffected. 

Subchronic toxicity tests determined that MB 

concentrations at and above 3 mg/L significantly reduced 

growth and survival of larvae within 7-days of exposure. 

Selection of the concentrations used in the tests affected 

the NOECs and chronic values (ChV) observed between 

rangefinding and definitive tests. The lowest 

concentration in the rangefinding test and the highest in 

the definitive test was 3.0 mg/L. Given this difference in 
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the selection of concentrations, the results are in close 

agreement with one another indicating that the response of 

the larvae was similar between the tests and that MB 

toxicity is fairly constant. 

Safe levels for fish larvae have not been previously 

demonstrated in the literature. Adult Mystus vittatus did 

not survive longer than 56 din 7 ppm MB (Ahmed, 1984). 

Abrahams and Brown (1977) determined 10 ppm safe as a dip 

treatment but juvenile lobsters were completely killed by 1 

ppm in 7 days. From the present study, safe environmental 

concentrations are indicated by the NOEC as at or below 

0.38 ppm. 

Incubation of fathead minnow eggs in subdued light may 

increase the tolerance of larvae to MB, but the added 

benefit, manifested by an increase in the LOEC for growth, 

does not appear to be great enough to justify MB use even 

at 3.0 ppm. The effect of MB on survival in chronic tests 

did not change regardless of light intensity and may be the 

result of toxicity which cannot be attributed to the 

photosenstizing effect of MB; it may be caused by gill 

pathology as Ahmed (1984) suggests. However, MB effect on 

growth in these tests” may be useful in explaining the 

reduced growth of MB-treated larvae observed in previous 

tests. MB exposure was manifested as lower growth in the 

larvae exposed to normal laboratory lighting and a decrease 

in the LOEC from 3.0 to 0.75 mg/L. The shorter exposures 

used in the tests with CRPP and IPCo effluents also 

resulted in reduced growth in 7 d. Larvae with dye in 

their tissues appear to be impaired by the photosensitizing 

effect of MB as much as larvae which are constantly exposed 

to low levels of MB in light. This suggests that MB stays 

in the tissues of prophylactically-treated larvae long 

enough to compromise the fish and remains active until 

excreted. 
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The subchronic tests do not provide any information on 

how MB exposed larvae respond to toxicant stress. However, 

acute and chronic toxicity of MB in larval fathead minnows 

has currently not been investigated. Just how widespread 

MB. use is in obtaining bioassay larvae, and in the 

aquaculture industry as a whole, is not’ known. If 

culturists producing bioassay larvae follow the advice of 

Klemm (1985) without first consulting Herwig (1979), MB 

will be applied to eggs and possibly to larvae at acutely 

toxic levels (30 ppm). If safe levels are possible, the 

next step would be to determine their ability to protect 

developing eggs from fungal infection. A balance between 

prophylactic benefits and no observed effects for MB must 

be found in order to justify its continued use. 
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Effect of pH on Larval Growth and Survival 

The 96-h LCs0s for larvae tested in water adjusted 

with HCl, H2S04, and HsPOs4 were 4.70, 4.84, and 5.06 pH 

units respectively. All larvae in pH 4.0 died within 24 h 

regardless of the acid used (Table 11). Within 96 h, all 

larvae in pH 4.5 had died except those in water adjusted 

with HCl. The acids were equal in the ability to maintain 

target pH levels. Variation from target pH in periods 

between adjustments was up to 0.7 units. Based on the LCs0 

data, HCl was chosen for use in subsequent chronic testing 

because of lower toxicity associated with low pH levels. 

Phosphoric acid has previously not been used in 

toxicity tests, and the results here indicate there are 

other acids which are less toxic and therefore better for 

estimating the effect of hydrogen ion (H+) concentration on 

young fish. Both HC] and H2S0O4 have been used extensively 

in toxicity tests. Graham and Wood (1981) suggested that 

the chloride ion (Cl-) released upon ionization of HCl was 

less toxic than the sulphate ion (SOs *-) in acid water, 

but determined that toxicity depended on the hardness and 

the pH. They reported the 4-d LCso0s in soft water for 

rainbow trout as pH 3.98 and 4.20 for HCl and Hz2S0., 

respectively. Previously reported LCso0 values for H2S0s 

ranged 4.05-4.49 (Mount, 1973; Kwain, 1975). The 

discrepancy between the published results and those 

presented here may be explained by the age differences 

between the study organisms, 1-d old versus fingerling and 

adult, and possibly the species used, fathead minnow versus 

rainbow trout. The study by Johansson and Kihlstrom (1975) 

gives the LCs0 for for pike sac-fry in water acidified with 

HCl as between 5.0 and 4.2 in close agreement with the 

value determined here for larval fathead minnows. 

At pH 6.0 through 9.0, fathead minnow larvae survived 
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Table 11. Larval fathead minnow mortality at low pH and solution 
pH variability for three acids. 

  

  

Target pH Mortality Before Adjustment After Adjustment 
24-h  48-h  96-h pH + sd. pH + _s.d. 

IN HCl 

5.5 0 0 0 5.75 0.15 5.47 0.06 
5.0 0 0 l 5.16 0.19 4.95 0.06 
4.5 2 8 8 4.59 0.11 4.50 0.04 
4.0 10 -- -- 

IN H2SO4 

5.5 0 0 0 5.76 0.16 5.47 0.06 
5.0 0 0 2 5.25 0.27 4.98 0.03 
4.5 1 1 10 4.54 0.17 4.53 ---- 
4.0 10 -- -- 

IN H3PQ04 
5.5 0 0 0 5.65 0.14 5.49 0.04 
5.0 0 4 6 5.14 0.16 5.00 0.09 
4.5 2 10 -- 4.62 0.14 4.50 0.01 
4.0 10 -- -- 
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and grew equally well independent of the acids and bases 

used for pH adjustment (Tables 12 and 13). Below 6.0 and 

above 9.0, both survival and growth were more variable, or 

Significantly lower compared to pH 8.0. Adjusting pH with 

H3PO04 and Na3P0O4 led to lower proportional survival and an 

order of magnitude greater variability in growth compared 

to the test adjusted with HCl and NaOH. Proportional 

survival ranged from 0.2 to 0.7 in H3P04/Na3PO4 adjusted 

containers and 0.6 to 1.0 in HC1/NaOH. Average growth in 

the interval pH 6.0 to 9.0 was 0.35 (10.06) and 0.43 

(+0.01) in H3 POa /Na3 POs and HC1/NaOH, respectively. 

Unfortunately, the two tests were not run side-by-side so 

conclusions must be cautious and repetition of the 

experiment may be warranted. Deviation from target pH was 

about the same in both tests, averaging 0.5 units between 

adjustments. 

Ellis (1937) observed that 97% of sampled locations 

having "good" fish populations had pH values between 6.7 

and 8.6. It appears that larval fathead minnows’ can 

tolerate pH 6.0-9.0 with no effect on growth and survival. 

Belanger and Cherry (in press) determined that pH between 

6.1 and 9.0 had no effect on Ceriodaphnia dubia 

reproduction and survival in the presence and absence of 

metals. Further testing of larval fish in pH 6.0-9.0 in 

combination with toxicants will determine if fish are as 

insensitive as cladocerans. 

Mount and Norberg (1984) suggest that instantaneous 

changes in pH, as encountered at the start of some toxicity 

tests, are not tolerated well by cladocerans. Fathead 

minnows were not affected, as measured by 7-d survival and 

growth after the pH change, by instantaneous changes of 2.0 

units in the acid direction and less than 1.5 units in the 

alkaline direction. It is clearly evident, however, that 

the chemical used to adjust pH has a noticeable effect on 
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Table 12. Mean growth and proportional survival of fathead 
minnow larvae in lab culture water adjusted to target pH 
by 1N HCl and NaOH. 

Target pH Growth s. d. Survival _ s. d. Before Adjust. After Adjust. 

(mg) pH + s.d. pH + s.d. 

6.0 0.44 0.01 1.0 --- 6.22 0.14 5.91 0.05 

7.0 0.42 0.01 1.0 --- 7.04 0.12 6.95 0.07 

8.0 0.41 0.01 1.0 --- 7.65 0.15 8.25 0.12 

9.0 0.43 0.01 1.0 --- 8.41 0.25 9.11 0.06 

9.5 0.37 0.06 0.88 0.05 9.07 0.25 9.58 0.48   
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Table 13. Mean growth and proportional survival of fathead 
minnow larvae in lab culture water adjusted to target pH 
by IN H3P04 and Na3P0q4. 

Target pH Growth s. d. Survival — s. d. Before Adjust. After Adjust. 

(mg) pH + s.d. pH + s.d. 

4.5 ---- ---- 0 --- 4,70 0.15 4.38 0.20 

5.0 0.06 0.01 0.3 0.3 5.35 0.23 4.98 0.07 

6.0 0.27 0.07 0.7 0.2 6.33 0.28 5.98 0.05 

7.0 0.35 0.04 0.7 0.3. 7.31 0.21 7.00 0.05 

8.0 0.36 0.21 0.5 0.4 7.70 0.13 8.05 0.06 

9.0 0.42 0.20 0.2 0.2 8.30 0.21 9.02 0.04 

9.5 0.23 0.06 0.6 0.1 8.92 0.17 9.52 0.04 

10.0 ---- ---- 0 --- 9.64 0.21 10.01 0.06 
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the pH tolerance of larval fathead minnows. 

The wide fluctuations in pH between adjustments may 

also affect pH tolerance among the larvae. Peters (1983) 

found recovery in the mayfly, Isonychia bicolor, exposed to 

intermittent changes in pH, but the time in alkaline water 

was only 1h. Fish larvae in these tests were not allowed 

long periods for recovery because pH was adjusted to target 

levels every 12 h or less. Sprague (1973) suggested 

fluctuations greater than 0.5 units should be avoided. 

Fluctuations in tests reported in the literature ranged 

from 0.1 unit (Robinson et al., 1976; Edwards and Hjeldnes, 

1977; Graham and Wood, 1981) to as much as 1.5 units 

(Mount, 1973; Johansson and Kihlstrom, 1975), so those 

fluctuations seen in the tests here were expected but 

considered undesirable. 

The use of buffers to control pH was considered and 

found unacceptable. The test using H3P04 and NazPO4 was an 

attempt to control pH using the polyprotic and tribasic 

nature of these two compounds. However, this system was no 

more effective than HCl and NaOH and was toxic to larvae. 
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SUMMARY AND CONCLUSIONS 

THE EFFECT OF LARVAL AGE 

Stringent control over the age of larvae used in 7-d 

subchronic toxicity tests may not be necessary. The 

current USEPA test procedure clearly states the recommended 

age of larvae as less than 24 h, unless the larvae are 

purchased and shipped from a commercial dealer. Looser 

limits on the use of older age groups, up to 72-h old, can 

be very helpful for organizations and researchers who must 

rely on small cultures giving an intermittent supply of 

eggs, or who encounter occasional shortages of eggs due to 

natural and artificial factors. 

Acute tests with Cd indicate increased sensitivity of 

1-24 h old larvae compared to older larvae, but the 

responses of all age groups were within the recommended 

response interval suggested by the USEPA for fathead 

minnows. Unfed larval fish up to three days old prior to 

the start of the test had LCs50s at or above those of 

younger fish, indicating fathead minnow larvae are able to 

survive at least 7 d starvation without becoming more 

susceptible to acute concentrations of Cd. 

Using less than 24-h old larvae in 7-d toxicity tests 

does not appear to affect the outcome. Seven-day growth 

and survival of 1-24 h, 24-48 h, and 60-72 h old larvae 

were similar, but, because Clinch River Power Plant 

effluent was not toxic in 7 d, information on the relative 

sensitivity of each age group’ to toxicant stress is not 

known. Before regularly using age groups older’ than 

currently recommended, further testing should be done to 

determine if older age groups are considerably more or less 

sensitive than 24-h old fish. 

Nutritional factors of the adults has been suggested 
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by previous authors as influencing the the susceptibility 

of young to toxicants. Nutritional status of fathead 

minnow breeding pairs and quality of "Tetra Min" was not 

measured here but may explain the variation observed in the 

LCse0 and subchronic growth data. 

THE EFFECT OF METHYLENE BLUE USAGE 

Prior methylene blue exposure did not significantly 

affect the responses of larvae to acute levels of Cd 

compared to unexposed larvae. However, previously exposed 

larvae (3 ppm MB) grew less in 7 d than unexposed larvae 

when tested in copper-dominated power plant effluent. 

Length of prior exposure, 24-48 h compared to 1-24 h, 

Significantly affected the growth and survival of larvae 

tested for 7 d in pulp mill effluent. 

Methylene blue dyes the surficial tissues of some fish 

exposed as eggs or larvae. Three parts per million MB is 

not acutely toxic but exerts a chronically toxic effect 

which is manifested even after the larvae are removed from 

contact. Larvae seem to be more susceptible to MB than 

eggs. Longer larval exposures’ led to greater numbers of 

individuals possessing the dye in their tissues, by visual 

inspection. Eggs were exposed to MB for longer periods 

than larvae, 3-5 dvs. 1-2 d, but had the lowest percentage 

of dyed hatched larvae in the population. 

Methylene blue dyed individuals appear to be 

compromised to a greater extent than undyed individuals 

from the same exposed population. Survival was 

Significantly lower compared to undyed individuals over a 7- 

d period in various concentrations of power plant 

effluent. Blue-dyed larvae obtained by exposure to MB 

after hatch were significantly smaller and had lower 

survival than their undyed counterparts. 
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Unfortunately for this study, the degree of dye in the 

tissues was highly variable; fish were sometimes chosen 

based upon the degree of dye in the tissue and not on the 

presence or absence of dye. It was eventually determined 

that any dye in the tissues could lead to growth impairment 

measurable in 7 d. Therefore, some of the experimental 

runs did not adequately test dyed larvae growth and 

survival versus undyed growth and survival. 

The results suggest that caution be used when 

selecting larvae for toxicity tests from populations 

prophylactically treated with MB, and that large numbers of 

dyed fish in the population may lead to lowered growth and 

survival in 7-d subchronic toxicity tests. 

The acute toxicity of MB was determined for fathead 

minnows. At 20°C, the 24 and 96-h LCs50s were 73.7 and 52.7 

mg MB/L, respectively, and at 25°C, the 96-h LC50 was 12.4 

mg MB/L. 

Seven-day larval fathead minnow’ subchronic toxicity 

tests determined the MB chronic value as 2.12 mg/L for 

survival and 0.53 mg/L for growth. Incubation of a 

subsequent test in subdued light, 0.4 ft-c vs. 35 ft-c 

average light intensity, led to an increase in the growth 

chronic value to 2.12 mg/L indicating a slight decrease in 

toxicity. These data suggest that long exposures of larvae 

to MB concentrations greater than 0.5 mg/L should be 

avoided. 

The toxicity of MB is influenced by the intensity of 

light in the test incubation chambers. Methylene blue is 

in a group of chemicals which becomes exited to a high- 

energy state by visible light. Singlet oxygen and 

superoxide radical are produced upon its return to ground 

state. The toxic mode of action of MB can probably be 

attributed to two mechanisms. At concentrations greater 

than 3 ppm, MB exerted a direct toxic effect on the larvae, 
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possibly via damage to the gills as suggested by Ahmed 

(1984), which was manifested as decreased survival. At 

concentrations less than 3 ppm, superoxide radical 

formation may be responsible for increased sensitivity of 

the larvae to MB (either absorbed or in solution) in 

greater light intensities. The growth impairment observed 

in previous tests using MB exposed larvae may be explained 

by the production of superoxide radical in blue-dyed 

tissues long after the larvae have been removed from the MB 

solution. 

pH TOLERANCE OF LARVAL FATHEAD MINNOWS 

Of three acids tested, HCl was determined least toxic 

at pH 4.5, H2S04 was moderately toxic and H3P04 was most 

toxic. These results support previous studies which 

indicated that the chloride ion is less toxic than the 

sulphate ion. At pH 6.0 through 9.0, fathead minnow larvae 

survived and grew equally well independent of the acids and 

bases used for pH adjustment. Adjusting with H3P0O4 and 

Na3P0O4 in a 7-d test led to lower proportional survival and 

variability in growth an order of magnitude higher compared 

to the test adjusted with HCl and NaOH. 

Mount and Norberg (1984) suggested that cladocerans 

were negatively affected by instantaneous pH changes 

greater than 0.2 units. Larval fathead minnows easily 

tolerated instantaneous changes in pH 2.0 units lower and 

1.5 units higher than their incubation water as determined 

by 7-d growth and survival. Surface waters with average pH 

in the 6.0-9.0 range can be tested using the larval fathead 

minnow without significant interaction due to pH stress on 

the animals. 
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