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ABSTRACT. In a hypothesis test, a researcher initially fixes a type I error rate, that is, the probability of
rejecting the null hypothesis given that it is true. In the case of means tests, it is important to present a
type I error that is equal to the nominal pre-fixed level, such that this error remains unchanged across
various scenarios, including the number of treatments, number of repetitions, and coefficient of variation.
The purpose of this study is to analyse and compare the following multiple comparison tests for the control
of both conditional and unconditional type I error rates, depending on a significant F-test in the analysis of
variance: Tukey, Duncan, Fisher’s least significant difference, Student—Newman-Keuls (SNK), and Scheffé.
As an application, we present a motivation study and develop a simulation study using the Monte Carlo
method for a total of 64 scenarios. In each simulated scenario, we estimate the comparison-wise and
experiment-wise error rates, conditional and unconditional on a significant result of the overall F-test of
analysis of variance for each of the five multiple comparison tests evaluated. The results indicate that the
application of the means tests based only on the significance of the F-test should be considered when
determining the error rates, as this can change them. In addition, we find that Fisher’s test controls for the
comparison-wise error rate, the Tukey and SNK tests control for the experiment-wise error rate, and the
Duncan and Fisher tests control for the conditional experiment-wise error rate. Scheffé’s test does not
control for any of the error rates considered.
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Introduction

In agricultural experiments, a common problem arises while conducting a comparison among treatments of
interest to determine the existence of a difference between them. The most common solution to this problem
lies in the application of the analysis of variance (ANOVA) (Girardi, Cargnelutti Filho, & Storck, 2009).

The overall F-test in ANOVA checks the hypothesis of equality for the population means of the treatments.
If the F-test is significant, then a comparison of means test is performed to investigate the possible differences
between the pairs of specific means or a linear combination of them (Saville, 2014).

One of the dilemmas involved in the means tests is their conditional application to a significant F-test.
According to Cardellino and Siewerdt (1992), this is a controversial question and should be investigated further.
Rodrigues, Piedade, and Lara (2016), for example, noticed divergent results between the overall F-test and the
means tests evaluated in their simulation study. In this motivational study, we present the agronomic experiment
of Henrique and Laca-Buendia (2010), which compares five cultivars and a new genotype of cotton, and show
divergent results between the overall F-test and certain means tests commonly used in agricultural research.
Nevertheless, many authors recommend applying means tests only on a significant result of the F-test in ANOVA.
Therefore, many questions remain to be answered in this field of study.

However, it is not possible to dissociate this study from the errors that can occur in a hypothesis test. This is
because when the hypothesis for an average contrast is analysed, the test, whether or not applied based only on a
significant result of the overall F-test, exhibits the probabilities of type I and type II errors, where the type I error rate
can be of the comparison-wise or experiment-wise type (Ramos & Vieira, 2014). The comparison-wise error rate is
the long-run proportion of the number of erroneous inferences observed divided by the total number of comparisons
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made; the experiment-wise error rate is the long-run proportion of the number of experiments conducted with at
least one erroneous inference divided by the total number of experiments (Boardman & Moffitt, 1971).

Several studies have been conducted to evaluate the means tests in relation to the type I error rate control
and to propose modifications in the tests that are aimed at controlling this rate (Biase & Ferreira, 2011; Souza,
Lira Junior, & Ferreira, 2012; Goncalves, Ramos, & Avelar, 2015). However, the analysis of these concepts
associated with the significance of the F-test requires an additional investigation.

In this context, the aim of this study is to analyse and compare the Tukey, Duncan, Fisher’s least significant
difference (Fisher’s LSD), Student—-Newman-Keuls (SNK), and Scheffé tests, which are used for conducting
pair-wise comparisons between the means, with respect to the control of type I error rates, which are
conditional and unconditional to a significant result of the overall ANOVA F-test.

Material and methods

Motivational study

We present an experiment conducted by Henrique and Laca-Buendia (2010), in which the aim was to
compare five cultivars and a new genotype of cotton (Gossypium hirsutum L. r. latiFolium Hutch). The
experiment was conducted in Uberaba, Minas Gerais State, Brazil, located at longitude 47°57°22” WGR,
latitude 19°44°6.82” S, and an altitude of 775 m.

The experiment was carried out in a randomised block design with six treatments and four replicates. The
plots consisted of four lines of 5 m with a 0.7 m spacing between the lines. The two central lines were
considered to have a useful area of 3.5 m2; the other two lines, one on each side, were the borders, with each
line being an equivalent of a total of 10 plants. In agricultural experiments, it is quite common to use a number
of repetitions equal to four, since the plots cover larger areas and more than one ‘individual’ is used per plot.

In the experiment, the following varieties were compared: Delta Opal (Delta and Pine), Delta Penta (Delta
and Pine), BRS-Cedro (EMBRAPA), IAC-25 (IAC), EPAMIG Precoce I, and the progeny IAC-06/191 (IAC). The
height of the first productive branch (average distance from the soil to the first branch in which there were
bolls, in centimetres) and final stand (total number of plants at harvest time) were among the evaluated traits.

In the context of the variable height of the first productive branch, the overall ANOVA F-test is found to
be significant at the 5% level, but the Scheffé test shows no difference between the means of the treatments
at the same level of significance (Table 1).

Table 1. Multiple comparisons applied to the data of the height of the first productive branch, in centimetres, for five cultivars and a
new genotype of cotton.

ANOVA F-test = 4,664*

Treatment Mean Tukey Duncan Fisher’s LSD SNK Scheffé
IAC-06/191 28.45 a a a a a
BRS-Cedro 25.55 ab a a ab a
IAC-25 22.25 ab ab ab ab a
Delta Opal 21.85 ab ab ab ab a
Delta Penta 18.15 b b b b a
EPAMIG Precoce I 17.40 b b b b a

*Significant at the 5% level; means followed by the same letter do not differ from each other at a significance level of 5%. The assumptions of normality
and homoscedasticity were verified using the Shapiro-Wilk test (p-value = 0.3399) and Bartlett test (p-value = 0.2617), respectively.

For the variable final stand, the ANOVA F-test is not significant, but Duncan’s and Fisher’s LSD tests show
differences between some of the treatment means (Table 2).

Table 2. Multiple comparisons applied to the data of the final stand of five cultivars and a new genotype of cotton.

ANOVA F-test = 2,648™

Treatment Mean Tukey Duncan Fisher’s LSD SNK Scheffé
Delta Penta 74.50 a a a a a
Delta Opal 73.75 a a a a a
BRS-Cedro 70.00 a ab a a a
IAC-25 66.75 a ab ab a a
TIAC-06/191 57.50 a ab ab a a
EPAMIG Precoce I 51.50 a b b a a

nsNot significant at the 5% level; means followed by the same letter do not differ from each other at a significance level of 5%. The assumptions of
normality and homoscedasticity were verified using the Shapiro-Wilk test (p-value = 0.1575) and Bartlett test (p-value = 0.6062), respectively.
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These results serve as the basis for establishing scenarios to study the type I error rates presented here,
since the means tests can be applied irrespective of whether the F-test is significant or not. A completely
randomised design was used to facilitate the simulation process, although the results can be applied to any
other type of experimental design.

Study of simulation

A total of 128,000 experiments were simulated using the Monte Carlo method with 2,000 for each scenario
for a total of 64 cases consisting of a combination of the following factors: 3, 5, 7, or 9 treatments; 3, 4, 10, or
20 replicates; and the coefficient of variation (CV) of 1, 5, 10, or 20%, without considering the treatment
effect. The experiments were simulated using a completely randomised design

Vij = L+ T g, i=1,..,a i=1,..,r1,

where y; represents the simulated value of the response obtained with the i-th treatment in its j-th repetition,
p is the mean that is arbitrarily set at 100, =i is the fixed effect of the i-th treatment (which is considered to be
null), and ¢ is the random error generated independently with a normal distribution having zero mean and a
standard deviation (c) varying according to the desired CV.

In all simulated scenarios, we ensured that the analyses were conducted based on the same randomly used
seed, such that possible differences did not occur due to a random error of the simulation process, but rather
due to the differences between the tests. Moreover, the nominal significance level adopted in all the cases
was 5%. To simulate the experimental data for performing statistical analyses, an algorithm was developed
using the R software (R Core Team, 2020).

Consequently, for each simulated scenario, the type I error rates were estimated by the comparisons and
experiments conducted for each of the five tests (Tukey, Duncan, Fisher’s LSD, SNK, and Scheffé). Furthermore,
these error rates were considered in two different aspects: (i) the multiple comparison procedure was applied
regardless of the overall F-test result, and (ii) it was applied only when the F-test was significant.

The comparison-wise error rate (o.) is defined as the ratio of the number of erroneous inferences, such
that p # ur when ; = py, to the total number of comparisons performed. Thus, by taking the demonstrative
scenario of a=3,r =3, and CV = 1%, the unconditional comparison-wise error rate can be estimated from the
ratio of the total number of erroneous inferences to the total number of inferences (in this case, 2,000
experiments x 3 contrasts per experiment = 6,000 contrasts).

In the case where the means tests are applied only if the overall ANOVA F-test is significant, the
comparison-wise error rate, that is conditional (a;), can be estimated empirically based on the total number
of type I errors observed in the experiments that presented a significant F-test and the total number of
inferences made. Taking the demonstrative scenario of a = 3, r = 3, and CV = 1%, while considering that out
of the 2,000 experiments simulated for this scenario, only 100 showed a significant result for the overall F-
test, this error rate can be estimated by the ratio of the total number of erroneous inferences made in 100
experiments to the total number of inferences (6,000 contrasts).

A second way to estimate the conditional comparison-wise error rate (o2) is to take the total number of
erroneous inferences within the experiments with a significant result for the overall F-test and divide it by
the total number of inferences made within these experiments. Considering the same scenario where a =3, r
=3, and CV = 1% and the number of 100 experiments with a significant overall F-test, this rate can be
estimated by the ratio of the total number of erroneous inferences made in the 100 experiments to the total
number of inferences made within these experiments (in this case, 100 experiments x 3 contrasts per
experiment = 300 contrasts).

Accordingly, the experiment-wise error rate (o.) is defined as the ratio of the number of experiments with
at least one erroneous inference (u; # pr when ; = ;) divided by the total number of experiments. Thus,
considering the scenario where a =3, r =3, and CV = 1%, the unconditional experiment-wise error rate can be
estimated by the ratio between the number of trials with at least one erroneous inference among the three
tested to the total number of experiments (in this case, 2,000).

The conditional experiment-wise error rate (as) can be estimated by taking the total number of
experiments that presented a significant overall F-test as well as at least one comparison resulting in a type I
error, which is divided by the total number of experiments. Considering that for the scenario where a=3,r =
3,and CV = 1%, out of the 2,000 experiments simulated, only 100 presented a significant result for the overall
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F-test, this error rate can be estimated by the ratio between the number of experiments (out of the 100
experiments) that presented at least one comparison resulting in a type I error and the total number of
experiments (2,000).

Moreover, the same rate can be estimated based on the experiments that presented a significant result
in the overall F-test. This rate (as) can then be calculated by dividing the total number of trials that
presented a significant F-test and at least one comparison resulting in a type I error by the total number
of trials out of the 2,000 trials with a significant F-test. For the scenario with a=3,r =3, and CV = 1%,
considering that out of the 2,000 experiments simulated, only 100 presented a significant result for the
overall F-test, this rate can be estimated by dividing the number of experiments (out of the 100) that
presented at least one comparison resulting in a type I error and a total of 2,000 experiments with a
significant overall F-test (in this case, 100).

To verify whether each of the rates differed from the established nominal significance level (o = 5%), a
lower limit of 0.038 and an upper limit of 0.063 were used, which were calculated from a 95% confidence
interval (CI) for the proportion p = 0.05, expressed as

Where z,» is the quantile value of the standard normal distribution at the « level of significance. Thus, the
rates within this interval were not considered to be different from the established nominal level.

Results and discussion

In the 64 scenarios formed by the combination of the number of treatments (a =3, 5, 7, and 9), the number
of repetitions (r = 3, 4, 10, and 20), and the CV (CV = 1%, 5%, 10%, and 20%), the error rates, do not present
differences with a high magnitude in the variation of the number of repetitions and the CV (Tables 3 to 6).
The same results were noted by Girardi et al. (2009), who presented the comparison-wise and experiment-
wise error rates for 80 scenarios formed by a variation in the number of treatments, number of repetitions,
and CV of the experiments.

In all the simulated scenarios, the comparison-wise error rates are lower than the experiment-wise error
rates (Tables 3 to 6) for the five multiple comparison tests evaluated, which is an expected result according to
Girardi et al. (2009); this is because the equality between them would be obtained only if the totality of the
contrasts was significant in all the experiments with at least a significant contrast.

Regarding the comparison-wise error rates ac, the behaviour of the Tukey, SNK, and Scheffé tests are
similar, since the presented estimates for this rate lie below the lower limit of the 95% CI calculated (0.0375)
in all simulated scenarios (Tables 3 to 6). In general, an increase in the number of treatments causes a decrease
in the error rate for these tests.

Further, the Duncan test presents the estimates for a. below the lower limit of the 95% CI in most
scenarios. However, for CV = 1%, the test shows that this rate can be controlled in most scenarios where a = 3
and a = 5; while for CV = 5%, 10%, and 20%, this rate can be controlled in scenarios with a = 3. Similar to the
Tukey, SNK, and Scheffé tests, an increase in the number of treatments causes a significant decrease in the
error rate in the Duncan test.

For Fisher’s LSD test, it is observed that the estimates obtained for the comparison-wise error rates o
always remain within the 95% CI calculated (Tables 3 to 6). In this case, the variation in the number of
treatments does not cause significant changes to the results.

Thus, with respect to ac, Fisher’s LSD test proves to be the only one that can control for this error rate
regardless of the number of treatments, repetitions, and the CV of the experiments; therefore, it is the most
robust test in this case. The Duncan test, in turn, lies in an intermediate situation; it controls for this rate
only in the scenarios in which the number of treatments is small, and is conservative in other cases. The
Tukey, SNK, and Scheffé tests exhibit the worst performance; they are conservative in all simulated scenarios.
In this case, the Scheffé test is the most conservative, followed by the Tukey and SNK tests.

In the context of the experiment-wise error rates oe, the Tukey and SNK tests exhibit a similar behaviour
by always presenting the estimates for this rate within the 95% CI (Tables 3 to 6). In both the cases, a variation
in the number of treatments does not significantly influence the results.
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Table 3. Type I error rates for multiple comparison tests according to the number of treatments (a) and the number of repetitions of
treatments (r) with coefficient of variation = 1%.

Unconditional rates on a significant ANOVA F-test
Tukey Duncan Fisher’s LSD SNK Scheffé
Oc Oe Olc Ole Oc Qe Oc e Oc Qe
3 0.0177. 0.0395 0.0430 0.0950e¢ 0.0500 0.1120ee 0.0257+ 0.0500 0.0175e 0.0390
0.0193e 0.0465 0.0443 0.0980¢ 0.0488 0.1115ee 0.0273e 0.0570 0.0133e 0.0335e
10  0.0192. 0.0490 0.0408 0.0965¢¢ 0.0482 0.1165¢ 0.0262¢ 0.0575 0.0153e 0.0395
20  0.0170e 0.0445 0.0362¢ 0.0850e¢ 0.0425 0.1030e¢ 0.0238e 0.0510 0.0128- 0.0325¢
3 0.0079+ 0.0495 0.0390 0.1800e¢ 0.0513 0.2420e+ 0.0123« 0.0620 0.0033¢ 0.0225¢
0.0074- 0.0540 0.0389 0.1990e¢ 0.0533 0.2610e¢ 0.0104- 0.0545 0.0033¢ 0.0260+
10  0.0071e 0.0480 0.0333¢ 0.1815¢¢ 0.0496 0.2625¢¢ 0.0103« 0.0515 0.0029+ 0.0230¢
20  0.0068e 0.0540 0.0316 0.1820e¢ 0.0495 0.2780e¢ 0.0094- 0.0585 0.0025¢ 0.0215¢
0.0047+ 0.0500 0.0370- 0.2770e¢ 0.0551 0.3940e¢ 0.0080+ 0.0580 0.0014- 0.0175¢
0.0032¢ 0.0455 0.0295e 0.2560¢¢ 0.0490 0.3930e¢ 0.0049- 0.0505 0.0008+ 0.0115e
10 0.0034. 0.0490 0.0265¢ 0.2605¢¢ 0.0479 0.4130e¢ 0.0046¢ 0.0500 0.0004+ 0.0080+
20  0.0030e 0.0455 0.0255¢ 0.2550e¢ 0.0479 0.4290e¢ 0.0041- 0.0460 0.0004+ 0.0055¢
3 0.0028 0.0460 0.0288e 0.3125e¢ 0.0494 0.4720e 0.0044- 0.0510 0.0003e 0.0080¢
0.0027+ 0.0530 0.0266¢ 0.32550¢ 0.0502 0.5025¢ 0.0046+ 0.0545 0.0002¢ 0.0045-
10  0.0017. 0.0450 0.0231. 0.3225e¢ 0.0578 0.5335e 0.0022¢ 0.0460 0.0001e 0.0025¢
20  0.0019e 0.0475 0.0233e 0.3300e¢ 0.0494 0.5470e0 0.0025¢ 0.0480 0.0000+ 0.0015¢
Conditional rates on a significant ANOVA F-test

[
—

O O O OV 1 91 9 3 U1 Ul Ul Ul I W W W
[¢)]

o1 a3 o1 a3 01 a3 251 (05 o1 (05
3 0.0175e 0.0390 0.0258¢ 0.0445 0.0258¢ 0.0445 0.0241- 0.0445 0.0175e 0.0390
4 0.0165+ 0.0380 0.0218- 0.0395 0.0218- 0.0395 0.0218- 0.0395 0.0133« 0.0335e
10  0.0181e 0.0460 0.0253¢ 0.0515 0.0253e 0.0515 0.0238- 0.0510 0.0153e 0.0395
20  0.0161e 0.0420 0.0230- 0.0470 0.0230¢ 0.0470 0.0220¢ 0.0460 0.0128« 0.0325¢
3 0.0073¢ 0.0445 0.0198- 0.0560 0.0210+ 0.0560 0.0112e 0.0515 0.0032¢ 0.0225¢
4 0.0062¢ 0.0425 0.0159¢ 0.0530 0.0188« 0.0530 0.0090- 0.0490 0.0033« 0.0260+
10 0.0062¢ 0.0390 0.0146¢ 0.0470 0.0162¢ 0.0470 0.0091- 0.0415 0.0029+ 0.0230+
20 0.0055¢ 0.0420 0.0142¢ 0.0535 0.0166¢ 0.0535 0.0079+ 0.0445 0.0024- 0.0215e
0.0045¢ 0.0480 0.0197. 0.0515 0.0230+ 0.0515 0.0070e 0.0525 0.0014- 0.0175e
4 0.0026¢ 0.0330¢ 0.0097+ 0.0415 0.0117e 0.0415 0.0037¢ 0.0345¢ 0.0007e 0.0115e
10 0.0026 0.0340¢ 0.0092¢ 0.0430 0.0115e 0.0430 0.0038e 0.0350¢ 0.0003e 0.0080¢
20 0.0023e 0.0315¢ 0.0085¢ 0.0430 0.0111e 0.0430 0.0032¢ 0.0315¢ 0.0003e 0.0055¢
3 0.0024- 0.0350¢ 0.0112e 0.0500 0.0137. 0.0500 0.0038e 0.0385 0.0003+ 0.0080+
0.0022¢ 0.0375 0.0099+ 0.0510 0.0134- 0.0510 0.0036¢ 0.0385 0.0002+ 0.0045¢
10 0.0012e 0.0295+ 0.0075¢ 0.0460 0.0113« 0.0460 0.0015e 0.0295¢ 0.0000+ 0.0025¢
20  0.0015e 0.0335¢ 0.0080+ 0.0475 0.0110+ 0.0475 0.0020¢ 0.0335¢ 0.0000+ 0.0015¢
o2 o [2%) o4 o2 o4 o o4 o 04
3 0.4487e¢  (0.8764ee 0.5805¢¢ 1.0000e  0.5805e 1.0000e+ 0.5753e 1.0000e¢ 0.4487 ¢ 0.8764-¢¢
4 0.4342¢¢  0.9620e¢ 0.5527¢e 1.0000ee  0.5527ee 1.0000e+ 0.5527¢e 1.0000e¢ 0.3980¢¢ 0.8481ee
10 0.3949e¢¢  0.8932ee 0.4919¢. 1.0000ee  0.4919ee 1.0000e+ 0.4863¢¢ 0.9902¢¢ 0.3881ee 0.7669¢¢
20 0.3849¢¢  0.8936¢¢ 0.4893e¢ 1.0000ee  0.4893e¢ 1.0000e¢ 0.4888e¢ 0.9787 e 0.3948e¢ 0.6914-¢¢
3 0.1651ee  0.7946¢¢ 0.3544 1.0000ee  0.3750ee 1.0000e¢ 0.2472e0 0.9196¢¢ 0.1444-.. 0.4017e¢
4 0.1470es  0.8018ee 0.3009¢¢ 1.0000e¢  0.3556¢¢ 1.0000ee 0.1989¢¢ 0.9245e¢ 0.1269¢¢ 0.4905¢¢
10 0.1589e¢  0.8297e¢ 0.3117ee 1.0000ee  0.3446¢¢ 1.0000¢+ 0.2287¢e 0.8829¢e 0.1260¢ 0.4893e¢
20 0.1321es  0.7850¢s  0.2663e¢ 1.0000ee  0.3102ee 1.0000ee  0.1827¢s  0.8317¢¢  0.1139¢e  0.4018ee
0.0952¢¢  0.5889¢¢ 0.2424-e 1.0000ee  0.2822e 1.0000¢ 0.1400e¢ 0.6441¢ 0.0816¢ 0.2147ee
4 0.0793es  0.7951ee 0.2352e¢ 1.0000es  0.2839ee 1.0000e+ 0.1125ee 0.8313ee 0.0662¢ 0.2771ee
10 0.0777e+  0.7906¢¢ 0.2159ee 1.0000e  0.2685¢¢ 1.0000e+ 0.1088e+ 0.8139e0 0.0476 0.1860e¢
20 0.0755e  0.7325ee 0.1993es 1.0000ee  0.2591ee 1.0000e+ 0.1035e¢ 0.7325¢¢ 0.0649¢ 0.1279e¢
3 0.0702es  0.7000ee 0.2244-¢0 1.0000e  0.2750e 1.0000e+ 0.1039e0 0.7700e¢ 0.0399 0.1600e¢
4 0.0600 0.7352e¢ 0.1944-. 1.0000es  0.2630e¢ 1.0000e+ 0.0950e¢ 0.7549¢e 0.0524 0.0882e¢
10 0.0428 0.6413¢¢ 0.1630ee 1.0000es  0.2469e¢ 1.0000e+ 0.0541 0.6413ee 0.0388 0.0543
20  0.0456 0.7052¢¢ 0.1687 e 1.0000ee  0.2318ee 1.0000¢¢ 0.0613 0.7052¢¢ 0.0277 0.0315

O O OV OV 1 9 9 Uttt W W W
w

O O OV OV N 9 9 Uttt KWW W
w

«Type I error rates below the lower limit of the 95% confidence interval (CI) (0.0375) for the empirical proportion of this rate. s Type I error rates above
the upper limit of the 95% CI (0.0625) for the empirical proportion of this rate.
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Table 4. Type I error rates of multiple comparison tests according to the number of treatments (a) and the number of repetitions of
treatments (r) with coefficient of variation = 5%.

Unconditional rates on a significant ANOVA F-test
Tukey Duncan Fisher’s LSD SNK Scheffé
Olc e Olc Ole Olc Ole Olc Qe Oc Ole
3 0.0201- 0.0470 0.0433 0.0925¢¢ 0.0471 0.1040e+ 0.0288- 0.0540 0.0163 0.0385
0.0215- 0.0510 0.0471 0.1025¢¢ 0.0516 0.1160e+ 0.0298- 0.0595 0.0160¢ 0.0365¢
10 0.0201. 0.0495 0.0398 0.0930e¢ 0.0471 0.1150e¢ 0.0255¢ 0.0530 0.0165¢ 0.0410
20  0.0173e 0.0450 0.0383 0.0885¢¢ 0.0455 0.1090e¢+ 0.0246¢ 0.0545 0.0130e 0.0345-
3 0.0075e 0.0470 0.0364- 0.1720e¢ 0.0483 0.2405¢¢ 0.0123e 0.0515 0.0034- 0.0255e
0.0064- 0.0445 0.0372e 0.1970e¢ 0.0512 0.2645¢¢ 0.0101. 0.0495 0.0029- 0.0220e
10 0.0074- 0.0525 0.0340- 0.1840e¢ 0.0502 0.2725¢¢ 0.0101. 0.0565 0.0030e 0.0225e
20 0.0059e 0.0480 0.0328e 0.1965¢¢ 0.0495 0.2815¢¢ 0.0081e 0.0530 0.0021e 0.0195-
0.0048- 0.0520 0.0354- 0.2765e¢ 0.0522 0.3850e¢ 0.0077. 0.0550 0.0013e 0.0140-
0.0035¢ 0.0450 0.0282. 0.2535¢¢ 0.0478 0.3910e¢ 0.0051. 0.0470 0.0008e 0.0115e
10 0.0031. 0.0470 0.0251e 0.2410e¢ 0.0449 0.4030e+ 0.0044- 0.0485 0.0005+ 0.0100e
20  0.0025e 0.0405 0.0251e 0.2510e¢ 0.0462 0.4160e+ 0.0038e 0.0420 0.0002¢ 0.0055¢
3 0.0023- 0.0415 0.0285e 0.3315e¢ 0.0622 0.4880++ 0.0033e 0.0430 0.0003 0.0075e
0.0040- 0.0445 0.0203- 0.3225¢¢ 0.0496 0.5085¢¢ 0.0058e 0.0460 0.0007+ 0.0080-
10 0.0020- 0.0490 0.0228e 0.3160e¢ 0.0475 0.5330e¢ 0.0026¢ 0.0505 0.0001e 0.0035e
20  0.0035e 0.0520 0.0287- 0.3260+¢ 0.0492 0.5535¢¢ 0.0030e 0.0530 0.0000¢ 0.0025-
Conditional rates on a significant ANOVA F-test

[
-
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(048 a3 o a3 [051 o3 051 a3 (041 a3

3 0.0193e 0.0445 0.0276¢ 0.0490 0.0276¢ 0.0490 0.0266¢ 0.0480 0.0163¢ 0.0385

0.0193e 0.0445 0.0276¢ 0.0485 0.0276¢ 0.0485 0.0256¢ 0.0485 0.0160¢ 0.0365¢
10 0.0188e 0.0455 0.0243¢ 0.0480 0.0243¢ 0.0480 0.0238¢ 0.0475 0.0165¢ 0.0410

20  0.0158e 0.0405 0.0231e 0.0460 0.0231e 0.0460 0.0215e 0.0460 0.0130¢ 0.0345¢
3 0.0068¢ 0.0405 0.0177¢ 0.0510 0.0188e 0.0510 0.0113e 0.0430 0.0034+ 0.0255¢
0.0056¢ 0.0365¢ 0.0158e 0.0465 0.0170e 0.0465 0.0092¢ 0.0400 0.0029¢ 0.0220e
10 0.0065¢ 0.0435 0.0153¢ 0.0515 0.0167¢ 0.0515 0.0088¢ 0.0460 0.0030¢ 0.0225¢
20 0.0047e 0.0365¢ 0.0130e 0.0475 0.0144- 0.0475 0.0069¢ 0.0395 0.0021e 0.0195¢
0.0043¢ 0.0410 0.0137¢ 0.0480 0.0154+ 0.0480 0.0065¢ 0.0410 0.0013e 0.0140e
0.0030¢ 0.0345¢ 0.0099+ 0.0425 0.0121e 0.0425 0.0042¢ 0.0355¢ 0.0008¢ 0.0115e
10 0.0025¢ 0.0355¢ 0.0095¢ 0.0440 0.0116¢ 0.0440 0.0037¢ 0.0365¢ 0.0005+ 0.0100e
20 0.0020e 0.0285¢ 0.0087¢ 0.0410 0.0105¢ 0.0410 0.0029¢ 0.0285¢ 0.0002¢ 0.0055¢
3 0.0021¢ 0.0345¢ 0.0103e 0.0445 0.0143e 0.0445 0.0030¢ 0.0355¢ 0.0003¢ 0.0075¢
0.0034+ 0.0350¢ 0.0135¢ 0.0510 0.0133e 0.0510 0.0049¢ 0.0365¢ 0.0007+ 0.0080¢
10 0.0016¢ 0.0330¢ 0.0080¢ 0.0480 0.0110e 0.0480 0.0020¢ 0.0330e 0.0001e 0.0035¢
20 0.0026e 0.0360¢ 0.0116¢ 0.0465 0.0106¢ 0.0465 0.0024 0.0370e 0.0000¢ 0.0025+

o2 04 o2 Q4 o2 (221 a2 04 a2 04

3 04344«  0.9081es  0.5646e¢  1.0000ee  0.5646e¢  1.0000es  0.5673¢s  0.9795¢¢  0.4242¢¢  (.7857e¢
0.4344e¢  0.9175¢¢  0.5704e¢  1.0000ee  0.5704se  1.0000ee  0.5641es  1.0000ee  0.4383ee  (.7525e¢
10 0.4139e¢  0.9479¢¢  0.5069¢¢  1.0000ee  0.5069¢¢  1.0000ee  0.5070es  0.9895¢¢  0.4024se  (0.8541ee
20  0.3909e¢  0.8804e¢  0.5036e¢  1.0000es  0.5036e¢  1.0000ee  0.4942¢¢  1.0000es  0.3768e¢  0.7500ee
3 0.1691ee  0.7941¢s  0.3470es  1.0000ee  0.3696e¢  1.0000ee  0.2658¢s  0.8431ee  0.1333ee 0.500e
0.1534e¢  (0.7849¢¢  0.3397¢s  1.0000e¢  0.3655e¢  1.0000ee  0.2358¢s  0.8602e¢  0.1318e¢  (0.4731ee
10 0.1505e¢  0.8446¢¢  0.2980es  1.0000ee  0.3252¢¢  1.0000e  0.1966e¢  0.8932e¢  0.1333ee  (.4368e¢
20 0.1301ee  0.7684e¢  0.2736e¢  1.0000es  0.3042e¢  1.0000ee  0.1828e¢  0.8315¢s  0.1102e¢  0.4105ee
0.1062e¢  0.8541ee  0.2867¢s  1.0000ee  0.3214e¢  1.0000ee  0.1602¢s  0.8541e¢  0.0969s¢  0.2916e¢¢
0.0869¢¢  0.8117e¢  0.2341ee 1.0000es  0.2868e¢ 1.0000s  0.1228¢¢  0.8352e¢  0.0724¢e 0.2705¢¢
10 0.0711ee  0.8068ee  0.2170ee 1.0000e¢  0.2635e¢ 1.0000ee  0.1005¢¢  0.8295ee 0.0524 0.2273ee
20 0.0710es  0.6951ee  0.2125ee 1.0000e¢  0.2566¢¢ 1.0000ee  0.1035¢¢  0.6951ee 0.0519 0.1341ee
3 0.0719¢¢  0.7752¢s  0.2315ee 1.0000es  0.3224e¢ 1.0000ee  0.0873e  0.7977ee 0.0407 0.1685¢¢
0.0996¢¢  0.6862¢¢  0.2660e¢ 1.0000es  0.2622e¢¢ 1.0000se  0.1396¢¢  0.7156e¢  0.0954ee 0.1568¢¢
10  0.0792es  0.6875¢¢  0.1684ee 1.0000es  0.2309ee 1.0000ee  0.0696¢¢  0.6875e¢ 0.0317 0.0729¢e
20  0.0744e¢  0.7741ee  0.2505ee 1.0000es  0.2290e¢ 1.0000ee  0.0669¢¢  0.7956e¢ 0.0277 0.0537

*Type I error rates below the lower limit of the 95% confidence interval (CI) (0.0375) for the empirical proportion of this rate. «sType I error rates above
the upper limit of the 95% CI (0.0625) for the empirical proportion of this rate.
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Table 5. Type I error rates of multiple comparison tests according to the number of treatments (a) and the number of repetitions of
treatments (r) with coefficient of variation = 10%.

Unconditional rates on a significant ANOVA F-test
Tukey Duncan Fisher’s LSD SNK Scheffé
Olc Ole Olc Qe Olc e Olc Qe Olc Ole
3 0.0211. 0.0495 0.0435 0.0940¢ 0.0482 0.1070e- 0.0291. 0.0540 0.0163 0.0395
0.0203- 0.0475 0.0451 0.0980¢ 0.0505 0.1140e- 0.0276¢ 0.0575 0.0158e 0.0375
10 0.0205- 0.0500 0.0416 0.0955¢ 0.0495 0.1190e- 0.0258e 0.0570 0.0163 0.0400
20 0.0178e 0.0465 0.0380 0.0865¢¢ 0.0455 0.1080e- 0.0253e 0.0575 0.0126¢ 0.0330e
3 0.0075e 0.0450 0.0359e 0.1735e 0.0495 0.2460¢ 0.0111. 0.0515 0.0034- 0.0230e
4 0.0064 0.0455 0.0365¢ 0.1915ee 0.0506 0.2645¢¢ 0.0098- 0.0515 0.0029- 0.0235e
10  0.0078e 0.0560 0.0337. 0.1845¢ 0.0505 0.2785¢ 0.0107- 0.0585 0.0030e 0.0220e
20 0.0058e 0.0490 0.0323e 0.1970ee 0.0496 0.2865¢¢ 0.0083e 0.0555 0.0022¢ 0.0190e
0.0050e 0.0540 0.0271e 0.2750e 0.0493 0.3830e- 0.0079+ 0.0565 0.0015- 0.0140-
4 0.0033e 0.0450 0.0280- 0.2495¢ 0.0485 0.3895¢ 0.0050e 0.0455 0.0007 0.0105-
10 0.0029e 0.0475 0.0252¢ 0.2380e 0.0471 0.4015ee 0.0043- 0.0500 0.0005¢ 0.0095+
20 0.0026¢ 0.0405 0.0249- 0.2535e 0.0483 0.4190e- 0.0040- 0.0430 0.0003 0.0060¢
3 0.0022e 0.0435 0.0283e 0.3250e 0.0493 0.4900¢+ 0.0033e 0.0435 0.0002¢ 0.0080¢
0.0025e 0.0475 0.0264- 0.3205¢ 0.0495 0.5060¢¢ 0.0035e 0.0485 0.0003 0.0080¢
10 0.0032e 0.0520 0.0227- 0.3115ee 0.0474 0.5330ee 0.0038e 0.0535 0.0001e 0.0040-
20  0.0020- 0.0505 0.0295- 0.3230ee 0.0485 0.5560¢ 0.0028e 0.0525 0.0000- 0.0025-
Conditional rates on a significant ANOVA F-test

j+]
-

O O VOV OV 1 9 99 90 U1 Ll W W
(o)}

a1 a3 a1 a3 [081 o3 (058 a3 (058 a3

3 0.0198e 0.0455 0.0271e 0.0470 0.0271e 0.0470 0.0268¢ 0.0470 0.0163¢ 0.0395

4 0.0186¢ 0.0425 0.0286¢ 0.0510 0.0286¢ 0.0510 0.0250¢ 0.0500 0.0158e 0.0375

10 0.0183e 0.0435 0.0250e 0.0480 0.0250¢ 0.0480 0.0230¢ 0.0480 0.0163¢ 0.0400

20 0.0170e 0.0440 0.0238¢ 0.0490 0.0238¢ 0.0490 0.0218e 0.0490 0.0126¢ 0.0330¢
3 0.0070¢ 0.0400 0.0177e 0.0510 0.0191. 0.0510 0.0104- 0.0440 0.0034+ 0.0230¢
0.0056¢ 0.0370¢ 0.0154- 0.0475 0.0169¢ 0.0475 0.0086¢ 0.0400 0.0029¢ 0.0235e
10 0.0067e 0.0450 0.0151e 0.0510 0.0168¢ 0.0510 0.0092¢ 0.0460 0.0030¢ 0.0220¢
20 0.0047e 0.0375 0.0128e 0.0485 0.0146¢ 0.0485 0.0069¢ 0.0410 0.0022¢ 0.0190¢
0.0044+ 0.0415 0.0173e 0.0515 0.0191. 0.0515 0.0066¢ 0.0425 0.0015e 0.0140¢
4 0.0027+ 0.0330¢ 0.0105¢ 0.0455 0.0130¢ 0.0455 0.0041e 0.0330¢ 0.0007« 0.0105+
10 0.0023e 0.0350¢ 0.0097+ 0.0430 0.0118e 0.0430 0.0034+ 0.0365¢ 0.0005¢ 0.0095¢
20 0.0021e 0.0300¢ 0.0086¢ 0.0425 0.0111e 0.0425 0.0032¢ 0.0310¢ 0.0003 0.0060¢
3 0.0020¢ 0.0360¢ 0.0103¢ 0.0460 0.0131e 0.0460 0.0030¢ 0.0360¢ 0.0002¢ 0.0080¢
4 0.0022¢ 0.0380 0.0106¢ 0.0530 0.0136¢ 0.0530 0.0031e 0.0390 0.0003 0.0080¢
10 0.0023e 0.0350¢ 0.0079¢ 0.0470 0.0109¢ 0.0470 0.0027¢ 0.0355¢ 0.0001e 0.0040¢
20 0.0016e 0.0370¢ 0.0075¢ 0.0490 0.0106¢ 0.0490 0.0023 0.0385 0.0000¢ 0.0025+

Qa2 o4 Qa2 o4 [4¥] o4 [2¥] [0 21 [2¥] Q4

3 0.4358e¢  0.9680ee  0.5780e¢ 1.0000e  0.5780e 1.0000se  0.5770e  1.0000¢s  0.4135¢¢  0.8404e
0.4392¢¢  0.8333e¢  (0.5620e¢ 1.0000e  0.5620e 1.0000se  0.5555¢¢  0.9803¢s  0.4222¢¢  (.7352e¢
10 0.4214¢«  0.9062e¢  0.5208e¢ 1.0000ee  0.5208es 1.0000se  0.5111ee  1.0000¢s  0.4083e¢  (.8333¢¢
20 0.3863e¢  0.8979¢¢  (0.4863ee 1.0000es  0.4863e¢ 1.0000ee  0.4746e+  1.0000ee  0.3838¢s  (0.6734ee¢
3 0.1762e¢  0.7843¢  0.3470ee 1.0000ee  0.3745e¢ 1.0000s  0.2476¢¢  0.8627¢s  0.1500e¢  0.4509e¢
4 0.1513es  0.7789e¢  0.3242e¢ 1.0000ee  0.3557es 1.0000s  0.2205e¢  0.8421es  0.1255¢¢  (0.4947e¢
10 0.1500e  0.8823e¢  0.2970e¢ 1.0000¢s  0.3294ee 1.0000ee  0.2044e+  0.9019¢¢  0.1363¢  (0.4313ee
0.1253e¢  0.7731ee  0.2639e¢ 1.0000es  0.3010ee 1.0000s  0.1792¢¢  0.8453¢¢  0.1157¢¢  0.3917ee
3 0.1061ee  0.8058e¢  0.3365e¢¢ 1.0000es  0.3726¢¢ 1.0000s  0.1592¢¢  0.8252¢¢  0.1071ee  0.2718es
4 0.0836es  0.7252¢¢  0.2328ee 1.0000es  0.2878ee 1.0000ee  0.1248e¢  0.7252¢¢  0.0725¢¢  0.2307e¢
10 0.0673se  0.8139e¢  0.2275e¢ 1.0000es  0.2763¢ 1.0000es  0.0979e¢  (0.8488ee 0.0526 0.2209¢¢
20 0.0706e  0.7058e¢  0.2044es 1.0000es  0.2621ee 1.0000se  0.1059¢¢  0.7294ee 0.0515 0.1411ee
0.0555 0.7826e¢  0.2255e¢ 1.0000s  0.2865¢¢ 1.0000se  0.0852e¢  (.7826¢¢ 0.0364 0.1739e¢
0.0592 0.7169e¢  0.2017ee 1.0000ee  0.2570es 1.0000s  0.0826e¢  0.7358e¢ 0.0399 0.1509¢+
10  0.0662¢¢  0.7446e+  0.1681ee 1.0000ee  0.2319ee 1.0000se  0.0777e¢  0.7553¢¢ 0.0312 0.0851ee
20 0.0446 0.7551ee  0.1544ee 1.0000ee  0.2168e¢ 1.0000se  0.0629¢¢  (0.7857ee 0.0277 0.0510
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®Type I error rates below the lower limit of the 95% confidence interval (CI) (0.0375) for the empirical proportion of this rate. ¢ Type I error rates above
the upper limit of the 95% CI (0.0625) for the empirical proportion of this rate.
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Table 6. Type I error rates of multiple comparison tests according to the number of treatments (a) and the number of repetitions of
treatments (r) with coefficient of variation = 20%.

Unconditional rates on a significant ANOVA F-test
Tukey Duncan Fisher’s LSD SNK Scheffé

Oc Qe Oc Ole Oc Oe Oc Oe e Qe
3 0.0205+ 0.0485 0.0448 0.0950e¢ 0.0490 0,1075¢¢ 0.0296¢ 0.0545 0.0161. 0.0390
4 0.0213e 0.0490 0.0456 0.1000e 0.0506 0.1140¢¢ 0.0278e 0.0575 0.0168e 0.0395
10 0.0203e 0.0490 0.0406 0.0945¢ 0.0480 0.11550¢ 0.0255¢ 0.0550 0.0163 0.0400
20  0.0166¢ 0.0440 0.0380 0.0870¢ 0.0448 0.1065+¢ 0.0245. 0.0555 0.0130e 0.0345.
3 0.0075e 0.0455 0.0353e 0.1675¢0 0.0493 0.2455¢¢ 0.0113« 0.0520 0.0034+ 0.0235¢
4 0.0064- 0.0450 0.0366¢ 0.1945¢0 0.0501 0.2660e¢ 0.0097+ 0.0505 0.0028+ 0.0225¢
10 0.0077+ 0.0560 0.0337¢ 0.1810e¢ 0.0503 0.2765¢¢ 0.0110- 0.0590 0.0031e 0.0235¢
20 0.0058+ 0.0480 0.0325¢ 0.1980e+ 0.0501 0.2855¢¢ 0.0081« 0.0525 0.0020+ 0.0185¢
0.0050¢ 0.0530 0.0352¢ 0.2750e¢ 0.0522 0.3855¢¢ 0.0077+ 0.0560 0.0015¢ 0.0155-
4 0.0036¢ 0.0455 0.0287« 0.25750¢ 0.0486 0.3915¢¢ 0.0049- 0.0465 0.0008+ 0.0115¢
10 0.0029¢ 0.0470 0.0248- 0.2400¢ 0.0452 0.4035e¢ 0.0042¢ 0.0485 0.0005¢ 0.0095¢
20 0.0025¢ 0.0395 0.0250e 0.2515e¢ 0.0483 0.4185e¢ 0.0037« 0.0415 0.0003¢ 0.0060¢
3 0.0025¢ 0.0425 0.0280¢ 0.3240Q¢¢ 0.0491 0.4890e¢ 0.0042¢ 0.0435 0.0002¢ 0.0080¢
4 0.0025e 0.0485 0.0264- 0.3205¢ 0.0492 0.5130e¢ 0.0035¢ 0.0510 0.0003 0.0080-
10 0.0020e 0.0495 0.0225e 0.3110ee 0.0474 0.5320e¢ 0.0026 0.0495 0.0001e 0.0040-
20  0.0021e 0.0535 0.0229e 0.3215e 0.0485 0.5575e¢ 0.0029- 0.0550 0.0000 0.0025¢

Conditional rates on a significant ANOVA F-test

a1 a3 a1 a3 a1 a3 (081 a3 a1 a3
3 0.0193¢ 0.0450 0.0278e 0.0475 0.0278e 0.0475 0.0275¢ 0.0475 0.0161- 0.0390
4 0.0201. 0.0455 0.0283¢ 0.0505 0.0283¢ 0.0505 0.0256¢ 0.0505 0.0168+ 0.0395
10  0.0183e 0.0430 0.0240- 0.0465 0.0240+ 0.0465 0.0228- 0.0460 0.0163¢ 0.0400
20  0.0160e 0.0420 0.0235¢ 0.0480 0.0235¢ 0.0480 0.0211- 0.0480 0.0130¢ 0.0345¢
3 0.0069+ 0.0395 0.0177. 0.0510 0.0189+ 0.0510 0.0105¢ 0.0440 0.0034+ 0.0235¢
0.0056¢ 0.0370e 0.0155¢ 0.0480 0.0170¢ 0.0480 0.0087+ 0.0400 0.0028+ 0.0225¢
10  0.0066¢ 0.0450 0.0154¢ 0.0515 0.0167+ 0.0515 0.0094- 0.0465 0.0031e 0.0235¢
20  0.0048- 0.0380 0.0126- 0.0490 0.0149- 0.0490 0.0068+ 0.0400 0.0020+ 0.0185¢
0.0043¢ 0.0400 0.0139¢ 0.0485 0.0154. 0.0485 0.0066¢ 0.0415 0.0015¢ 0.0155¢
0.0030e 0.0340¢ 0.0106¢ 0.0445 0.0128¢ 0.0445 0.0041« 0.0345¢ 0.0008¢ 0.0115¢
10  0.0024. 0.0360¢ 0.0097« 0.0450 0.0118¢ 0.0450 0.0035¢ 0.0370¢ 0.0005¢ 0.0095¢
20 0.0020 0.0285¢ 0.0084- 0.0410 0.0108e 0.0410 0.0029- 0.0290e 0.0003 0.0060¢
3 0.0022¢ 0.0340e 0.0098e 0.0445 0.0125e 0.0445 0.0177. 0.0345e 0.0002¢ 0.0080-
0.0022¢ 0.0380 0.0104- 0.0520 0.0133e 0.0520 0.0031. 0.0405 0.0003 0.0080¢
10  0.0015e 0.0335¢ 0.0077+ 0.0470 0.0111. 0.0470 0.0019+ 0.0335e 0.0001. 0.0040+
20  0.0016¢ 0.0365¢ 0.0077¢ 0.0490 0.0105¢ 0.0490 0.0022¢ 0.0375 0.0000+ 0.0025¢

a2 au a2 o az o4 o o o o
3 0.4296e¢ 0.9473e¢ 0.5859¢¢ 1.0000e¢ 0.5859¢¢ 1.0000e¢ 0.5851e¢ 1.0000¢ 0.41450¢ 0.821Qe¢
4 0.4432e¢ 0.9009e¢ 0.5610e¢ 1.0000e¢ 0.5610e¢ 1.0000e¢ 0.5519e¢ 1.0000¢ 0.4261e¢ 0.7821ee
10  0.4263e¢ 0.9247e¢ 0.5161e¢ 1.0000e¢ 0.5161e¢ 1.0000e+ 0.5131ee 0.9892¢¢ 0.4083e¢ 0.8602e¢
20  0.3809ee 0.8750e¢ 0.4895¢¢ 1.0000e+ 0.4895¢¢ 1.0000e¢ 0.4756¢¢ 1.0000e+ 0.3768e¢ 0.7187ee
3 0.1759ee 0.7745e¢ 0.347Qe¢ 1.0000e¢ 0.3705e¢ 1.0000; 0.2542e0 0.8627e¢ 0.1468e¢ 0.4607 e
0.1513ee 0.7708e¢ 0.3239ee¢ 1.0000e¢ 0.3552e¢ 1.0000e¢ 0.2272ee 0.8333ee 0.1244. 0.4687ee
10 0.1477ee 0.8737e¢ 0.3000e¢ 1.0000e¢ 0.3252e¢ 1.0000e¢ 0.2065¢¢ 0.9029¢¢ 0.1319ee 0.4563¢
20 0.1263ee  0.7755es  0.2581ee  1.0000es  0.3051ee  1.0000es  0.1779ee  0.8163e¢  0.1108ee  0.3775ee¢
0.1095¢¢  0.8247e¢  (0.2866e  1.0000ee  0.3186es  1.0000ee  0.1634es  0.8556ee  0.0998es  0.3195ee
0.0903e0 0.7640e¢ 0.2402e¢ 1.0000e¢ 0.2894e¢ 1.0000e¢ 0.1218ee 0.7752e¢ 0.07244¢ 0.2584¢
10  0.0681ee 0.8000e¢ 0.2169e¢ 1.0000e¢ 0.2634¢¢ 1.0000e¢ 0.0971ee 0.8222e¢ 0.0526 0.2111ee
20 0.0718ee 0.6951e¢ 0.2049e¢ 1.0000e¢ 0.2642e¢ 1.0000e¢ 0.1035e0 0.7073ee 0.0515 0.146300
3 0.0665e¢ 0.7640e¢ 0.2222e¢ 1.0000e¢ 0.2815e¢ 1.0000e¢ 0.3982e¢ 0.7752e0 0.0364 0.1797 e
4 0.0584 0.7307 ¢ 0.2003e¢ 1.0000e¢ 0.2572e¢ 1.0000e¢ 0.0836¢¢ 0.7788e¢ 0.0399 0.1538ee
10 0.0472 0.7127e¢ 0.1643¢¢ 1.0000e¢ 0.2367¢ 1.0000e¢ 0.0588 0.7127 00 0.0312 0.0851ee
20 0.0449 0.7448e¢ 0.1584¢ 1.0000e¢ 0.2157e¢ 1.0000e¢ 0.0624 0.7653e 0.0277 0.0510

«Type I error rates below the lower limit of the 95% confidence interval (CI) (0.0375) for the empirical proportion of this rate. s« Type I error rates above
the upper limit of the 95% CI (0.0625) for the empirical proportion of this rate.
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Further, Duncan and Fisher’s LSD tests show that the values for a. are above the upper limit of the 95% CI
(0.0625), and the increase in the number of treatments of the scenarios cause a significant increase in this
error rate (Tables 3 to 6).
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The Scheffé test shows that the estimates for o, mostly lie below the lower limit of 0.0375, except for two
scenarios where a = 3 when CV = 1% and CV = 5% (Tables 3 and 4), and except for three scenarios with a =3
when CV = 10% and CV = 20% (Tables 5 and 6), where the test controlled this rate. An increase in the number
of treatments for the test causes a significant decrease in the error rate.

In general, in the context of ae, Tukey and SNK are the only tests that control for this rate and are therefore
considered to be robust in all experimental conditions, regardless of the number of treatments, the number
of repetitions, and CV. The Scheffé test, in turn, is in an intermediate situation, since, to some extent, it
controls the experiment-wise error rate only in the scenarios with three treatments, while it is conservative
in other cases. The Duncan and Fisher’s LSD tests depict the worst performance, showing that they are liberal
in all simulated scenarios, with Fisher’s LSD test being the most liberal among them.

According to Girardi et al. (2009), the equality of the comparison-wise error rate and experiment-wise
error rate would be ideal for a multiple comparison test according to the level of significance established.
However, according to Perecin and Barbosa (1988), a test that controls for the comparison-wise error rate can
become very liberal when applied to the entire experiment, while a test that controls for the experiment-wise
error rate can become conservative in a comparison.

Indeed, the Tukey and SNK tests prove to be conservative in terms of controlling for the comparison-wise
error rate, while controlling for the experiment-wise error rate equal to the nominal significance level. A
similar behaviour exhibited by the tests was observed by Boardman and Moffitt (1971), Bernhardson (1975),
and Girardi et al. (2009). Fisher’s LSD test, which controls for the comparison-wise error rate, proves to be
liberal in terms of controlling for the experiment-wise error rate, as observed by Boardman and Moffitt (1971),
Bernhardson (1975), Perecin and Barbosa (1988), and Girardi et al. (2009).

Regarding conditional error rates, the comparison-wise rates o are always equal to the conditional rates
ay for the Scheffé test, while there is a tendency for the rates o to be slightly higher than o, for each of the
other tests considered (Tables 3 to 6). Meanwhile, the conditional rates o are always higher than the rates o
for the five tests. The differences between these last two error rates are large when the number of treatments
is small and decrease as the number of treatments increase.

Therefore, none of the means tests controls for the conditional comparison-wise error rates a; or as.
For ay, all the tests present estimates below the lower limit of the 95% CI calculated, being conservative
regarding the control of this rate. For ay, all the tests, in general, show a liberal behaviour with the
estimates lying above the upper limit of the CI, except in some of the scenarios with a = 9 for the Tukey
and SNK tests, and some of scenarios with a = 7 and all the scenarios with a = 9 for the Scheffé test, in
which the tests control this error rate.

The unconditional experiment-wise error rates o, are always equal to the conditional rates as for the
Scheffé test, whereas for each of the other tests, the rates a. are slightly higher than the rates as (Tables
3 to 6). Further, the rates a. are always lower than the conditional rates a4, and although the differences
between them are considerable, they decrease as the number of treatments increase. For the Scheffé test,
however, the differences between these rates for scenarios with a high number of treatments are not
large.

Regarding the control of the conditional experiment-wise error rates, we observed that the Duncan and
Fisher’s LSD tests control for the error rate os, regardless of the number of treatments. The Tukey and SNK
tests, in turn, control for this rate in all the scenarios with a = 3 and a = 3; a = 5, respectively. However, for the
other scenarios, when they do not control this rate, both tests are conservative. The Scheffé test, however,
proves to be conservative in most scenarios, controlling for this rate only in certain scenarios with a = 3. For
a4, all the tests show a liberal behaviour, except for the Scheffé test in certain scenarios with a = 9, where this
rate is controlled.

Figures 1 and 2 summarise the tendency of the means tests, explaining every rate for the observed tests as
the number of treatments increase. Only variation in the number of treatments is considered here, as this is
the only factor that led to significant alteration of the results. Therefore, we consider r = 10, CV = 10%, and «
= 5%. The lines between the dots represent what occurred to the rates with an increase in the number of
treatments. For simplicity, only the case with r =10 and CV = 10% is reported; the results for the other
simulated scenarios are similar.
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Figure 1. (A) Unconditional comparison-wise error rates ac; (B) conditional comparison-wise error rates a;; and (C) conditional
comparison-wise error rates o, for the various multiple comparison tests with 10 replications, a nominal significance level of 5%, and
coefficient of variation = 10%, according to the variation in the number of treatments.

Based on the above results, it can be inferred that the combined use of the overall ANOVA F-test and the
multiple comparison tests can change the type I error rates of the means tests. Duncan and Fisher’s LSD tests
do not control for the experiment-wise error rate ae, while an increase in the number of treatments leads to
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an increase in this rate. However, considering the conditional experiment-wise error rate os, we find that the
tests control for this rate, regardless of the number of treatments because the nominal significance level for
the ANOVA F-test determines the upper limit for the o3 error rates (Bernhardson, 1975).
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Figure 2. (A) Unconditional experiment-wise error rates a.; (B) conditional experiment-wise error rates asz; (C) conditional experiment-
wise error rates o4 for the various multiple comparison tests with 10 replications, nominal significance level of 5%, and coefficient of
variation = 10%, according to the variation in the number of treatments.
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In general, Fisher’s LSD test controls for the comparison-wise error rate oc, whereas the Tukey and SNK
tests control for the experiment-wise error rate a.. The Duncan and Fisher’s LSD tests control for the
conditional experiment-wise error rate asz. The Scheffé test does not control for any of the error rates
considered, possibly because the test can be used for all possible contrasts and not only for the pair-wise
contrasts of means (Boardman & Moffitt, 1971).

Conclusion

Since each multiple comparison test controls for a different error rate, the choice of the test must depend on
what error rates are intended to be controlled. If the decision is to control for the comparison-wise error rate «,
then Fisher’s LSD test is the most suitable. If the decision is to control for the experiment-wise error rate a., then
the Tukey and SNK tests are recommended. If the intention is to control for the conditional experiment-wise error
rate as, then the Duncan and Fisher’s LSD tests can be used. Type I error rates, in general, did not show significant
changes with a variation in the number of repetitions or the CV, but exhibited changes with a variation in the
number of treatments of the trials. When choosing the most applicable test, in addition to the type I error rate, the
power function should be considered. It is always desirable for tests with good performance to maintain the
coverage of the type I error rate, which should simultaneously have great power. Research on the power function
is extremely exhaustive and therefore should be developed by future studies.
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