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Abstract.  Several experiments were designed to examine the acute toxicity 
of surfactants to Daphnia. Specific tests were designed to develop compari- 
sons between existing acute toxicity data for fish and similar data for Daph- 
nia, and to provide data on the effects of various environmental factors on 
resultant toxicity of surfactants to Daphnia. 

Acute toxicity data for a series of homologous linear alkyl benzene 
sulfonates (LAS) demonstrate increases of up to one order of magnitude in 
toxicity for each increase of two alkyl carbons. LC 50's obtained with 
Daphnia magna are similar to those obtained with bluegills, L. Mac- 
rochirus. Comparative tests with D. magna and D. pulex indicate no statis- 
tical differences in 48-hr LC 50 values for three anionic and two nonionic 
surfactants. A 50 mg/L concentration of suspended, naturally-occurring 
kaolin significantly reduced the toxicity of longer chain length LAS 
homologs and had no effect on nonionic surfactant toxicity. 

In tests with variable hardness concentrations, the acute toxicity of 
LAS to D. magna is a combined function of both culture and test water 
hardness. The toxicity of a nonionic surfactant to D. magna was higher in 
soft water and was not affected by culture water hardness levels. 

Unlike previously published data for fish, the results of acute toxicity 
tests with D. magna cultures previously exposed to 0.4 mg/L LAS for 
periods up to seven generations indicated no significant difference in LAS 
susceptibility compared to simultaneously tested unexposed controls. 

The use of laboratory toxicity tests with aquatic species serves the important 
function of predicting the effects on aquatic life of chemical substances poten- 
tially released to surface water environments. As such, toxicity data for aquatic 
species is integral to the development of aquatic safety assessments for new or 
expanded-use chemicals and for the establishment of relevant water quality 
criteria. Traditionally, acute tests have been done with representative fish 
species since they are the most visible and economically significant component 
of most aquatic communities. Recently, as the utility of acute toxicity data for 
aquatic safety programs has been realized and the number of chemicals requir- 
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ing the submission of acute data in support of use or registration has increased, 
the demand for such data has produced increased interest in the use of inverte- 
brate species for the development of needed toxicity information. Representa- 
tives of the genus Daphnia have emerged as some of the more important test 
organisms and as such they typify the advantages of employing macroinverte- 
brates for development of toxicity data: ease of laboratory culture and mainte- 
nance in a strictly defined media, small culture space and water requirements 
when compared to fish, ease of handling and counting, small test volume re- 
quirements, significantly shorter life cycles, and greater disease resistance. 

This program was designed to examine, the application of Daphnia acute 
toxicity data to aquatic safety programs for the evaluation of effects of residual 
concentrations of surfactants potentially reaching surface water communities. 
Specific objectives were to: 

1. Examine the effects of changes in surfactant chemical structure on the 
biological activity as measured by acute toxicity to Daphnia, and com- 
pare effect concentrations with those published for fish species. 

2. Test the relative susceptibility ofD. magna and D. pulex to surfactant 
toxicity. 

3. Examine the effects of environmental variables such as presence of 
suspended solids, variable water hardness, and previous surfactant ex- 
posures or acclimation on the acute toxicity of several classes of surfac- 
tants. 

Materials and Methods 

Test Materials and Analyses 

The test materials employed in these investigations included both anionic and nonionic surfactants. 
The identifications and chemical descriptions are listed in Table 1. Since the surfactants were of 
varying degrees of activity, a determination of percent active material was performed on each 
material immediately prior to toxicity test initiation. A standard curve for each anionic homolog 
was obtained utilizing the analysis for methylene blue active substances (Amer. Pub. Health Assoc. 
1971). 

Table 1. Chemical characterization of the test surfactants. Generic names are used throughout the 
text 

Generic Name Structure Chemical Characterization 

C10 LAS through CHa - (CH2)x - CH8 
Cls LAS 

SOzNa + 
Linear alkyl ethoxylates CH~ - (CH~)x - (C2H40)yH 

C14AEx through C14AE~ 

Anionics, alkyl chain length 
range: C10-Cls, molecular 
weight range: 341-453 

Nonionics 
X =  13 
Y = l t o 9  
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Table 2. Dilution water quality for all Daphnia toxicity tests with surfactants 
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Parameter Concentration (mg/L) 

Hardness 120 mg/L as CaCO3 
pH 7.4 ___ 0.2 
Dissolved oxygen 8.5 - 9.5 
Nitrate <0.05 
Nitrite <0.05 
Copper <0.001 
Iron <0.05 
Lead <0.01 
Sodium 11.6 
Z inc  <0.001 

Water samples were taken from each test concentration at the termination of the 48-hr expo- 
sure period, preserved with 1% formaldehyde, analyzed by the MBAS procedure and compared 
with the standard curve for confirmation of expected nominal test concentrations. Results for the 
nonionic surfactants are based on nominal concentrations since accurate analytical methodologies 
for quantification of dilute aqueous concentrations of these materials are not available. 

Test Procedure 

The methods used for culture procedures and acute toxicity tests followed the guidelines estab- 
lished by the USEPA (EPA-660/3-75-009, 1975). The quality of the carbon-filtered well water used 
as dilution water for all tests is listed in Table 2. All tests were carried out at a constant temperature 
of 21 ___ I~ under a 16-hr illumination period. 

Prior to a test, adult Daphnia, sorted by size, were isolated in separate aquaria and the young 
produced overnight were tested the following day. In this manner, known age individuals, 24-hr old 
or less, were used to initiate all tests. The test containers were 250 ml Pyrex beakers with a total 
solution volume of 200 ml. The beakers were cleaned and sterilized after each test. Prior to use, the 
beakers were rinsed in hot tap water, brushed in 95% reagent grade alcohol, and rinsed in deionized 
water and allowed to dry. All tests were of 48-hr duration and all concentrations were done in 
triplicate. Five Daphnia were added with a glass pipet to each beaker at the test initiation. Mortality 
was recorded after 24 and 48-hr intervals. The individuals were not fed during the test. Results were 
analyzed using a computerized probit analysis program providing for calculation of LC 50 values 
and associated 95% confidence intervals (Finney 1971). 

Deviations from this standard method were employed for tests incorporating kaolin clay 
(Georgia origin, mean particle size 4/x). For these tests, 50 mg/L kaolin was added to a 4 L volume 
of dilution water and vigorously mixed. Five 1-L beakers were then filled with 600 ml of this 
suspension, placed on magnetic stirrers, and the required amounts of test surfactant added to 
achieve the desired test dilutions. The solutions were then vigorously mixed for 31) min and the 
three 200 ml replicates of each test concentration were decanted into the test containers. 

For tests designed to determine the effects of prior exposure or acclimation to sublethal 
concentrations of the anionic surfactant Cll.s LAS, D. magna was cultured in a 0.4 mg/L LAS 
concentration for periods of 24-hr (short-term exposures) up to seven continuous generations 
(long-term exposures) prior to comparative toxicity testing with unexposed individuals. During the 
long-term acclimation period, the 0.4 mg/L LAS concentrations in the culture chambers were 
replaced three times weekly to minimize degradation of the LAS. All tests were run simultaneously 
with unexposed individuals to examine the significance of the prior exposure on acute toxicity of 
LAS. 



602 A .W.  Maki and W. E. Bishop 

A 

E 
L ~  

1 0 0 . 0 -  

10.0 - 

1.0 

0.1 

�9 48 HR. LC50 DAPHNIA 
�9 96 HR. LC50 BLUEGILL 

LC50 

t 

'1 95% CONFIDENCE 
LIMITS 

I I I I I I 

Clo C12 C14 C16 C18 C20 

LAS ALKYL CHAIN LENGTH 
Fig. 1. The effect of variations in the alkyl carbon chain length of linear alkyl benzene sulfonate on 
resultant acute toxicity to Daphnia magna. 

Results and Discussion 

Structure: Act ivi ty  Correlations 

The effect  o f  an increase  in the alkyl  c a rbon  chain length o f  the anionic  surfac- 
tant ,  L A S ,  on result ing acute  toxici ty  is summar ized  in Figure 1. A n  increase  in 
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Fig. 2. The effect of variations in the ethoxylate distribution of nonionic surfactants on the resul- 
tant acute toxicity to Daphnia magna. 

toxicity of  approximately one order  of magnitude is demonstrated for each 
additional two carbons between Clo and C16, with a subsequent slight decrease 
at ClS. The acute toxicity measured as 48-hr LC 50 values drops consistently 
f rom 29.5 mg/L at C10 to 0.11 mg/L at C16, demonstrating a slight but statisti- 
cally insignifican t increase to 0.12 mg/L at C18. 

Also plotted in Figure 1 are the bluegill 96-hr LC 50 values for  the same 
homologous series of  anionic surfactants (A.D. Little 1977). These data demon- 
strate a similar relationship between increased toxicity and increasing alkyl 



604 A . W .  Maki and W. E. Bishop 

carbon chain length. Acute toxicity values for bluegill and Daphnia indicate 
that anionic surfactant toxicity data obtained for representatives of one trophic 
level may be extended to species of different trophic status within aquatic 
communities. 

Similar Daphnia toxicity tests completed with nonionic, linear alcohol 
ethoxylate surfactants with a constant alkyl carbon chain length of C,4 and an 
ethoxylate distribution ranging from AE1 to AE9 indicate that increasing ethox- 
ylate distribution causes a decrease in acute toxicity to Daphnia (Figure 2). The 
48-hr LC 50 value for C14AE1 is 0.83 mg/L, while the corresponding value for 
C,4AE9 is 10.1 mg/L, demonstrating greater than one order of magnitude de- 
crease in toxicity over this increased ethoxylate composition (Table 3). 

Consistent changes in biological activity, measured as acute toxicity to 
Daphnia, resulted from variation in chemical composition within these homol- 
ogous series of anionic and nonionic surfactants. These relationships demon- 
strate that it may be possible to predict subsequent toxicity of formulation 
changes for new materials by knowing precise chemical structure and basic 
toxicity data for representatives of the homologous series. Thus, individuals 
attempting to design safety assessment programs for new chemicals or indi- 
viduals attempting to establish water quality criteria have much to gain from an 
examination of data for similarly structured chemical substances. 

Species Comparison Testing 

Five surfactants representing three anionics and two nonionics were utilized 
during comparative acute toxicity tests with D. magna and D. pulex. All tests 
with a particular material were run simultaneously under similar conditions 
with young daphnids 24-hr old in an attempt to control any extraneous variables 

Table 3. Acute toxicity of homologous series of surfactants to Daphnia magna 

Anionic Surfactants 48 hr LC50 (ppm) 95% Confidence limits (ppm) 

C10 LAS 29.55 27.94 - 31.05 
Cn LAS 21.15 18.49 - 22.25 
Ca2 LAS 5.88 5.24 - 6.49 
C~3 LAS 2.63 2.37 - 2.85 
C,4 LAS 0.68 0.58 - 0.77 
C16 LAS 0.11 0.068 - 0.126 
C,8 LAS 0.12 0.074 - 0.154 

Nonionic Surfactants 48 hr  LC50 (ppm) 95% Confidence Limits (ppm) 

C14AE1 0.83 0.73 - 0.91 
C14AE2 1.53 1.18 - 1.97 
C14AE3 0.73 0.64 - 0.81 
C14AE 4 1.76 1.43 - 2.03 
C14AE6 4.17 3.05 - 6.02 
C14AE9 10.07 9 . 4 6 -  10.66 
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Table 4. Results of 48 hr acute toxicity tests with surfactants and two species of Daphnia 

48 hr LCS0 (mg/L) 

Test Material Daphnia magna Daphnia pulex 

6.84 8.62 
c12 LAS (5.29 - 8.46) (7.28 - 9.91) 

0.80 0.59 
C14 LAS (0.69 - 0.91) (0.51 - 0.~69) 

0.20 0.15 
C16 LAS (0.17 - 0.22) (0.13 - 0..17) 

0.14 0.10 
C14AE1 (0.11 - 0.16) (0.07 - 0.12) 

0.24 0.21 
C14AE4 (0.20 - 0.27) (0.18 - 0.23) 

otherwise influencing directional susceptibility of  the two test species. Results 
of  these comparat ive tests with anionics ranging from Cn to C16 LAS,  and the 
nonionics C14EAa and Ca4AE4, indicate that no statistically significant differ- 
ence can be shown between the 48-hr LC 50 values for  the two species (Table 
4). Slight differences existing between the two species are most likely due to the 
sample size--15 individuals from three replicates of  each test concentration.  
These differences would most likely be normalized with a higher number  of  
replicates. 

Representat ives of  the genus Daphnia have become some of  the more 
important  test organisms for aquatic safety evaluation programs, due to the 
relative ease of  laboratory culture and short generation times of  approximately 
eight days. Traditionally, the most popular Daphnia test species has been D. 
magna; however ,  recently,  questions have arisen over  the most appropriate 
Daphnia species for testing. Daphnia magna has a somewhat  limited geograph- 
ical distribution, being typically found in small, hard water  lakes (Brooks 1957). 
It has been argued that the more cosmopoli tan species, D. pulex, is a more valid 
test organism for water  quality demonstrat ions (Buikema et al. 1976). Such a 
conclusion, however ,  is not warranted by the available data. Using LC 50 
values as a measure of  acute toxicity, D. magna and D. pulex have been 
repor ted to exhibit virtually identical sensitivities to a wide variety of  organic 
and inorganic compounds (Canton and Adema 1978; Winner and Farrell 1976; 
Buikema et al. 1976). The similarity of  response for D. magna and D. pulex 
demonstra ted in this investigation indicates that both species are equally sensi- 
tive to anionic and nonionic surfactants. 

Effects o f  Suspended Solids on Surfactant Toxicity 

Numerous  investigators have examined the effects of  various physical and 
chemical environmental  factors on the toxicity of  surfactants to aquatic life. 
These studies have demonstrated that acute toxicity thresholds are generally 
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observed at lower concentrations of nonionic surfactants (Swedmark et al. 
1971) and anionic surfactants (Hokanson and Smith 1971) when test tempera- 
ture is increased. Similar studies examining the effects of variable concentra- 
tions of dissolved oxygen (Herbert et al. 1957; Hokanson and Smith 1971) and 
salinity concentrations (Eisler 1965) on the acute toxicity of surfactants have 
shown effect levels to be significantly lower at reduced oxygen concentrations 
and when tested at high and low salinity extremes. Little information, however, 
concerning the interactions of suspended solids with surfactant toxicity is cur- 
rently available. Since natural surface waters typically contain measurable 
concentrations of suspended inorganic sediments and intact surfactants are 
known to interact with these solids, it is reasonable to assume that toxicity tests 
completed with the presence of suspended sediments would closely model the 
chemical/physical complex likely to exist in surface waters to which unde- 
graded surfactants may have been discharged. 

The results of the present tests with Daphnia magna demonstrate variable 
toxicity, with interactive effects between the 50 mg/L suspension of kaolin 
clay, the chemical class of surfactant tested, and individual alkyl chain lengths 
(Table 5). For the anionic surfactants tested, the 48-hr LC 50 values were 
observed at significantly higher concentrations of both the C14and C18 
homologs, but no significant difference was observed with Cll LAS (Figure 3). 
The acute toxicity of the nonionic surfactants tested varied as a function of 
alkyl carbon chain length; however, there was no effect on the 48-hr LC 50 
values when kaolin clay was present (Table 5). 

The results of these tests with surfactants demonstrate that the presence of 
suspensions of purified, naturally occurring kaolin clay, significantly alters the 

Table  5. Effects  of  a 50 mg/L  suspens ion  of  kaolin clay on the  acute  toxicity of  a homologous  
series of  anionic surfactants  to Daphnia magna 

48 hr LC50 and Associa ted  95% Confidence Limits  (ppm) 

Anionic Surfactants  Without  Kaol in  With Kaolin 

Cll LAS 19.3 13.0 
(14.3 - 23.5) (5.1 - 17.4) 

C14 LAS 1.0 1.4 
( 0 . 9 4 -  1.1) ( 1 . 2 -  1.5) 

C18 LAS 0.09 0.18 
(0.07 - 0.11) (0.12 - 0.24) 

Nonionic  Suffactants  

C10AE 3 1.9 1.7 
(1.0 - 2.6) (1.1 - 2.3) 

C14AE3 0.12 0.12 
(0.08 - 0.16) (0.05 - 0.18) 

C18AEa young 5.0 - 20.0 <5.0  
adults >80.0 >80.0 
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Fig. 3. The influence of suspensions of naturally-occurring Kaolin clay on the acute toxicity of 
linear alkyl benzene sulfonate to Daphnia magna. 

observed acute toxicity threshold and LC 50 concentrat ion.  The proposed 
mechanism by which toxicity is reduced is believed to result from absorption of  
the surfactant on the clay and subsequent settling of this suspension in the test 
container,  with resultant loss of  active surfactant from solution. The degree of  
adsorption and subsequent observed loss of  toxicity is dependent  on the chemi- 
cal class and specific composit ion of  the surfactant. In general, the longer alkyl 
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chain length homologs of anionic surfactants demonstrate significant reduc- 
tions in toxicity in the presence of kaolin, while nonionic surfactants represent- 
ing a wide range of alkyl chain lengths appear unaffected by the suspended 
solids additions. These results lead to the conclusion that the addition of sus- 
pended solids to a toxicity test chamber can be important to testing designed to 
determine acceptable or nonhazardous concentrations of surfactants to aquatic 
life, but that the decision to employ solids during the testing procedure should 
be predicated on the demonstrated ability of the material in question to strongly 
adsorb to natural solids. In these instances, the addition of known solids is 
advisable to more closely simulate the physical/chemical form of test material 
existing in the environment. 

Effects of Hardness Ions 

Water hardness affects the toxicity of~ many chemicals in solution and the 
toxicity of surfactants has been variously reported to increase, decrease, or be 
unaffected by water hardness. (Abel 1974). Henderson et al. (1959) found 
nonionic toxicity to be unaffected by water hardness, but reported the anionic 
sodium alkyl sulphate to be more toxic in soft water. Hokanson and Smith 
(1971) reported the toxicity of LAS to be significantly greater in waters of 290 
mg/L CaCO3 than in waters of 15 mg/L CaCO3. 

The toxicity and bioconcentration of the anionic surfactant, sodium lauryl 
sulphate, were directly proportional to the hardness of the test solution and to 
the hardness of the water in which the fish were acclimated. (Tovell et al. 1974). 
Toxicity and bioconcentration were related to the concentration of divalent 
cations (Ca +2 of Mg +2) in the test solution. The toxicity and bioconcentration of 
a nonionic surfactant, C1~ alkyl ethoxylate, were inversely proportional to the 
test water hardness, and not related to the cation composition of the test solu- 
tion or to the hardness of the water in which the fish were acclimated (Tovell et 
al. 1975). 

The acute toxicity of LAS to D. magna is a function of both culture and 

T a b l e  6. Effects of culture and test  water  hardness  on the acute  toxici ty  of an anionic and nonionic  
surfactant  on Daphnia rnagna 

Culture Water Test Water 48 hr LC50 (95% Confidence Interval) b 

Type Hardness a Type Hardness Ctx.8 LAS Neodol 45-7 

Soft 50 Soft 25 7.1 (5.4-16.9) b .36 (.28-.45) 
Soft 50 Very hard 350 3.5 (2.9-4.1) .65 (.52-.79) 

Moderately bard 125 Soft 25 4.2 (3.2-6.0) .56 (.52-.74) 
Moderately hard 125 Very hard 350 4.0 (3.4-4.8) .62 (.48-.77) 

Hard 225 Soft 25 2.0 (.5-2.9) .36 (.28-.45) 
Hard 225 Very hard 350 3.2 (2.6-3.8) .88 (.64-1.90) 

Very hard 350 Soft 25 1.8 (.6-2.4) .36 (.28-.45) 
Very hard 350 Very hard 350 4.0 (3.1-5.0) .90 (.72-1.30) 

a mg/L as CaCOa 
b mg/L, based on nominal concentrations 
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test water  hardness (Table 6). In hard water the toxicity in LAS is independent  
of  culture conditions. In soft water,  however ,  the toxicity of  LAS is directly 
related to culture water  hardness levels. That  is, in soft water  LAS is signifi- 
cantly more toxic to Daphnia cultured at high hardness levels (figure 4). This 
apparent  discrepancy may indicate a significant additional physiological stress 
induced by testing high hardness acclimated Daphnia in low hardness test 
solutions. By allowing a sufficient time for acclimation to low hardness, a 
significant reduction of LAS toxicity in soft water  may be affected (Table 6). 

The nonionic surfactant, Neodol  1 45-7, was more toxic to Daphnia in soft 
water  (Table 6). The compound has a mixed alkyl chain length of  linear C14 and 
C~ and an average of  seven moles of  ethylene oxide per  mole of  alcohol. 
Fur thermore ,  the sensitivity of Daphnia to Neodol  was not condit ioned by the 

1 Neodol is a registered trademark of the Shell Chemical Company 
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Table 7. Acute toxicity of Cll.8 LAS to acclimated and unacclimated D. magna 

Acclimated a Unacclimated 

48 hr LC50 b 48 hr LC50 b 
Acclimation Period (95% Confidence Interval) (95% Confidence Interval) 

24 hr 2.4 2.9 
(2.1 - 2.7) (2.5 - 3.2) 

24 hr 2.8 2.5 
( 2 . 1  - 3 . 3 )  ( 1 . 7  - 3 . 1 )  

5 generations 3.2 4.3 
(2.0 - 4.0) (3.7 - 4.9) 

7 generations 2.6 3.0 
(1.8 - 3.3) (2.0 - 3.8) 

a Nominal LAS concentration = .4 mg/L 
b mg/L 

hardness  of  the water  in which the organisms were cultured (Figure 4). The 
results of  these investigations underscore  the importance  of documenting the 
quality of  test  dilution waters  and the culture conditions of  aquatic species used 
in toxicity evaluation programs.  

Effects of  Prior Surfactant Exposures 

Existing data indicate that fish are able to acclimate to surfactant  concentra-  
tions. A 30-day exposure  of  bluegill, L. macrochirus, to 3 mg/L ABS (alkyl 
benzene sulphonate) produced a 48-hr LC 50 63% higher than that of  unaccli- 
mated  control fish tested simultaneously (Lemke  and Mount  1965). Hokanson  
and Smith (1971) also found that acclimation of  bluegill to 0.5 mg/L LAS in- 
creased lethal threshold concentrat ions by 50 to 400% that of  unexposed con- 
trois at several  levels of  oxygen saturation. I f  aquatic life is able to acclimate to 
previous surfactant  exposure  with no effects on survival or reproduct ive pa- 
rameters ,  this capabili ty could have significance to natural surface water  com- 
munities existing in receiving waters  continuously exposed  to low background 
concentrat ions of  the surfactant,  indicating that results of  laboratory toxicity 
tests may  yield unnecessari ly restr ict ive values when projected to these real 
world populations.  

To determine if this acclimation effect also occurs in D. magna, cultures 
were exposed  to Cll.8 LAS at a residual concentrat ion of 0.4 mg/L,  selected as 
approximate ly  1/10 the 48-hr LC 50 concentrat ion,  for up to seven generations 
(approximat ley 14 weeks) .  Subsequent  tests with unexposed controls indicate 
no significant difference in the acute toxicity of  Cll.8 LAS to accl imated or 
unaccl imated cultures (Table 7), leading to the conclusion that previous expo- 
sure o fD.  magna to concentrat ions of  LAS as high as 1/10 the 48-hr LC 50 does 
not alter the sensitivity of  the organisms to acute effects. Caution should be 
used, therefore,  in extrapolating results of  acclimation repor ted for fish, to 
aquatic life in general.  
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Conclusions 

1. Data for a series of linear alkyl benzene sulfonates and a series of linear 
alkyl ethoxylates show regular and predictable effects of variation in chemi- 
cal structure on subsequent acute toxicity to D. magna. 

2. Comparative toxicity testing with D. magna and D. pulex and several 
anionic and nonionic surfactants indicated that both species have statisti- 
cally similar 48-hr LC 50 values and that both species are equally valid test 
organisms for investigators attempting to develop water quality information. 

3. Acute toxicity tests with D. magna and two surfactant types carried out in 
solutions with and without suspended kaolin clay, indicate that observed 
loss of toxicity is dependent on the chemical class and specific composition 
of the surfactant. While nonionics were generally unaffected, the C14 and C18 
alkyl chain lengths of LAS have reduced toxicity in the presence of kaolin. 

4. In hard water, the acute toxicity of LAS to D. magna is independent of  
culture conditions, while in soft water toxicity is directly related to culture 
water hardness. The acute toxicity of a nonionic surfactant was greater in 
soft water and was not affected by culture conditions. 

5. Acute toxicity tests with D. magna cultures previously exposed to 0.4 mg/L 
LAS for periods of up to seven generations indicated no significant differ- 
ence in LAS susceptibility compared to simultaneously tested unexposed 
controls. 

References 

Abel, P.D: Toxicity of synthetic detergents to fish and aquatic invertebrates. J. Fish Biol. 6, 279 
(1974). 

A. D. Little, Inc: Human safety and environmental aspects of major surfactants. (1977). 
American Public Health Association: Standard methods for the examination of water and wastewa- 

ter. 13 ed. APHA, AWWA, Water Pollution Control Federation, 1015 18th St., N. W., 
Washington, D. C. (1971). 

Brooks, J. L: The systematics of North American Daphnia. Mem. Conn. Acad. Arts Sci. 13, 
(1957). 

Buikema, A. L., D. R. Lee, and J. Cairns, Jr.: A screening bioassay using Daphnia pulex for 
refinery wastes discharged into freshwater. J. Testing and Evaluation. 4, 119 (1976). 

Canton, J. H., and D. M. M. Adema: Reproducibility of short-term and reproduction toxicity 
experiments with Daphnia magna and comparison of the sensitivity ofDaphnia magna with 
Daphnia pulex and Daphnia cucullata in short-term experiments. Hydrobiologia. 59, 135 
(1978). 

Eisler, R: Some effects of synthetic detergents on estuarine fish. Trans. Am. Fish. Soc. 94, 26 
(1965). 

U.S. Environmental Protection Agency: Methods for acute toxicity tests with fish, macroinverte- 
brates, and amphibians, EPA-660/3-75-009 Washington, D.C, (1975). 

Finney, D. J: Probit analysis. London:Cambridge University Press. (1971). 
Henderson, C., Q. H. Picketing, and I. M. Cohen: The toxicity of synthetic detergents and soaps to 

fish. Sew. Ind. Wastes 31,295 (1959). 
Herbert, D. W. M., G. H. J. Elkins, H. T. Mann, and J. Hemens: Toxicity of synthetic detergents 

to rainbow trout. Water Waste Treat. J. 6, 394 (1957). 
Hokanson, J. E. F., and L. L. Smith: Some factors influencing the toxicity of LAS to the bluegill. 

Trans. Am. Fish. Soc. 100, 1 (1971). 



612 A . W .  Maki and W. E. Bishop 

Lemke, A. E., and D. I. Mount: Some effects of alkyl benzene sulphonate on the bluegill, L. 
macrochirus. Trans. Am. Fish. Soc. 92, 373 (1963). 

Swedmark, M., B. Braaten, E. Amanuelsson, and A. Granmo: Biological effects of surface-active 
agents on marine animals. Mar. Biol. 9, 183 (1971). 

Tovell, P. W. A., C. Newsome, and D. Howes: Effect of water hardness on the toxicity of an 
anionic detergent to fish. Water Res. 8, 291 (1974). 

_ _  _ _ "  Effect of water hardness on the toxicity of a nonionic detergent to fish. 
Water Res. 9, 31 (1975). 

Winner, R. W., and M. P. Farrell: Acute and chronic toxicity of copper to four species ofDaphnia. 
J. Fish. Res. Board Can. 33, 1685 (1976). 

Manuscript received December 12, 1978; accepted January 11, 1979. 


