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Abstract-As a follow up to the recommendations of the September 1995 SETAC Pellston Workshop on Whole Effluent Toxicity 
(WET) on test methods and appropriate endpoints, thls paper will discuss the applications and statistical properties of using a 
statistical criterion of minimum significant difference (MSD). We examined the upper limits of acceptable MSDs as acceptance 
criterion in the case of normally distributed data. The implications of this approach are examined in terns of false negative rate 
as well as false positive rate. Results indicated that the proposed approach has reasonable statistical properties. Reproductive data 
from short-term chronic WET test with Ceriodaphnia dubia tests were used to demonstrate the applications of the proposed 
approach. The data were collected by the North Carolina Department of Environment, Health, and Natural Resources (Raleigh. 
NC, USA) as part of their National Pollutant Discharge Elimination System program. 
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INTRODUCTION icity test implies that a statistically nonsignificant result cannot 
be taken to imply the absence of a real toxic effect. The dif- 

The U.S. Environmental Protection Agency (U.S. EPA) and 
ficulty is seen clearly when noting that, if a toxin is in fact 

individual states in the United States are in the process of 
present, the statistical result that fails to find such a toxic effect 

implementing Clean Water Act Section 101(a)(3), which pro- 
is easier to obtain with a small study than with a large one. 

hibits the discharge of toxic pollutants in toxic amounts by 
Before drawing the conclusion of no significant toxic effect, 

requiring dischargers to conduct acute and chronic toxicity 
it is very important to consider the power of the test. Since 

testing with effluents and receiving waters. One recommen- 
in practice toxicity tests may often have low power and it is 

dation of a recent Pellston conference on whole effluent tox- 
not unusual to find tests that have 30% power or less, current 

icity testing (WET)was to explore how minimum significant 
statistical tests may provide inadequate protection against 

difference (MSD) and tests of bioequivalence can be used to 
drawing the wrong conclusion when the concentration does 

define statistical quality control criteria [I]. To address some 
have a toxic effect [4]. 

concerns in the application of hypothesis testing, the upper 
As noted by Hayes [4], power of the toxicity tests can he 

MSD limits as an additional test acceptability criterion for 
improved by increasing sample size, increasing the false pos- 

toxicity tests has been included in the chronic west coast ma- 
itive rate (a),decreasing the variability in response, or limiting 

rine methods manual [2]. Thursby et al. [3] have also suggested 
the analysis to detection of large differences between the treat- 

revision of the current acceptability requirements and rec-
ment and the control. Using limited sample size and fixed ol

ommended some changes of acceptance criteria based, in part, 
(0.05 or 0.01) level, toxicity tests often have poor power to 

on an empirical database of MSDs. In this paper, we propose 
detect small, hut biologically significant, effect. Denton and 

a statistical basis of selecting the limits of MSDs in a given 
WET test and then evaluate its statistical properties. 

Norberg-King [5] examined several U.S. EPA test methods 
using the current experimental design and based the 75th per- 

Current statistical approach and test design centile of MSD values at a power of 80% to determine the 
effect size. They recommended that power analysis can provide 

The current statistical approach in WET testing is the test useful information to regulators upon which to establish both 
of the null hypothesis H,: y. - I*, 5 0 versus a toxic effect test sensitivity (decrease the rate of false negatives) and min- 
alternative, H,: pc- y,> 0, where ir, and k, are the m e  imize the issue of excessive power (possible false positive 
population means of response of the control group (0% efflu- rates).
ent) and the effluent concentration group, respectively. The 
results from the tests that fail to reject the H, often lead to the Minimum significant difference-based criterion resting 
inference that a suspected toxicant does not deleteriously affect As a means of increasing the power of the statistical tests, 
test organisms. A lack of sufficient statistical power in a tox- the test methods require that toxicity tests meet some minimum 

standards in order to be valid and acceptable. For example, 
* To whom correspondence may be addressed survival in the control must be 80 or 90% for some tests to 

(r&esh.shuHa@uc.edu). 
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cussed elsewhere [6]. Some test methods require that the ob- 
served MSD must he below a setting upper limit to be ac- 
ceptable [5]. The inclusion of MSD limits as acceptance cri- 
teria for toxicity tests has recently received attention in the 
literature [I-3.51. 

METHODS 

The essential points for the MSD-limits approach proposed 
in literature can be summarized as follows. (1) Select an upper 
limit of acceptable MSDs. (2) Compare the observed MSD of 
a test to the upper limit established in step 1. Only when the 
observed MSD is less than the upper limit is the test considered 
acceptable. (3) If the test is acceptable according to step 2, 
theu and only then perform the formal statistical testing at the 
prespecified a level. If the test fails to achieve significance, 
conclude the effluent concentration has no toxic effect on test 
organisms; otherwise, declare the concentration is toxic to test 
organisms. 

We call this three-step process minimum significant dif- 
ference-based criterion testing (MSDBCT). An important de- 
sign issue for implementing MSDBCT is the selection of the 
upper limit in step 1. Some criteria for selecting upper limits 
based on the historical databases of MSDs have been suggested 
in the literature [3,5]. 

RESULTS 

Since the purpose of MSDBCT is to ensure the power of 
the toxicity tests, it is necessary to evaluate the power of any 
proposed MSDBCT In this article, we propose a way to es- 
tablish the upper limit of MSDBCT that takes the statistical 
power directly into consideration. We discuss the statistical 
rationale of the proposed MSDBCT and investigate the sta- 
tistical properties of the proposed MSDBCT according to the 
false negative rate and the false positive rate. We also illustrate 
three examples from a WET testing database to show the ap- 
plications of the proposed MSDBCT. 

In toxicity tests, one is interested in testing the null hy- 
pothesis of no difference, H,: (*, - k, 5 0. A level a test for 
the above null hypothesis is usually conducted by the SNdent's 
r statistics. Assume for simplicity that equal numbers of or- 
ganisms, say n organisms, are to be used in each group. Also 
assume we wish to detect a biologically significant level of 
mean difference in response, 0 (>O), between two groups with 
a power of at least 1 - p. To ensure this power requirement 
being satisfied, we propose an upper limit (MSD,,) of ac-
ceptable MSDs as 

where t,..,(x:-,,,) denotes the 1 - or (1 - a )  percentile of 
the ceutral t (x2) distribution with r (=2n - 2) degrees of 
freedom and 6,,e,, is the noncentrality ,parameter of the non- 
central t distribution associated with significance level a,pow-
er 1 - p, and degrees of freedom r. Tables 1 and 2 contain 
some t,_.,,, and 8...B.r for selected a, p, a, and r. (De-X: -,,,, 
tailed versions of these tables can be obtained from many 
textbooks, such as 171.) 

Let R, and R, denote sample means of response from the 
control and the effluent groups, respectively. Then the 
MSDBCT we propose consists of the following steps: (1) For 
specified choices of u,P, 9, a, and r, find the constants r ,-..,, 
vi  and 8 . frnm T a h l ~ c1 2nd 7 0-11 th-nor e l r e ~ x A p ~ ~  

Table 1. 1 - u (1 - n) percentile of the (x2)distribution with r 
deerees of freedom 

observed MSD from the test result as t , - . , , a ,  where s is 
the pooled within-test sample standard deviation. Compare the 
observed MSD with MSD.,, in step 1.If MSD 5 MSD.,,, go 
to step 3; otherwise, consider the test as unacceptable and stop. 
(3) Conclude that there exists no significant toxic effect if X, 
- X, 5 MSD; otherwise, declare that the particular effluent 
concentration has significant toxic effect on the test organisms. 

In words, the MSDBCT states that, if the observed MSD 
of a test is less than or equal to an established upper limit 
(MSD,,) and the null hypothesis of no difference in response 
between the control and the effluent concentration is not re- 
jected by the usual Student's r test, theu and only then conclude 
that there is no toxic effect. 

To apply the above MSDBCT to toxicity tests, the a,p, a ,  
and 8 must be chosen by the regulatory agency. For the purpose 
of illustrating the method on real examples, let us suppose the 
regulatory agency specified a priori the 95/25 rule for con- 
ducting the toxicity testing: If the mean response in effluent 
concentration group is not statistically significantly different 
from the mean response in the control group at the 0.05 level 
(a= 0.05) and if there is at least 95% power (p = 0.05) for 
detecting a 25% difference from the control mean (0 = 0.25p,), 
then a nontoxic result is concluded. 

Examples 

Table 3 contains the reproductive data of three selected 
toxicity tests from short-term chronic WET test with Cerio-
daphnia dubia tests. The data were collected b y  the North 
Carolina Department of Environment, Health, and Natural Re- 
sources (Raleigh, NC, USA) as part of their National Pollutant 
Discharge Elimination System program. 

The pooled control mean through all the tests of this da- 
tabase is 24.52 [8] so that we can reasonably assume that the 
unknown population mean of the control is kc = 24.52. 

The sample size n is 12 for each of the three tests in Table 
3; therefore, the degrees of freedom r = 22 for each test. 
According to the above 95/25 rule, o = 0.05, f3 = 0.05, and 
0 = 0 . 2 5 ~ ~  = 6.13. If we choose n = 0.05, theu = 0.25.24.52 
we obtain = = 33.92, and So,s,o,,,2,1.72, x $ , ~ ~ , ~ ~  = 3.40 
from Tables 1 and 2. 

Table 2. The noncentrality parameter of the noncentral r dishibution 
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Table 3. Reproduction data from a whole effluent toxicity testing with 
Ceriodaphnia 

Test A Test B Test C 

Control Effluent Control Effluent Control Effluent 

Example 1: Apply the MSDBCT to rest A in Table 3. 
1. Compute the MSD,., -according to Equation 1 as -

2. Calculate the observed MSD as 

X 10.69' + 11 X lo2 
MSD = r,_.,,s8 

-
- = 1.72 

ill -
22 

Since MSD > MSD,,, we conclude this test is unacceptable 
and stop. 

Based on a failure to attain a significant result (R, - R, = 
7 < MSD = 7.26) from the Student's t test, the test A found 
no toxic effect. Since the estimated post hoc power of detecting 
a mean difference of 6.13 for test A (assuming that the ob- 
served significant difference [S] can be taken to represent the 
population significant difference [u]) is only 41%. it is doubtful 
that the nonsignificant result from the Student's t test implies 
a nontoxic effect. The proposed MSDBCT prevents the Stu- 
dent's t test with a low power from declaring a nontoxic effect 
in this example. 

Example 2: Apply the MSDBCT ro test B in Table 3. 
1 .  Compute the MSD,., as in Example 1: MSD,, = 3.85. 
2. Calculate the observed MSD as 

MSD = 1.72 

Since MSD < MSD,,,, this test is acceptable and we go to 
step 3. 
3. R, - R,= 2.25, which is less than 3.71 (the observedMSD). 
Declare a nontoxic effect on the test organisms. 

Based on a failure to attain a significant result (X, - R, = 
2.25 < MSD = 3.71) from the Student's t test, test B found 
no toxic effect. Since the estimated power of detecting a mean 
difference of 6.13 for test B is 8 7 8 ,  it is unlikely that the null 
hypothesis of no difference (a nontoxic effect) would have 
been wrongly accepted by the Student's t test. The proposed 
MSDBCT leads to the same conclusion (a nontoxic effect) as 
the Student's t test with a high power does in this example. 

Example 3: Apply rlze MSDBCT to test C in Table 3. 
1 .  MSD = 3.85. 

11 X 3.82l + 11 X 3.13l
MSD = 1.72{ & = 2.45 

Since MSD < MSD,, this test is acceptable. We go to step 3. 
3. jL - X, = 2.75, which is larger than 2.45 (MSD). Declare 
a toxic effect on test organisms. 

Based on a significant result (ft, - X, = 2.75 > MSD = 
2.45) from the Student's t test, test C detected a toxic effect. 
Test C has a very high estimated power (99.5% for detecting 
a mean difference of 6.13). As can be expected, the proposed 
MSDBCT leads to the same conclusion (a toxic effect) as the 
Student's r test with a high power does in this example. 

Statistical rationale for the MSDBCT approach 

To test &: p. - p, 5 0 versus HI: pc - p, > 0 at a 
significance level ce and to ensure a power 1 - p to detect a 
biologically significant difference p, - p, = 0 between the 
control and the effluent concentration, the standard power ap- 
proach requires 

p { ~ ,- X, > MSD I p, - R = 0) 5 1 - (2) 

where MSD = t,+,'&. This power depends on unknown 
population variance u', which is estimated by the sample var- 
iance s'. It can be shown that the inequality in Equation 2 is 
guaranteed if the m e  population variance u2 satisfies the in- 
equality 

Since we do not know the true a', we cannot compare it with 
u2,,. Schuinnann [9] suggests using st 5 u2,., as a reasonable 
alternative to u2 5 u',,. Using this approach, the false neg- 
ative rate of the test (the probability of wrongly declaring no 
toxic effect when p, - I*., = 0) turns out to he noticeably 
smaller than the specified nominal level p if the degrees of 
freedom is finite. This is undesirable since the false positive 
rate (the probability of wrongly declaring toxic effect when 
p, - 5 0) will be increased well above nominal level or 
191. A better approach is to frame the question in the following 
hypothesis testing scenario: 

where urn,? is a known constant as defined in Equation.3. 
With usual assumptions, rs2/u2has a chi-squared distribu- 

tion with r degrees of freedom. Therefore, we reject H;, if and 
only if 

else we retain G.This is a uniformly most powerful unbiased 
test for testing & at the significance level [7]. 

Thus, an improved version of ensuring the power require- 
ment in Equation 2 consists of accepting the null hypothesis 
H,, declaring no toxic effect, if 
1. the HA (the hypothesis of at least 1 - P power to declare 
a toxic effect if pc- p, = 0) is not rejected, i.e., 

Since MSD = r,-,,, &and u;., = (n02)/[2(6 )'I. Equation 
4 is equivalent to saying 

t 1 -* ,~8/Lh " P n  < -- ,<, 
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Fig. 1. Probability of declaring a nontoxic effect when p,c - p,, = 9 
for the minimum significant difference-based criterion testing 
(MSDBCT) as a function of 91u with degrees of freedom 22 (-.-), 
50 (- ), and 100 (- - -1. 

2. The hypothesis H, (no difference in response between the 
control and the effluent concentration) is also not rejected, i.e., 

R, - X, 5 MSD (6) 

then we conclude that there exists no significant toxic effect. 
Combining Equations 5 and 6, we obtain the MSDBCT as 

suggested in the preceding sections. 

Statistical properties of the MSDBCT 
Given a = p = .rr = 0.05, Figure 1 provides the probabilities 

of declaring a nontoxic effect when &, - &, = 0 (the false 
negative rates) at various degrees of freedom r for the 
MSDBCT approach. It is seen that the probabilities depend on 
0Iu. The probabilities rise to the peaks of about 0.056.0.051, 
and 0.050 at Blu = 1.19, 0.85, and 0.61, corresponding to 
degrees of freedom 22, 50, and 100, respectively. 

Unlike the Schuirmann's [9] approach (as given by s' 5 u2 
and %, - R, 5 MSD), the maximum false negative rate of the 
MSDBCT approach is much closer to the nominal level of 
0.05. This is m e  for each degree of freedom. 

Figure 2 plots the probabilities of declaring a nontoxic ef- 
fect when t ~ ,  - )I, = 0 (1 - false positive rates) at various 
degrees of freedom r for the MSDBCT approach. It is seen 
that the probabilities are an increasing function of Blu. 

DISCUSSION 

In whole effluent toxicity testing, regulators have searched 
for ways to ensure that the power of the statistical test is 
sufficient to detect toxicity. The technique employed to control 
the power is setting some test acceptability criteria. These 
criteria are designed to provide adequate power to detect a 
biologically significant difference from the control [1,2,5]. Tra- 
ditional acceptance criteria focus primarily on response (sur- 
vival rate) in a control. Bailer and Oris [6] have examined the 
implications of defining test acceptability in terms of control 
survival rates on sample size requirements for detecting a stat- 
ed decrement in survival. The inclusion of MSD limits as 
additional criteria for toxicity tests has begun recently [I-3.51. 
This additional criterion is an improvement over traditional 
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Fig. 2. hobability of declaring a nontoxic effect when p,, - p,, = 0 
for the minimum significant difference-based criterion testing 
(MSDBCT) as a function of Olu with degrees of freedom 22 (-.-), 
50 (- ), and LOO (- - -). 

data. However, the effect of establishing an upper limit of 
acceptable MSDs to the toxicity tests has not been carefully 
examined. To the best of our knowledge, our paper is the first 
and only report to evaluate the performance of the MSDBCT 
according to the false negative (and false positive) rates ac- 
tually achieved by the MSDBCT 

The MSDBCT proposed in this paper demonstrates that the 
inclusion of MSD limits as acceptability criteria in whole ef- 
fluent toxicity testing can be made scientifically and statisti- 
cally sound provided one chooses the MSD limit (MSD,.,) 
according to Equation 1. The actual false negative rate of the 
proposed MSDBCT can be held very close to the nominal 
level. The actual false positive rates can also be evaluated, as 
shown in Figure 2. The approach of MSDBCT must perform 
satisfactorily for normally distributed endpoints. How this 
method performs when the assumptions are grossly violated 
remains to be shown. It may, however, be safe to state that, 
for mild to moderate deviations from the stated assumptions, 
the proposed method should perform reasonably well. 

The proposed MSDBCT can prevent the Student's t test 
with a low power from declaring a toxic test as nontoxic. On 
the other hand, the proposed MSDBCT will not change the 
result (significant or nonsignificant) from the Student's t test 
with a high power. 

An important design question for implementing the pro- 
posed MSDBCT is the choice of the value tl (a difference from 
the Control desired to he detected as statistically significant) 
and the corresponding power requirement. Thursby et al. [3] 
have suggested ways to select the value 0 (called the threshold 
value in their paper). In our examples, we have chosen 0 as 
25% of the control mean and required 95% power for the test 
to detect this difference. If we had required 80% power to 
detect this difference, MSD., computed according to Equation 
1 for the examples discussed in our paper would have been 
5.09 instead 3.85. 

CONCLUSION 

The MSDBCT can be applied to multiple concentration 
situations, but il does not address excessive statistical power 
problems for an individual test. The bioequivalence testing 

. . .  . . 
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methods including both freshwater and marine test species be  
examined for both the MSDBCT and bioequivalence testing 
approach before consideration for application in the W E T  test- 
ing program. 
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APPENDIX 

The MSDBCT i s  equivalent to accepting H,,thus declaring 
nontoxicity, if 

where x2 = (rs2)/u2has a central chi-squared distribution with 
r degrees of freedom and 

has the standard normal distribution. Furthermore, z and x2are 
statistically independent. From these facts, simulations are per-
formed to obtain all the probabilities plotted in all the figures 
for the MSDBCT with or = 0.05,p =0.05,and a = 0.05. 






