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Abstract 

Use of effect sizes and their confidence intervals (CIs) has received increasing attention in 

applied research, yet the performance of CI methods for effect sizes in designs involving a one-

way fixed-effect analysis of variance (OF-ANOVA) remains insufficiently understood. This 

study evaluates CIs, including noncentral F distribution CIs (noncentral F), percentile (Perc) 

bootstrap, and bias-corrected and accelerated (BCa) bootstrap methods, for eta squared (η²), 

omega squared (ω²), and epsilon squared (ε²), which are effect sizes commonly used in ANOVA 

using a Monte Carlo simulation design. We manipulated and evaluated factors across four levels 

of effect size (0, 0.010, 0.059, 0.138), three levels of sample size (n = 5, 10, 30, 50, 100), and 

three outcome distributions (normal, uniform, positively skewed) in an OF-ANOVA with k = 3 

groups. η² showed substantial positive bias, particularly in small samples and under the null 

effect, whereas ω² and ε² were less biased and showed better coverage as sample size and effect 

size increased. Perc bootstrap intervals were generally widest, especially in smaller samples, 

yielding more conservative but less precise interval estimates, while noncentral F and BCa 

produced comparatively narrower intervals. Coverage for all three CIs deteriorated under skewed 

distributions and small samples and was further affected by a high proportion of unusable 

intervals in some conditions. To facilitate transparency and replication, all R simulation code and 

analysis scripts are openly available via the Open Science Framework (OSF). In line with current 

recommendations for estimation‑based inference, these results provide empirical guidance for 

selecting, reporting, and interpreting CIs for ANOVA effect sizes under data conditions that 

researchers commonly encounter in applied work (e.g., small samples and non‑normal 

outcomes). 

 Keywords: ANOVA, confidence intervals, effect sizes, Monte Carlo simulation 
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Investigating Confidence Intervals for Effect Sizes in One-Way ANOVA: A Comprehensive 

Analysis of Eta Squared, Omega Squared, and Epsilon Squared 

 A growing body of quantitative research has placed increasing emphasis on estimation-

based approaches that move beyond dichotomous significance testing (Cumming, 2014). Null 

Hypothesis Significance Testing (NHST) emerged from the work of Fisher (1925) and Neyman 

and Pearson (1928, 1933) and was later synthesized by Lindquist (1940). For a historical review 

see Perezgonzalez (2015). NHST is regarded as the standard approach to statistical inference in 

many fields, including the social, biological, and biomedical sciences (Pernet, 2016). However, 

growing concerns have been raised about its limitations, including misinterpretation of p-values, 

overemphasis on dichotomous decision-making, and  contribution to reproducibility issues 

(Halsey et al., 2015; Szucs & Ioannidis, 2017). In response, editorial guidelines and 

methodological standards now advocate for reporting effect sizes and confidence intervals (CIs) 

to provide a more comprehensive account of empirical findings (Cumming, 2014). 

 Effect sizes, which quantify the practical significance of observed relationships, have 

become critical for cumulative-science researchers by offering a standardized metric that 

supports comparability across studies and disciplines (Lakens, 2013). For a one-way fixed-effect 

analysis of variance (OF-ANOVA), effect sizes—such as eta squared (η2), omega squared (ω2), 

and epsilon squared (ε²)—describe the proportion of variance of a dependent variable attributable 

to group differences (Okada, 2013). However, while point estimates inform about the magnitude 

of effects, they do not address the inherent precision and uncertainty. CIs play an important role 

by providing a range of plausible values for the population parameter (Mathur et al., 2023), 

thereby allowing researchers to assess both reliability and precision of effect sizes. The 7th 

edition of the  APA Publication Manual recommends reporting “effect sizes and confidence 
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intervals in addition to statistical significance levels, when possible” for quantitative analyses 

(American Psychological Association [APA], 2020, p. 98).  

 Despite increasing emphasis on CIs, CIs for effect sizes remain underutilized (Tellez et 

al., 2015). Many researchers, including Hoekstra et al. (2014) and Hazra (2017), have noted that 

both the calculation and interpretation of CIs for effect size indices are often unclear. This lack of 

clarity may contribute to the persistent underreporting of CIs in practice. This challenge is 

pronounced in real-world research where ideal statistical assumptions (e.g., normality, 

homogeneity of variance, balanced group sizes) are seldom fully realized. In these non-ideal 

situations, the behavior and robustness of CIs for η2, ω2, and ε² require careful empirical 

evaluation. 

 Given these complexities, simulation studies, particularly Monte Carlo approaches, 

provide a powerful and effective tool for investigating the performance of statistical procedures 

across a wide range of controlled conditions (Paxton et al., 2001). Simulations can reveal the 

performance of different methods in terms of precision, coverage, and bias by systematically 

manipulating parameters like distribution shape, sample size, and variance structure (Harrison, 

2010). As such, simulation provides a critical foundation for developing evidence-based 

guidance in statistical practice. 

Given the lack of empirical evidence on the performance of CIs in OF-ANOVA, the 

overarching goal of this research is to address this through a Monte Carlo simulation study that 

systematically compares their performance, thus providing practical guidelines for researchers to 

select and interpret the most appropriate CI method under various data scenarios. 

This dissertation is organized into six sections. The first section reviews research practices, 

including null hypothesis significance testing, p-values, and effect sizes, with OF-ANOVA. In 
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the second section, I discuss and present computational formulae for common effect sizes in OF-

ANOVA. In the third section, I review the literature that examined the performance of CIs for 

effect sizes in OF-ANOVA. In the fourth section, the methodology of the Monte Carlo 

simulation study is described in detail, including the design factors, data generation procedures, 

and evaluation criteria used to assess CI performance. The fifth section presents the simulation 

study results, highlighting the comparative performance of different CI methods under varying 

conditions. Finally, the sixth section discusses the implications of the findings, offers practical 

recommendations for researchers, addresses limitations of the study, and suggests directions for 

future research. 

Literature Review 

Research Practices with ANOVA 

 In modern research practices, interpretation of OF-ANOVA results is often complemented 

by inferential tools such as p-values, effect sizes (η², ω², ε²), and CIs. These tools provide a 

deeper understanding of statistical significance, estimation precision, and the practical relevance 

of ANOVA results. 

Inferential Tools 

p value / Null Hypothesis Significance Testing 

 p-values serve as a tool to assess the strength of evidence against the null hypothesis, a 

fundamental concept of statistical hypothesis testing. The p-value has been used for over a 

century in most scientific literature by clinicians and researchers to indicate the statistical 

significance of associations between variables or differences among groups for a specific 

variable (Thiese et al., 2016).   
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 Formally, a p-value represents the probability of obtaining a test statistic at least as 

extreme as the observed one, assuming that the null hypothesis (H₀), which states that the effect 

is null, is true.In practice, it is used to decide whether (or not) there is enough evidence against 

H0,  and the strength of evidence against H0 depends on the size of the p-value (O’Brien et al., 

2015). The smaller the p-value, the stronger evidence against the null hypothesis (Thiese et al., 

2016). Usually, in hypothesis testing, p-values are compared against predetermined significance 

levels (α), such as 0.05 or 0.01, which represent the probability of incorrectly rejecting H₀ (Type 

I error). Although 0.05 is commonly used as the α value, as originally proposed by Fisher, many 

argue that this threshold should be lowered (Infanger & Schmidt-Trucksäss, 2019; Thiese et al., 

2016).  For example, in OF-ANOVA, a p-value of less than 0.05 indicates a statistically 

significant difference among groups, leading to rejection of the null hypothesis that claims there 

is no significant difference among group means. 

 Despite their practical utility, p-values present theoretical and empirical challenges that 

can compromise scientific conclusions. Researchers criticize overreliance on p-values in 

decision-making, arguing that it distorts scientific reasoning. NHST, a statistical framework 

based on p-values, imposes a binary interpretation, labeling findings as “significant” or “not 

significant” based on an arbitrary threshold (commonly 0.05; Lee, 2016). It is often argued that 

this binary framework fails to capture the complexity of actual effects and encourages practices 

such as p-hacking, selective reporting, removing meaningful outliers, and data fishing, thereby 

oversimplifying statistical uncertainty and creating the false impression that a treatment is 

definitively effective or ineffective (Chén et al., 2023). Additional limitations of NHST include 

vulnerability to errors (systematic and random), sensitivity to sample size, and sensitivity to 

effect magnitude (Levine & Hullett, 2002; Thiese et al., 2016). To address these concerns, 
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researchers recommend complementing p-values with other statistical measures, such as effect 

sizes and confidence intervals, for a more comprehensive understanding of the data. 

Effect Sizes 

 Effect sizes quantify the magnitude of an association or difference, providing a direct 

measure of how substantial it is (Bailey, n.d.; Coe, 2002; Smith & Davis, 2003). Lakens (2013) 

emphasizes that effect sizes provide researchers with a standardized metric that expresses the 

magnitude of effects, making them more understandable to readers regardless of the 

measurement scale.  

 There are two common ways of expressing the magnitude of a treatment or intervention 

effect in research: absolute effect size and standardized effect size. Absolute effect size refers to 

the raw difference between the means of two groups and is most useful when the measurement 

scale has intrinsic meaning, that is, when its units correspond to real-world quantities. It does not 

account for score variability, which means it ignores how widely individual scores differ within 

each group. It reports absolute effect sizes in the same units as the original measurements 

(Sullivan & Feinn, 2012). 

 In contrast, standardized effect sizes are used when the measurement scale has no 

intrinsic real-world meaning (such as Likert-type ratings) or when  studies use different scales 

and a common metric is needed. Standardized effect size indices, such as Cohen’s d, Hedges’ g, 

the correlation coefficient (r), and the odds ratio, express the effect in relation to the variability of 

the outcome, which allows quantitative comparison and synthesis of results across studies (Lee, 

2016; Smith & Davis, 2003, pp. 196–197; Sullivan & Feinn, 2012). This type of standardized 

effect size is commonly used in meta-analyses, which pool and compare findings from multiple 
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studies,  facilitating replication and the accumulation of evidence (Kotrlik et al., 2011; Sullivan 

& Feinn, 2012). 

 It is noteworthy that while effect sizes are invaluable for supplementing traditional 

NHST, they are not without their limitations. Coe (2002), Ferguson (2016), and Nakagawa and 

Cuthill (2007), among others, emphasize that these effect size measures are still abstract 

statistical constructs, susceptible to biases like p-values due to measurement variability, design 

quality, and sample size. Moreover, standardized effect size threshold values that are defined as 

small, medium, and large are ultimately arbitrary and may not reflect the real-world importance 

of an effect. Practical significance is highly context-dependent, and researchers are often advised 

to interpret effect sizes with caution and domain-specific judgment. For example, a small effect 

size may carry substantial meaning in life-saving or clinical interventions (Maher et al., 2013).  

Hence, it is strongly recommended to accompany effect sizes with confidence intervals to 

convey their precision and facilitate more nuanced interpretation (Nakagawa & Cuthill, 2007; 

Tressoldi et al., 2013). 

Common Effect Sizes in ANOVA 

When research involves comparisons across more than two groups, as in OF-ANOVA, 

different effect size measures are required to quantify the proportion of variance in the dependent 

variable explained by the independent variable. In such situations, effect sizes such as η², partial 

η², and ω² are commonly used (Pierce et al., 2004). These statistics extend the concept of 

standardized effect size to the OF-ANOVA framework, enabling researchers to assess the 

practical importance of group differences in multifactorial designs while accounting for within- 

and between-group variability. 
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 Eta Squared (η²). η² is a widely used effect size in the context of ANOVA, which 

quantifies the proportion of variance in an outcome or dependent variable explained by an 

independent variable (Maher et al., 2013). It is primarily a descriptive index and is calculated by 

the formula: 

η2 =
𝑆𝑆effect

𝑆𝑆total

 

(Okada, 2013) 

where SSeffect stands for the sum of squares for the effect and SStotal is the total sum of squares 

(Levine & Hullett, 2002).  

 η² possesses several advantages as a measure of effect size, especially in the 

communication of research results. It shows the proportion of variance that a variable explains 

making it both intuitive and widely understood. When there is one degree of freedom in the 

numerator, the square root of η² equals the Pearson correlation coefficient (r), facilitating 

straightforward interpretation and conversion for meta-analyses. For multiple degrees of 

freedom, η² is equivalent to R², another familiar metric. Additionally, all components of variation 

in the analysis, including error, sum to 1, enhancing its interpretability. It also appropriately 

reflects the principle that as the number of causal factors included in an analysis increases, the 

effect size of individual factors diminishes, a feature not shared by partial eta squared. 

Furthermore, η² is more widely discussed in the methodological literature and is considered a 

conservative, easily computed effect size estimate (Levine & Hullett, 2002).  

  Despite its widespread use, η² also has some noteworthy limitations. One of the main 

limitations of η² is that it is a biased estimator (positive bias) of the population effect size, and 

this bias is particularly pronounced with smaller total sample sizes (Levine & Hullett, 2002; 

Mordkoff, 2019) or small group sizes (Bliese & Halverson, 1998). It is also known to be 
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sensitive to unequal group sizes and is believed to inflate estimates of effect size. This arises 

because its numerator is inflated by error variability, potentially leading to overestimations of the 

effects when assumptions are violated (Pierce et al., 2004; Skidmore & Thompson, 2013). 

Hence, researchers recommend that η² should not be used for inferential purposes or as an 

ANOVA effect size estimator because of its considerable sampling error bias across various 

conditions (Okada, 2013; Skidmore & Thompson, 2013; Yigit & Mendes, 2018). Despite this, it 

is the most commonly reported index and is often the only option available in the menus of 

widely used statistical software packages like SPSS (Skidmore & Thompson, 2013).  

 Epsilon Squared (ε²). ε², developed by Kelley (1935), is a bias-corrected estimator of the 

population effect size, designed to address the overestimation inherent in η² (Skidmore & 

Thompson, 2013). The formula for ε² is: 

ε² =
𝑆𝑆effect − 𝑑𝑓effect ⋅ 𝑀𝑆error

𝑆𝑆total

 

(Okada, 2013) 

where SSeffect is the sum of squares for the treatment or factor, dfeffect is the degrees of freedom 

for the effect, MSerror is the mean square error, and SStotal is the total sum of squares. This 

correction reduces the upward bias in η², particularly under the aforementioned non-ideal 

conditions. ε² is conceptually equivalent to the adjusted  R2 (Okada, 2013). 

The ε² bias correction, which is achieved through the term dfeffect⋅MSerror, addresses η²’s 

overestimation of population effects in non-ideal conditions. While this numerator adjustment is 

shared with ω², ε²’s denominator (SStotal) prioritizes interpretability as a proportion of total 

variance, avoiding the additional conservatism introduced by ω²’s formula (Skidmore & 

Thompson, 2013). 
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 Simulation studies indicate that ε² is generally the least-biased effect size estimator 

overall among the three, consistently surpassing ω² in terms of bias. ε² typically exhibits a slight 

negative bias, which is generally considered preferable to overestimation (Okada, 2013). While it 

may occasionally yield negative values, especially for small effect sizes, these should be reported 

as obtained to facilitate accurate confidence interval estimation. ε² provides significantly more 

unbiased results compared to η².  Its estimations approach the true population effect size as the 

sample size increases. The performance of ε² is less affected by mild non-normality and 

homogeneous variances. Under conditions of homogeneous variances and when distributions are 

not excessively skewed or kurtotic, ε² generally provides the most unbiased estimations. An 

increase in the number of groups or subgroups tends to positively affect the accuracy of ε² 

estimations when variances are homogeneous (Yigit & Mendes, 2018). Although manual 

computation can be a practical barrier, ε²’s statistical rigor and interpretability make it a valuable 

tool for applied research, supporting cautious generalizations when data violate ideal parametric 

assumptions (Skidmore & Thompson, 2013). 

 Omega Squared (ω²). ω², which was introduced by Hays (Okada, 2013), is another 

adjusted measure of effect size in ANOVA that estimates the proportion of variance in the 

dependent variable explained by the independent variable while correcting for bias due to sample 

size and number of groups (Olejnik & Algina, 2003). The formula for ω² is: 

ω2 =
𝑆𝑆effect − 𝑑𝑓effect ⋅ 𝑀𝑆error

𝑆𝑆total + 𝑀𝑆error

 

(Okada, 2013) 

where SSeffect is the sum of squares for the effect, dfeffect is the number of groups minus 1, MSerror 

is the mean square error (within-group variance), and SStotal  is the total sum of squares. ω² 

values tend to be slightly smaller than η², but this reduction reflects the correction in ω² for 
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sample bias,, making it a less biased estimator of the population effect size than η² (Olejnik & 

Algina, 2003). According to Kroes and Finley (2023) ω² is particularly suited for fixed-effects 

ANOVA designs with balanced group sizes and homogeneous variances, where its denominator 

adjustment (SStotal+MSerror) provides a conservative yet interpretable effect size estimate.  

 Historically, ω² was widely believed to be the least-biased effect size index (Keselman, 

1975). However, more extensive Monte Carlo simulations, especially with a large number of 

replications, have challenged this belief, showing that ε² is generally the least biased, with ω² 

typically exhibiting a negative bias slightly greater than ε²'s (Okada, 2013). Despite this, ω² 

generally has the lowest Root Mean Squared Error (RMSE), indicating better overall accuracy as 

it balances bias and variability  (Okada, 2013). Like ε², ω² can occasionally yield negative values 

for small effect sizes, which should be reported as found. ω² is considerably less biased than η², 

and its estimations improve with increasing sample size. In cases of excessive skewness and 

kurtosis, when variances are homogeneous, ω² may yield slightly more unbiased results than ε²  

(Yigit & Mendes, 2018). 

 One of the key strengths of ω² is its robustness to small samples, distributional 

assumption violations, and unbalanced designs, whereas η² tends to overestimate effects. It is 

particularly well-suited for generalizing findings to the population (Skidmore & Thompson, 

2013). However, ω² is less commonly reported in research publications, partly because, 

compared to η², ω² and ε² is not always directly available in OF-ANOVA statistical software 

outputs such as SPSS (Skidmore & Thompson, 2013). In addition, Kroes and Finley (2023) note 

that ω² is underreported due to the lack of proper guidance for its calculation. They further claim 

that ω² was not included in SPSS versions prior to the 27th version in 2020, and even after it was 

introduced, it was only available for the one-way between-subjects ANOVA design. 
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 Despite its underreporting, ω² is strongly recommended over η² for researchers seeking 

accurate, generalizable effect-size estimates, particularly when sample sizes are small or group 

sizes are unequal, as discussed by Yigit and Mendes (2018). Its methodological rigor makes it a 

preferred choice in meta-analyses and systematic reviews where unbiased estimates are essential. 

 Table 1 presents commonly used guidelines for interpreting η²; the same criteria will be 

applied in the current study to facilitate the interpretation of ε² and ω². 

Confidence Intervals 

 The CI, a concept introduced by Jerzy Neyman in a paper published in 1937 (Hazra, 

2017; Neyman, 1937), is a crucial statistical tool that provides an estimated range for an 

unknown population parameter, calculated from a sample drawn from that population (Mokhtar 

et al., 2023). Unlike a point estimate, which is a single value, a CI offers a range of values that, 

under repeated sampling, is likely to contain the true population parameter (Hazra, 2017). The 

range is estimated based on a desired confidence level, commonly 95%, meaning that if the 

estimation process were repeated many times with different random samples from the same 

population, 95% of the calculated intervals would be expected to contain the true population 

parameter (Hazra, 2017; Lee, 2016). CIs can be one-sided, providing an upper or lower bound, or 

two-sided, bracketing the parameter from both sides (Hazra, 2017). 

 CIs offer several advantages over traditional null hypothesis significance testing (NHST) 

and p-values. Firstly, CIs are more informative as they provide additional information beyond 

point estimates by indicating the precision or reliability of the observations. A narrower CI 

suggests a more reliable estimation of the underlying population parameter (Mokhtar et al., 

2023). CIs combine information on location and precision, often directly inferring significance 

levels, making them the best reporting strategy (Chen & Peng, 2013). Secondly, CIs, especially 
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when used with effect sizes, help interpret the practical or clinical significance of findings, 

moving beyond a simple "yes" or "no" of statistical significance. They provide a scale for the 

magnitude of treatment effect, which is more scientifically meaningful than a dichotomous 

outcome (Lee, 2016). Thirdly, CIs often provide a more reliable basis for interpretation than p-

values. If a 95% CI includes zero (for mean differences) or one (for ratios), the result is not 

statistically significant, mirroring what a p-value greater than 0.05 suggests. However, unlike p-

values, CIs also indicate the likely magnitude of the effect, giving a quantitative estimate rather 

than just the probability of a difference (Lee, 2016). As a result, clinical trials increasingly base 

their conclusions on CI values rather than p-values (Hazra, 2017). Finally, reporting CIs—

particularly for effect sizes—promotes “meta-analytic thinking” among researchers by enabling 

future studies to incorporate prior evidence when estimating the same population effect size and 

to contextualize new findings (Badenes-Ribera et al., 2016). 

It is noteworthy that CIs also have several limitations despite their advantages. Morey et 

al.(2016) summarize several major fallacies that underlie frequentist confidence interval theory, 

including the fundamental confidence fallacy, the precision fallacy, and the likelihood fallacy. 

These fallacies reflect common misinterpretations of what CI says about probability, the 

precision of estimates, and the plausibility of different parameter values. Neyman (1937) also 

cautioned against inferring probability from specific observed intervals, challenging routine 

reporting conventions. Despite the potential limitations of CIs, researchers are still encouraged to 

report CIs for their effect sizes, such as in the current (7th edition) APA publication manual.  

 CIs for Effect Sizes in ANOVA. 
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 CIs for effect size measures have received considerable attention in methodological 

research, given their importance for interpreting the magnitude and precision of observed effects. 

While CIs are a broadly applicable inferential tool, their utilization requires further clarification.  

The recommendation to report effect sizes with confidence intervals, highlighted in the APA Task 

Force Report (Wilkinson & APA Task Force on Statistical Inference, 1999, as cited in Chen & 

Peng, 2013), is also endorsed in the Publication Manual of the American Psychological 

Association (7th ed.; American Psychological Association, 2020, p. 109).  However, relatively 

few studies have critically evaluated the validity of inferences drawn from these intervals for 

effect sizes in OF-ANOVA. 

 Bird (2002) has made a very valuable contribution to the literature by presenting CI 

procedures for effect sizes in completely randomized and correlated group designs. Building on 

such foundational work, a substantial body of research has examined the classical approaches to 

CIs for effect sizes. Cohen’s d, the most widely used effect size for two-group comparisons, is 

defined as the standardized difference between group means. When the assumptions of normality 

and homogeneity of variances are satisfied, exact CIs for the population effect size can be 

constructed using the noncentral t distribution (Algina et al., 2005a; Keselman et al., 2008; 

Zhang & Algina, 2008). The general procedure for construction involves calculating the 

observed t-statistic for the mean difference, determining the noncentrality parameter (λ) 

corresponding to the observed t at the desired confidence level, and transforming the confidence 

limits for λ into limits for d using the relationship between t, d, and sample sizes (Algina et al., 

2005a; Keselman et al., 2008; Zhang & Algina, 2008). This approach often yields asymmetric 

intervals, especially for small samples or large effect sizes, reflecting the skewness of the 

noncentral t distribution; as a result, the interval may be wider on one side of the point estimate, 
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which can complicate interpretation (Algina & Keselman, 2003; Cumming & Finch, 2001). 

Meanwhile, other authors, along with Hedges and Olkin (1985), have noted the existence of 

exact CIs for the standardized effect size (eg., Cohen’s d) in the simplest special case of ANOVA, 

the two-sample t-test. 

 Steiger (2004) extended these ideas to ω² and Root Mean Squared Error (RMSE), 

detailing an exact CI method known as noncentrality interval estimation. This method uses the 

inversion principle, meaning that it finds a confidence interval for the noncentrality parameter of 

the F distribution by identifying all parameter values that would not be rejected by the 

corresponding hypothesis test, and then transforms these limits into confidence intervals for ω² 

and RMSE. These resulting CIs are described as exact, providing comprehensive information 

about the magnitude and precision of estimated effects, which allows researchers to 

simultaneously test whether effects are zero, trivial, or nontrivial.  

 Beyond classical approaches, several specialized methods have been developed to 

improve CI accuracy, particularly when assumptions of normality and homogeneity of variance 

are violated. When these assumptions do not hold, the actual coverage probability (the proportion 

of intervals that would contain the parameter if the study were repeated many times) of the 

interval may deviate from the nominal level (usually 0.95), potentially leading to misleading 

inferences (Algina et al., 2005b, 2006).  

Therefore, in addition to methods based on noncentral F, t, x2 distributions, researchers 

have proposed Bonett’s method, asymptotic method, and a variety of bootstrap techniques such 

as the normal interval method, percentile bootstrap method, basic method, first-order normal 

approximation method, bias-corrected bootstrap, accelerated bias-corrected bootstrap and 

bootstrap-t (Chen & Peng, 2013; Kelley, 2007; Shieh, 2023; Zhang & Algina, 2008).  
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Each method has distinct assumptions and performance characteristics. For example, the 

noncentral F-Distribution Method can construct an exact CI for the population effect size under 

normality and equal variances, while Bonett’s method accommodates unequal variances using 

large-sample approximations (Chen & Peng, 2013). Bootstrap methods are especially useful 

when classical assumptions are questionable, as they do not require normality or homogeneity of 

variance and are thus suitable for a wider range of data situations (Kang et al., 2023). 

 Given the diversity of available methods and their varying performance characteristics, it 

is important for researchers to systematically evaluate their performance (e.g., coverage 

properties) under conditions commonly encountered in applied research. Coverage probability is 

a fundamental property of CIs that reflects the proportion of intervals, across repeated sampling, 

that are expected to contain the true parameter value (Cumming & Finch, 2005). Classical 

intervals tend to be accurate under assumptions of normality and homogeneity of variance, but 

their coverage deteriorates with increasing nonnormality, heteroscedasticity, or large effect sizes 

(Algina et al., 2005b; Algina & Keselman, 2003). In contrast, robust and bootstrap intervals 

generally maintain nominal coverage (mostly 95%) across a broad range of conditions, including 

heavy-tailed, skewed, and heteroscedastic distributions (Algina et al., 2005b). 

 Simulation Evidence for the CIs Around Effect Size Estimates. 

 While many studies have focused primarily on standardized mean differences in two-

group designs (e.g., Cohen’s d; (Algina et al., 2006; K. Kelley, 2005), far fewer have examined 

the application of comparable methodological principles to OF-ANOVA effect size measures, 

such as η2, ω2, and ε². Collectively, these studies have consistently demonstrated that the 

accuracy of interval estimates depends strongly on factors such as sample size, the true effect 
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size, and the estimation approach. Although simulation studies targeting OF-ANOVA effect sizes 

are less common, the available evidence points to similar challenges. 

Two-Group Design. 

 Kelley (2005) conducted a Monte Carlo simulation study to evaluate three CI methods 

for Cohen’s d, the standardized mean difference, with particular emphasis on violations of 

normality. He compared an exact parametric CI method based on the noncentral t distribution—

which assumes normality, homogeneity of variance, and independent observations—with two 

nonparametric bootstrap methods: the percentile CI and the bias-corrected and accelerated (BCa) 

CI. In addition to Cohen’s d, a positively biased estimator of the population effect size δ, he also 

examined the unbiased estimator du, which applies the Hedges–Olkin small-sample bias 

correction, to assess their interval estimation performance. 

 Kelley systematically manipulated several experimental factors within the simulations. 

The data distributions were varied using Fleishman’s (1978) power method, producing a normal 

distribution (skew = 0, kurtosis = 0) alongside three distinct nonnormal distributions that 

reflected realistic conditions in behavioral science: Condition 1 (skewness = 1.75, kurtosis = 

3.75), Condition 2 (skewness = 1.00, kurtosis = 1.50), and Condition 3 (skewness = 0.25, 

kurtosis = -0.75). Group sample sizes were also manipulated to cover scenarios with equal group 

sizes, including "very small" (n = 5), "small" (n = 15), and "medium" (n = 50) groups when the 

null hypothesis was true (δ = 0), and samples designed to achieve 80% statistical power for a 

range of effect sizes when the null hypothesis was false (n = 394 for δ = 0.20, n = 64 for δ = 

0.50, n = 26 for δ = 0.80, n = 17 for δ = 1.00, and n = 8 for δ = 1.60).  

Additional factors included the status of the null hypothesis (true versus false) and the 

comparison of exactly two groups, across five population effect sizes from small to substantially 



CONFIDENCE INTERVALS FOR EFFECT SIZES IN ANOVA 24 

large, with a thorough replication structure of 10,000 Monte Carlo replications for each scenario. 

For each of these, 10,000 bootstrap samples were generated when using the bootstrap-based 

methods. 

 The methods were evaluated based on CI coverage, estimate precision, and statistical 

power. Kelley recommended the bias-corrected and accelerated bootstrap CI using Hedges' 

unbiased estimate of δ (du,)  for general use, especially when normality assumptions are likely 

violated. While he noted limitations, such as restricting analyses to equal sample sizes and a 

fixed set of nonnormal distributions, the findings lend substantial empirical support to bootstrap 

methods over traditional parametric approaches in practical behavioral research. 

Multipe-Group Design.  

 While Kelley’s (2005) study employed a t-test to examine the CI coverage, subsequent 

research has expanded this approach. For instance, the study by Zhang and Algina (2008) 

investigated the coverage performance and width of CIs for the Root Mean Square Standardized 

Effect Size (RMSSE) in OF-ANOVA. 

 For constructing CIs, Zhang and Algina considered two prominent methods: the 

noncentral F distribution-based method and the percentile bootstrap method, each with specific 

underlying principles and conditions. These two CI construction methods for RMSSE were 

investigated under a comprehensive set of conditions to evaluate their coverage performance. 

This simulation study involved variations across five population distributions, including the 

standard normal distribution and four nonnormal g and h distributions designed to model varying 

levels of skewness and heavy tails, thereby allowing for a wide range of nonnormality. The 

number of treatment groups (J) was set at 3 and 6, corresponding to typical research designs in 

the social and behavioral sciences. Cell sample sizes (n) of 20, 35, and 50 were examined, 
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reflecting common sample sizes in social science research. Six population RMSSE values were 

investigated: 0, .1, .25, .40, .55, and .70, corresponding to a range from no effect to very large 

effects. Additionally, two mean configurations were used: an equally spaced mean configuration 

and a one-extreme mean configuration to assess generalizability across different mean patterns. 

For all conditions, a nominal confidence level of .95 was used, with 2500 replications per 

condition and 1000 bootstrap replications, ensuring adequate precision for the investigation.  

 Their primary finding was that the coverage probabilities of CIs for RMSSE were 

generally inadequate for both methods. The researchers compared two methods: the noncentral F 

distribution-based CI and the percentile bootstrap CI. They found that the noncentral F 

distribution-based CI generally exhibited better coverage probability than the bootstrap CI under 

both normal and nonnormal distributions. While the noncentral F method performed as expected 

under normality, its coverage tended to decline as RMSSE increased, as distributions became 

more long-tailed, particularly for skewed distributions. Conversely, the percentile bootstrap CI 

provided good coverage under normality for almost all RMSSE values but did not provide 

accurate coverage under nonnormal conditions, especially as RMSSE increased. Regarding CI 

width, the noncentral F distribution-based CIs were consistently narrower than the bootstrap CIs. 

For both methods, CI widths became narrower as the sample size increased, as RMSSE 

decreased, and as the number of treatment levels increased. The study concluded that both 

methods, based on least-square estimators, yielded inadequate coverage, suggesting a need for 

improved methods, potentially employing robust estimators. 

 Moreover, Finch and French (2011) conducted a Monte Carlo simulation to compare 

parametric, percentile bootstrap, and BCa bootstrap methods for CIs of ω2 in more complex 

ANOVA designs, including those with more than two groups and factorial designs. The 
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manipulated condition in this study was the population effect size (ω2), with values set at 0 (no 

effect), 0.01 (small), 0.059 (medium), and 0.138 (large). The distribution of the dependent 

variable varied, encompassing a standard (normal) distribution and 7 distinct nonnormal 

distributions. Group variance homogeneity was examined, with variances differing by factors of 

0, 0.5, 1.0, and 1.5. The number of groups was set at 3, 4, and 5. The study also considered the 

number of independent variables, including conditions with one variable only, two variables with 

the same effect size but no interaction, and two variables with the same effect size and a 

significant interaction. Finally, cell sample sizes were tested at 5, 10, 20, 50, and 100 per group. 

The primary outcome variables used to assess the performance of these methods were coverage 

rates for ω2, the accuracy of effect-size estimation, and the width of the intervals. The study 

specifically focused on balanced designs and fixed effects in the models simulated. 

 Their main findings showed that coverage rates for all three CI methods were often below 

the nominal 0.95 level. A significant and unexpected result was that coverage rates were lowest 

when a second independent variable interacted significantly with the target variable in a factorial 

ANOVA, and bootstrap approaches were more profoundly affected. Notably, in contrast to 

Kelley's (2005) and Algina's (2006) findings for Cohen’s d, the BCa approach was generally not 

the best performer for ω2 under nonnormal conditions. However, Finch and French suggested 

that BCa was an "attractive alternative" due to its often narrower intervals and sometimes better 

coverage than those of parametric and percentile methods. For example, in the case where 

authors tested the coverage rates of CIs for ω2 across different ANOVA models, the BCa 

coverage rate was equal to or better than the parametric rate. These scenarios included two 

variables, main effect only (coverage rate = 0.86 for BCa and 0.86 for parametric), and one 

variable only (coverage rate = 0.89 for BCa and 0.86 for parametric). Also, compared to the 
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percentile bootstrap method, the CI widths were often narrower in BCa conditions, such as the 

normal distribution and sample sizes 5, 10, 20, 50 (BCa widths were 0.49, 0.25, 0.12, 0.05, 

respectively). The percentile widths were 0.65, 0.34, 0.17, and 0.07, respectively. Moreover, in 

scenarios with high kurtosis (sample sizes 5, 10, 20) and model complexity, BCa intervals were 

generally narrower than those from the percentile method.  They also highlighted that achieving 

nominal coverage for non-normal data typically required sample sizes of 50 or higher and low 

kurtosis. This helps explain why the BCa approach was considered an attractive alternative by 

authors, despite rarely being the best performer overall. 

This methodological progression highlights how the field moved from simpler group 

comparisons toward more comprehensive approaches capable of capturing greater variability 

across conditions. Collectively, the reviewed studies demonstrate that the impact of different 

conditions, such as sample size, group numbers, distributions, and variance heterogeneity, on the 

behavior of CIs that have been examined using both t-tests (Kelley, 2005) and various forms of 

ANOVA (Finch & French, 2011; Zhang & Algina, 2008), with each method offering distinct 

insights. Together, these findings underscore the importance of considering not only the selected 

analytic approach but also how these choices influence the interpretation of effect sizes and 

confidence intervals. Ultimately, these findings guide the present study’s focus on ANOVA, 

where similar considerations are expected to be relevant. 

Research Gaps 

 Despite the increasing emphasis on estimation-based approaches and the reporting of 

effect sizes alongside confidence intervals in quantitative research, a critical gap persists in the 

literature regarding the comprehensive evaluation of confidence intervals for effect-size 

measures, specifically η², ω², and ε², within the context of O-F ANOVA.  
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 Firstly, the scope of existing simulation studies examining effect size confidence intervals 

remains limited. The majority of current literature focuses on effect sizes specifically related to t-

tests (Algina et al., 2006; K. Kelley, 2005), leaving the behaviour of confidence intervals for 

ANOVA effect sizes less thoroughly explored. Although some researchers have extended their 

work to ANOVA designs, these studies typically investigate only a single effect size, such as 

RMSSE (Zhang & Algina, 2008) or ω² (Finch & French, 2011), rather than considering all three 

pivotal effect sizes: η², ω², and ε².  

 While each metric offers distinct advantages and interpretive value when analyzing 

outputs across diverse contexts, the literature reflects an ongoing debate (see Levine & Hullett, 

2002). Some authors argue that omega squared and epsilon squared are preferable for many 

applications since they are less biased estimators of population effect size (Kroes & Finley, 2023; 

Yigit & Mendes, 2018). At the same time, η² remains widely used owing to its ease of 

interpretation and value for summarizing explained variance in both single and multivariate 

analyses (Lakens, 2013). Hence, a careful investigation of each type is required. 

 Secondly, when reviewing the methodological conditions adopted in previous simulation 

studies, most have concentrated on ideal scenarios (e.g., group sample sizes starting at 20 or 

higher) and have not systematically addressed the influence of non-normal data distributions on 

confidence interval behaviour. Furthermore, the majority of these foundational studies were 

conducted before 2015, raising concerns about the relevance of their findings to current research 

practices and computational advances. (Algina et al., 2006; Finch & French, 2011; Kelley, 2005; 

Zhang & Algina, 2008). 

 Collectively, these gaps in the research highlight the need for a comprehensive, up-to-

date simulation study that evaluates the behaviour of confidence intervals for all three major 
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ANOVA effect sizes (η², ω², and ε²) under both ideal and non-normal conditions, using robust, 

high-powered methodology. Addressing these gaps will empower researchers to interpret effect 

sizes with greater confidence and flexibility, thereby enhancing the quality and clarity of 

statistical reporting in diverse applied settings. 

Study Objectives 

 The present study addressed these knowledge gaps by systematically investigating the 

performance of CIs for three key ANOVA effect size measures (η², ω², and ε²) in OF-ANOVA 

under various conditions, including sample sizes, population distribution shapes (normal and 

nonnormal), and effect magnitudes. This study assesses the adequacy and reliability of 

established CI methods in scenarios that mirror the complexity of data encountered in behavioral 

and social sciences (e.g., non-normality). The ultimate aim is to provide guidance for researchers 

seeking robust interpretation and inference regarding effect sizes, thereby advancing 

methodological transparency and the credibility of quantitative research. 

Methods 

Types of Confidence Interval 

 In this study, three CI construction methods were compared, based on recommendations 

from previous research, such as Chen and Peng (2013) and Zhang and Algina (2008): the 

noncentral F distribution method (noncentral F), the percentile bootstrap method (Perc 

bootstrap), and the bias-corrected and accelerated (BCa) bootstrap method. The noncentral F 

approach is grounded in the theoretical distribution of the F statistic and is commonly used to 

estimate ANOVA effect sizes under normality and equal-variance assumptions. The Perc 

bootstrap and BCa bootstrap methods are both resampling-based techniques that do not rely on 

normality or homoscedasticity, with the BCa method providing additional corrections for bias 
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and skewness in the bootstrap distribution (Chen & Peng, 2013). This combination allows for a 

robust assessment of CI performance across a range of data conditions and assumptions. 

Effect Size Conditions 

 This study used Cohen's (1988) well-known guidelines to define null (0), small (0.010), 

medium (0.059), and large (0.138) effect sizes for η2, ω2, and ε². These benchmarks are applied 

across all simulation scenarios to ensure the generalizability of findings to typical research 

contexts. 

Sample (N) and Cell Size (n) Conditions 

 The determination of sample size and cell sizes in the present study is informed by the 

methodological analysis of Marszalek et al. (2011), who conducted a comprehensive review of 

sample sizes reported in psychology journals. Specifically, this study references the 2006 

experimental journal data, which reflects contemporary standards in experimental design. 

Marszalek et al. (2011) reported that the 25th, 50th, and 75th percentiles for total sample size 

were 10, 18, and 32, respectively, with corresponding per-group sample sizes of 10, 12, and 19. 

These empirical distributions are consistent with the recommendations of Voorhis and Morgan 

(2007), whose Table 3 suggests a minimum of 7 participants per cell and at least 30 per cell to 

achieve 80% power for detecting medium effect sizes in group comparisons such as t-tests and 

ANOVA.  

 Accordingly, this study  investigated statistical performance across per-group sample 

sizes of n = 5, 10, 30, 50, and 100. This range enables assessment of both suboptimal and 

optimal conditions, thereby reflecting sample sizes commonly used in published research and 

recommended in methodological guidelines. 

Group Number Conditions 



CONFIDENCE INTERVALS FOR EFFECT SIZES IN ANOVA 31 

 OF-ANOVA is ideally suited for comparing means across three or more groups, as it 

enables meaningful variance partitioning and a robust assessment of group effects (Hazra & 

Gogtay, 2016). In the present study, the number of groups was restricted to k =3. This decision 

was guided by the need to use a consistent and valid procedure for generating group means 

across all simulation conditions, as well as by the software's capability to specify population 

means, which supports only three- and four-group designs for this purpose. To avoid mixing 

different mean-generation methods across conditions and to maintain a coherent design, the 

three-group configuration was selected. This choice still reflects a commonly encountered 

research scenario in applied work, while ensuring methodological consistency and valid 

implementation of the simulation design. For this study, only scenarios with equal sample sizes 

across all groups were considered. That is, the number of observations in each experimental 

group was held constant across all simulations to reflect optimal OF-ANOVA conditions and 

maximize statistical power. 

 Assumption Testing  

 Normality 

 To evaluate the normality assumption, data in this study were generated under both ideal 

and non-ideal distributional conditions. Specifically, three types of population distributions were 

considered: (a) a standard normal distribution to represent ideal normality, (b) a continuous 

uniform distribution to represent a flat, non-normal distribution with no central peak, and (c) a 

positively skewed distribution to represent asymmetric, long-tailed populations. For each 

condition, data were generated using the built-in random-number generators in R (e.g., rnorm for 

normal data, runif for uniform data, rlnorm for positively skewed data), ensuring that the 

simulated values matched the intended distributional shapes. 
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Homoscedasticity  

 Homoscedasticity is a core assumption of OF-ANOVA, ensuring that the variability 

within each group is similar. When this assumption is met, OF-ANOVA produces accurate results 

with reliable Type I error rates and statistical power (Delacre et al., 2019).   

For this simulation, it was assumed that the homoscedasticity assumption helds across all 

groups, as testing for violations of both normality and homogeneity of variance simultaneously 

can be challenging. This enables a focused investigation of the effect of normality violations 

while maintaining ideal conditions for group variances. 

Experimental Conditions and Bootstrap Replications 

 This study  adopted a  factorial simulation design to evaluate the performance of CI 

methods for OF-ANOVA effect sizes across a broad spectrum of conditions. The simulation 

systematically varied the following factors: three CI construction methods (noncentral F 

distribution, percentile bootstrap, and bias-corrected and accelerated (BCa) bootstrap), four effect 

size levels (null, small, medium, large), and five per-group sample sizes (n = 5, 10, 30, 50, 100). 

The group number was held constant (k = 3). The design further incorporated three population 

distribution shapes to assess the impact of normality and skewness. 

           Importantly, the study addressed three effect size types, η2, ω2, and ε², by conducting three 

entirely separate sets of simulations, one for each effect size index. This approach ensures that 

each effect size type is evaluated independently across the full range of experimental conditions, 

allowing precise, interpretable comparisons without confounding results across indices. 

           For each effect size type, the full factorial combination of the remaining factors yielded 60 

unique experimental conditions: 4 (effect size levels) × 5 (sample sizes) × 1(group numbers) × 3 

(distributions).  
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           Each condition was replicated 1,000 times using a Monte Carlo simulation to estimate 

confidence interval performance metrics, such as coverage probability and interval width, with 

acceptable precision while maintaining feasible computation. The number of replications is in 

line with previous Monte Carlo studies (e.g., Finch & French, 2011) that have used 1,000 

replications per condition to obtain stable estimates of performance indices. Within each 

replication, for the bootstrap-based CI methods (percentile and BCa), 1,000 bootstrap samples 

will be drawn to construct the confidence intervals. The number of bootstrap replications is 

chosen based on methodological recommendations and empirical evidence, notably from Zhang 

& Algina (2008), who demonstrated that 1,000 bootstrap samples yield stable, accurate bootstrap 

confidence intervals while balancing computational feasibility. In sum, this study produced a 

design with 60 conditions × 1,000 replications × 1,000 bootstrap = 60,000,000 data sets for 

evaluation. 

Data Analysis and Software 

 All simulations were conducted in R (version 4.3.2; R Core Team, 2023). Population data 

for each condition were generated using base R random-number generators: rnorm() for normally 

distributed data, runif() for continuous uniform data, and rlnorm() for positively skewed (log-

normal) data, with chosen parameters to match the specified distributional forms and target effect 

sizes. The design of the OF-ANOVA with three groups and equal sample sizes, and the 

corresponding group means for a given effect size, were implemented using the Superpower 

package (Caldwell et al., 2022). Superpower package provides functions such as mu_from_ES to 

derive population means from standardized effect sizes and to support simulation-based ANOVA 

designs.  
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CIs for η², ω², and ε² were computed using the effectsize package, which returns point 

estimates and associated confidence limits based on noncentral F distribution for ANOVA effect 

sizes. Bootstrap-based CIs (perc and BCa) for these effect sizes were obtained with the boot 

package by repeatedly resampling each simulated dataset, recomputing η², ω², and ε² within each 

bootstrap sample, and then applying boot.ci() to derive percentile and BCa limits. The Monte 

Carlo simulation loops (including generation of datasets under each design condition, fitting 

ANOVA models, computing effect sizes and confidence intervals, and storing results), as well as 

all data aggregation and summary computations for coverage probability and interval width, 

were implemented in custom R scripts. 

Performance Evaluation Criteria 

 The influence of effect size magnitude, sample size, group number, and distributional 

form on CI performance for each effect size measure was systematically evaluated. 

 Performance of all three CI methods—noncentral F, Perc bootstrap, and BCa bootstrap—

was evaluated based on coverage and CI width. Moreover, the performance of the effect size 

measures η², ω², and ε² was evaluated with respect to bias. 

Bias and MCSE of Bias for Effect Size Estimates 

 Bias. Bias of an estimator is the average difference between the estimator and the true 

population parameter (θ) across simulations. Positive bias means the method systematically 

overestimates θ, negative bias means it underestimates θ (Morris et al., 2019). 

 If the total number of simulation replications is represented by 𝑛sim, 𝜃𝑖̂ denotes the 

estimated parameter obtained from the 𝑖-th simulation replication, while 𝜃 represents the true 

population parameter, the (Monte Carlo) bias is, 
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Bias =
1

𝑛sim

∑(𝜃𝑖̂ − 𝜃)

𝑛sim

𝑖=1

 

(Morris et al., 2019) 

 MCSE of Bias. The Monte Carlo standard error (MCSE) of the estimated bias is the 

standard error of that bias estimate across hypothetical repetitions of the simulation. It quantifies 

how much the reported bias might change purely due to the use of a finite number of simulation 

replications (Morris et al., 2019). 

𝑀𝐶𝑆𝐸(𝐵𝑖𝑎𝑠)  = √
1

𝑛sim(𝑛sim − 1)
∑(𝜃𝑖̂ − 𝜃̅)

2

𝑛sim

𝑖=1

 

 In the simulation study,  𝜃𝑖̂ denotes the estimated parameter obtained from the 𝑖-th 

simulation replication. The mean of the simulated estimates is denoted by 𝜃̅ . The total number of 

simulation replications is represented by 𝑛sim. 

Coverage 

 Following Bradley's (1978) liberal criterion, as used by Zhang and Algina (2008), we 

consider empirical coverage between 0.925 and 0.975 to indicate adequate performance for 

nominal 95% confidence intervals. 

 Following Morris et al. (2019), let 𝑛sim denote the number of simulation runs, 1(⋅) = 

indicator function, 𝜃low,𝑖̂ 𝑎𝑛𝑑 𝜃upp,𝑖̂ = lower and upper confidence intervals bound in simulation, θ 

contains the true parameter value. The empirical coverage probability (𝐶̂) is 

𝐶̂ =
1

𝑛sim

∑ 𝟏(𝜃low,𝑖̂ ≤ 𝜃 ≤ 𝜃upp,𝑖̂)

𝑛sim

𝑖=1
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 The Monte Carlo standard error (MCSE) coverage is then computed using the binomial 

formula. The estimated coverage probability is denoted as Cover̂ , and 𝑛sim denote the number of 

simulations runs (Morris et al., 2019) 

𝑀𝐶𝑆𝐸(𝐶̂)  = √
Cover̂  (1 − Cover̂ )

𝑛sim

 

Confidence Interval Width 

 For each replication i, let [𝑈𝑖 − 𝐿𝑖] denote the confidence interval for the parameter of 

interest. The width of the confidence interval in replication i (𝑊𝑖) is defined as, 𝑊𝑖 = 𝑈𝑖 − 𝐿𝑖. 

Across 𝑛sim  replications, we summarize precision by the average CI width (𝑊̅), 

𝑊̅ =
1

𝑛sim

∑ 𝑊𝑖

𝑛sim

𝑖=1

 

 A CI method is deemed most appropriate when it produces the narrowest average widths 

while maintaining a coverage rate of approximately 95%  (Morris et al., 2019). This means that 

this CI method tends to produce more precise intervals for estimation, and it can achieve the 

coverage rate as planned. 

Interpretation of Usable CIs  

 The percentage of unusable CIs reflects the practical challenges researchers face when 

applying statistical methods in real-world scenarios. For instance, a 5% rate of unusable CIs 

implies that, out of 1,000 replicated studies, approximately 50 instances would yield results 

where a valid CI cannot be computed or interpreted. Such occurrences highlight limitations in 

the robustness or applicability of a given CI method. Consequently, a higher proportion of 

unusable CIs indicates poorer performance of the method. In this study, a threshold of 5% is 

adopted as a criterion to define an acceptable or reliable CI method. 
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Ethical and Reproducibility Considerations 

 This study is preregistered on the Open Science Framework (OSF). Upon completion, the 

preregistration will be made public, and a link will be provided in all resulting publications for 

transparency and reproducibility.            

Results 

Convergence and Usable Intervals 

 Across all conditions, estimates of η², ω², and ε² were non-negative. Hence, no 

replications were excluded on the basis of invalid effect size values. 

           For each CI method (noncentral F, Perc bootstrap, and BCa bootstrap), an interval was 

defined as usable if it had finite, non-missing limits and a strictly ordered interval, with the lower 

limit less than the upper limit. . Replications that produced NA limits or equal lower and upper 

limits were classified as unusable and were excluded from subsequent performance summaries. 

           Table 2a-2c report the proportion of unusable intervals for each combination of true effect 

size, sample size per group, distribution, CI method, and effect size measure. For the Perc 

bootstrap method, unusable intervals were essentially absent across all scenarios (proportion 

0.000 for all entries in Table 2a–2c), indicating stable interval construction even in small samples 

and under skewed distributions. By contrast, a small proportion of noncentral F intervals for η² 

were unusable (typically between 0.000 and 0.033), reflecting occasional numerical issues that 

resulted in equal lower and upper limits; these occurred mainly at the smallest sample sizes and 

diminished as n increased. For ω², and ε², unusable proportions were much higher (often above 

5%), particularly for smaller effect sizes. For example, under normality with a true effect size 

“0.000”, approximately 0.62–0.64 of the noncentral F intervals for ω², and ε² were unusable 

across all sample sizes, with similarly high unusable proportions for BCa bootstrap intervals 
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based on these estimators. These high unusable rates decreased as the true effect size increased 

and were close to zero for large effects and larger sample sizes. 

           For the BCa bootstrap method, we anticipated occasional failures because the bootstrap 

resampling distribution does not support reliable estimation of the bias-correction and 

acceleration terms. To handle this, the BCa bootstrap computation was wrapped in a try–catch 

structure, and any replication that triggered an error was assigned NA limits and classified as 

unusable. Consequently, all reported performance measures for BCa bootstrap are conditional on 

successful interval construction, which helps explain why the conditional and unconditional 

summaries for BCa bootstrap appear very similar. 

Conditional vs Unconditional Summaries 

 Since some method × effect size combinations produced unusable CIs, we computed 

performance summaries in two ways. Unconditional summaries (Table 5a - 5c, 7a - 7c, and 9a – 

9c) treat unusable CIs as part of the simulation outcome, whereas conditional summaries (Table 

4a – 4c, 6a - 6c, and 8a – 8c) are based only on replications that yielded usable CIs. Unusable 

CIs were those with missing limits or degenerate bounds (lower limit ≥ upper limit), as defined 

in the section “Convergence and Usable Intervals”. Hence, conditional tables basically show how 

the methods behave when CIs can be constructed. 

           For the Perc bootstrap method, the unusable proportion was essentially zero in all 

scenarios (Table 2a-2c); therefore, conditional and unconditional summaries are numerically 

identical. For noncentral F and BCa intervals based on η², the unusable proportion was small 

(typically below 5%), so conditional and unconditional estimates of coverage and CI width 

differed only trivially. By contrast, for intervals based on ω² and ε² under null and small effects, 
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unusable proportions were very high (often above 60%; Table 2a -2c), and the unconditional 

summaries reflect this instability by averaging over many failed CIs. 

Performance Evaluation 

 All Bias, coverage, and CI width results reported in the following sections are based on 

the conditional summaries, with the corresponding unconditional values provided to illustrate the 

impact of unusable CIs on overall performance. 

Bias and MCSE of Effect Size Estimates 

 Bias. Across normal, uniform, and positively skewed distributions (see Tables 3a – 3c 

and Figure 1- 3), η² shows the largest positive bias, ω² and ε² show smaller bias, and all three 

measures become less biased as sample size increases. For example, under normality with true 

effect size 0, the bias of η² decreases from about 0.14 at n = 5 to about 0.01 at n = 100, while the 

corresponding ω² and ε² biases drop from about 0.05 to about 0.003 (see Table 3a). 

 For normal and uniform distributions, bias in η² is highest at small n and small effect 

sizes and declines as the true effect size increases, with ω² and ε² remaining close to unbiased, 

especially for moderate effects and larger n. Under positive skew, biases are larger overall, 

particularly for η², and are larger at higher true effect sizes (e.g., η² bias around 0.20 at an effect 

size of 0.138 and n = 5), but they still diminish steadily as n increases. 

 MCSE of Bias. MCSEs of bias are uniformly small relative to the corresponding bias 

estimates, and they decrease as n increases, indicating that the bias estimates are estimated with 

high precision (Table 3a – 3c). For example, when η² bias under normality at n = 5 and effect 

size 0 is about 0.14, the MCSE of this bias is roughly 0.004, and at n = 100, the bias is around 

0.007 with an MCSE of about 0.0002. This pattern implies that observed differences in bias 

across sample sizes, effect sizes, and distributions are not attributable to Monte Carlo error. 



CONFIDENCE INTERVALS FOR EFFECT SIZES IN ANOVA 40 

Coverage Probability and MCSE Coverage Probability 

 Coverage Probability. For the NCF CIs, conditional coverage (Table 4a) for η², ω², and 

ε² was generally close to the nominal 95% level under both the normal and uniform distributions, 

with values typically ranging from approximately 92% to 99% across effect sizes and sample 

sizes. In contrast, under the positively skewed distribution, conditional coverage tended to 

decline, particularly visible at larger effect sizes, yielding values that fell further below 95% than 

those observed under normality or uniformity. Moreover, across all three distributions, 

conditional coverage showed an atypical pattern in which coverage decreased as effect size and 

sample size increased, contrary to the improvements that are typically expected. 

 For the Perc bootstrap CIs (Table 4b), the convergence results (Table 2a-2c) show that the 

unusable proportion is essentially zero, so 100% of replications contribute to the conditional 

coverage estimates across all conditions. For η², conditional coverage at the null effect is 0 across 

all three distributions, which reflects the comparatively large bias observed for η² when the true 

effect is zero (see Table 3a - 3c); once the effect size is nonzero, coverage for η² increases with 

both sample size and effect size. For ω² and ε², conditional coverage remains consistently close 

to the nominal 95% level, typically ranging from about 85% to 99%, with no big systematic 

differences across sample sizes or distributions when comparing effect sizes. Within a given 

effect size, increases in sample size are accompanied by modest increases in coverage, and larger 

effect sizes tend to yield better coverage overall. With respect to the generating distribution, 

coverage is generally highest under the normal distribution, followed by the uniform distribution, 

and lowest under the positively skewed distribution. Within each distribution, ω² and ε² 

consistently achieved better coverage than η². 
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 For the BCa bootstrap CIs (Table 4c), conditional coverage generally followed the same 

pattern as for the percentile bootstrap, with zero coverage for η² at the null effect but 

substantially improved coverage once the true effect size was nonzero. For ω² and ε², coverage 

remained close to 95% over most combinations of effect size, sample size, and distribution, and 

the influence of effect size and distribution mirrored that observed for the percentile method, 

with larger true effects and approximately normal outcomes generally yielding better coverage 

than smaller effects and positively skewed outcomes. However, unlike the percentile intervals, 

the pattern of coverage across sample sizes within a given effect size was somewhat less smooth 

for BCa bootstrap, likely reflecting residual instability associated with the small proportion of 

unusable replications in some conditions. 

 Across three CI methods, the comparison of conditional and unconditional findings is 

clarified by considering the unusable proportions. The convergence summary (unusable 

proportions, Table 2a – 2c) shows that the unusable proportion is very high for null and small 

effect sizes at small sample sizes, especially for ω² and ε², and declines markedly as effect size 

and sample size increase. Because conditional coverage is calculated only over the subset of 

converged (usable) replications, conditions with a high unusable proportion have coverage 

estimated from a relatively small denominator, which inflates the resulting coverage estimates, 

whereas conditions with better convergence (and thus a larger set of usable replications) yield 

lower coverage estimates. For example, η², unconditional coverage remains close to the nominal 

95% level whenever unusable percentages are low, whereas for ω² and ε², unconditional 

coverage is clearly below 95% in the small-effect, small-sample settings and then increases 

toward or above 95% as effect size and sample size grow (see Table 5a – 5c). Together, these 

results indicate that the observed decreases in conditional coverage with increasing effect size 
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and sample size are largely artifacts of conditioning on convergence, arising because conditional 

coverage in the small-effect, small-sample conditions is computed from a restricted subset of 

replications, whereas in the larger-effect, larger-sample conditions, it is based on a much larger 

and more representative set of replications. 

 MCSE Coverage Probability. Following recommendations for simulation studies, we 

report MCSEs for our coverage estimates to quantify simulation uncertainty arising from the 

finite number of replications. In line with Morris et al. (2019), we interpret MCSE as a standard 

error for these performance measures and consider the magnitude of differences in coverage 

between methods relative to their MCSEs when judging whether they may be attributable to 

Monte Carlo variability. 

 Conditional coverage MCSE results (see Table 6a - 6c ) showed that, across most 

conditions, noncentral F–based CIs for η², ω², and ε² were estimated with small Monte Carlo 

uncertainty, with MCSE values typically below 0.01 for all three underlying distributions 

(normal, uniform, and positively skewed) and sample sizes from 5 to 100. Coverage MCSEs 

were generally lowest under normal and uniform distributions and increased slightly under 

positive skew, particularly for larger true effect sizes and ε², where MCSEs reached 

approximately 0.013–0.014, implying Monte Carlo variability of about one percentage point in 

the reported coverage. Perc bootstrap intervals showed larger MCSEs at small sample sizes and 

nonzero effects, especially under positive skew, with some η² MCSEs around 0.015–0.016, 

suggesting that coverage estimates in these settings are less precise and should be interpreted 

with more caution. BCa bootstrap intervals displayed MCSE patterns intermediate between 

noncentral F and percentile bootstrap, with MCSEs generally decreasing as n increased and 
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remaining below about 0.013 even under skewed distributions, suggesting reasonably precise 

coverage estimation in most conditions.  

 Unconditional coverage probabilities MCSEs showed the same patterns as the conditional 

summaries, but with larger MCSEs (see tables 7a - 7c). This reflects the fact that the 

unconditional metrics average over all replications, including those in which the estimation 

procedure did not yield a usable interval, thereby introducing additional variability relative to the 

conditional summaries restricted to converged confidence intervals. 

Confidence Interval Width 

 Conditional CI widths (see Table 8a - 8c) decreased systematically as sample size 

increased, with all three effect size measures showing much narrower intervals at n = 100 than at 

n = 5 across distributions and methods, indicating improved precision with larger samples. For 

example, for the noncentral F method with η² under normality and effect size 0, the width drops 

from about 0.41 at n = 5 to about 0.03 at n = 100; similar reductions were observed for ω² and ε², 

and for the bootstrap methods.  Across methods, Perc bootstrap intervals were consistently wider 

than noncentral F intervals, whereas BCa bootstrap intervals were generally narrower than Perc 

intervals and often similar to, or slightly wider than, noncentral F intervals for moderate and 

large n.  

 CI widths also tended to increase with the magnitude of the true effect size, particularly 

when moving from very small effects (0 or 0.01) to moderate effects (0.059 and 0.138). This 

pattern was evident for η², ω², and ε² under all three distributional conditions.  

 Differences between normal, uniform, and positively skewed distributions were modest 

relative to the effects of n and effect size.  For noncentral F CIs, widths under positive skew are 

often slightly larger than under normality or uniformity, particularly at small n and larger effect 
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sizes, whereas the two bootstrap methods tended to produce slightly wider intervals under 

positive skew, especially at small n and larger true effects.  

 Within each condition, the widths for η², ω², and ε² were very similar, with only minor 

numerical discrepancies, indicating that the choice among these effect size indices had 

comparatively little impact on the precision of the conditional confidence intervals. 

 Across the three methods (noncentral F, Perc bootstrap, and BCa bootstrap), the Perc 

bootstrap generally produced the widest confidence intervals, particularly at smaller sample sizes 

and across all effect sizes, indicating more conservative but less precise interval estimation. In 

contrast, differences in interval width between noncentral F and BCa were small in most 

conditions. 

 Unconditional intervals also showed the same patterns as conditional widths (see Table 

9a - 9c), but slightly wider intervals. This again can be explained by the fact that the 

unconditional summaries average over all replications, including those in which the procedure 

did not yield a converged or otherwise usable interval, thereby introducing additional variability 

relative to the conditional summaries. 

Discussion and Conclusion 

 This study evaluated the behavior of noncentral F, Perc bootstrap, and BCa bootstrap CIs 

for effect size measures (η2, ω2, and ε²) of OF-ANOVA, across varying sample sizes (n = 5,10, 

30, 50, 100), effect sizes (0.00, 0.01, 0.059, 0.138), and three outcome distributions (normal, 

uniform and positive skew), with particular attention to bias, interval usability, coverage, and 

width. Overall, the findings demonstrated that interval performance depended not only on the 

estimation method but also on the feasibility of constructing the interval, highlighting the 

importance of convergence and usability in interpreting results. 
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Main Findings 

 This study yielded four major findings. The first interval usability differed sharply across 

methods and effect size indices. Perc bootstrap intervals were essentially always usable, whereas 

noncentral F and BCa bootstrap intervals for η2 occasionally failed at very small sample sizes, 

and unusable rates were much higher for ω2 and ε² under null and small effects.  

 Overall, these results highlight that CI performance cannot be evaluated solely by looking 

at coverage; it is also essential to consider whether the reported summaries are conditional on 

successful CI construction or reflect unconditional performance across all simulated samples. 

This distinction matters because methods that often fail to produce usable intervals can appear 

more reliable than they actually are, as they restrict attention to the subset of replications that 

converged. Therefore, a more informative assessment is needed to determine how often a method 

produces usable intervals and how well those intervals cover the target effect size. 

 Secondly, according to our simulation, η2 showed the highest positive bias, particularly in 

small samples, whereas ω2 and ε² were substantially less biased and approached negligible bias 

as sample size increased. This pattern held across the normal, uniform, and positively skewed 

distributions. The very small MCSEs reported for bias indicate that the bias estimates are stable 

across repeated samples.  

 The third major finding concerns coverage probability. For the noncentral F method, 

conditional coverage was often near the nominal level under normal and uniform distributions, 

but performance weakened under positive skew and showed an unusual decline as effect size and 

sample size increased. According to conditional summaries, this decline was largely an artifact of 

conditioning on usable intervals, because small-effect and small-sample conditions often exclude 

a large proportion of failed intervals from the denominator, thereby inflating conditional 
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coverage. Both bootstrap approaches showed that ω2 and ε² generally achieve coverage closer to 

95% than η2, while performance was best under normality, somewhat weaker under uniformity, 

and weakest under positive skew.  

 Finally, CI width decreased steadily as the sample size increased and tended to increase 

with the true effect size, following the expected precision pattern. The distributional differences 

were comparatively modest relative to the effects of sample size and method. Across methods, 

Perc bootstrap intervals were consistently the widest, BCa bootstrap intervals were typically 

narrower than Perc bootstrap intervals, and noncentral F intervals were often the narrowest or 

similar in width to BCa bootstrap intervals. 

Comparison of Current Study Findings with Prior Studies 

 The interpretation of the present study's findings aligns closely with those of Finch & 

French (2011), which showed that sample size, effect magnitude, and distribution type strongly 

influence coverage and width, that Perc bootstrap intervals tend to be wider, and that no single 

method performs best across all conditions. Our findings also showed that interval performance 

depended strongly on sample size, effect magnitude, and distribution shape, and the Perc 

bootstrap again emerged as the most stable but least precise method in terms of width. At the 

same time, the present study highlights an important but under-discussed distinction between 

conditional and unconditional performance. Conditional performance summarizes results based 

only on converged intervals, whereas unconditional performance incorporates all outputs, 

including non-convergent cases; this distinction is not clearly articulated in Finch and French 

(2011) where the primary concern was coverage and trade-offs between width and coverage. In 

the present study, the same trade-off remains important, but it emphasizes that interpretation 

should be done with the understanding that some effect size measures, especially ω2 and ε² under 



CONFIDENCE INTERVALS FOR EFFECT SIZES IN ANOVA 47 

null and small effects, often fail to produce usable intervals. This complicates the task of 

determining which method to recommend, because a method with good conditional coverage is 

not necessarily attractive if it frequently fails to produce usable intervals in practice.  

 The present findings align closely with those reported by Zhang and Algina (2008) for 

RMSSE in OF-ANOVA. Their results showed that coverage probabilities for both noncentral F-

based and percentile bootstrap CIs were frequently inadequate across conditions. In their study, 

acceptable performance was restricted to limited conditions: noncentral F intervals performed 

adequately mainly under normality (and selected g–h distributions such as g = 0, h = 0.109), 

while percentile bootstrap intervals showed acceptable coverage mainly under normality and for 

small effect sizes. These results indicate that the reliability of both approaches is highly sensitive 

to distributional assumptions and to the magnitude of the effect. 

 A similar pattern emerged in the present study as well. Coverage of all three CIs, for η2, 

ω2, and ε², deteriorated as distributions became more skewed and as effect sizes increased, 

indicating that nominal 95% coverage cannot be assumed outside of fairly ideal conditions.  

However, the present findings extend Zhang and Algina’s conclusions by demonstrating that 

interval performance depends not only on coverage but also on interval usability, which can 

substantially distort the interpretation of conditional summaries.  

 Lastly, the findings of this study are also consistent with the broader argument of Algina, 

Keselman, and Penfield (2006) that effect size interval performance is sensitive to nonnormality 

and that bootstrap methods (Perc) are preferable when classical distributional assumptions are 

violated. Their study found that robust estimators combined with bootstrap critical values 

provided the most accurate coverage under nonnormality and heteroscedasticity, whereas 

conventional approaches, such as noncentral t-distribution-based CI, performed poorly under 
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skewness. Although the current study did not focus on estimators similar to those of Algina et al., 

it similarly demonstrates that skewed distributions can seriously distort interval behavior and that 

reliance on parametric theory alone can be misleading, especially when interval-convergence 

problems are ignored. 

Interpretation of Effect Size Measures 

 The three effect size indices (η2, ω2, and ε²) did not behave identically. Across nearly all 

conditions, η2 was more positively biased than ω2 and ε², especially in small samples, which 

supports the common view that eta-squared tends to overestimate population effects more 

strongly than alternative OF-ANOVA effect size estimators (see Lakens, 2013; Olejnik & Algina, 

2003). By contrast, omega-squared and epsilon-squared showed smaller bias and generally better 

bootstrap coverage once usable intervals were obtained, suggesting that they may be preferable 

when the goal is to estimate effect magnitude with less small-sample distortion.  

 However, that apparent advantage for omega-squared and epsilon-squared must be 

balanced against their much higher unusable rates under null and small-effect conditions for 

some CI methods. In practice, these indices can perform well for inference when estimation is 

stable, but they can also have serious implementation issues when paired with methods that are 

numerically unstable in situations that are especially important to researchers, such as detecting 

whether a very small effect is present. Accordingly, researchers should consider the choice of 

effect size index together with the method used to construct its interval, rather than treating these 

decisions as independent. 

  In addition to the main findings,  our analyses showed that ω2, and ε² had highly similar 

bias patterns across all combinations of sample size, effect size, and distribution. This 
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consistency suggests that ω² and ε² behave similarly with respect to bias, indicating that either 

may be used interchangeably from this perspective. 

Practical Implications 

 There are several practical implications of the present study’s findings. First, the 

evaluation of CI performance should consider not only how closely empirical coverage matches 

the nominal level, but also the rate at which intervals can be successfully constructed. Methods 

that frequently fail to produce usable CIs may appear to perform well when coverage is 

calculated only from successful replications, yet in practice they perform poorly because of a 

high rate of non-convergence. If stable interval construction is a priority, the Perc bootstrap 

appears attractive because it produced essentially no unusable intervals across conditions; 

however, this stability comes at the cost of wider intervals, reflecting a trade-off between 

robustness and precision.  

 Second, for studies in which precision is particularly important, and the data are expected 

to be approximately normal, noncentral F intervals may remain useful, mainly for η2 , under 

conditions where unusable rates are negligible. Third, under skewed outcomes or small-sample 

conditions, the bootstrap methods appear safer overall, especially for ω2 and ε², but their 

performance should still be interpreted cautiously because skewness reduced coverage, and BCa 

bootstrap intervals were not always fully stable. More broadly, the results reinforce the need for 

applied researchers to report both the point estimate and the uncertainty interval, while also 

being informed about potential estimation or convergence failures. 

Limitations and Future Research 

 This study has several limitations that should be acknowledged. First, the simulation was 

conducted under a specific set of sample sizes (n = 5, 10, 30, 50, 100), effect sizes (0.00, 0.01, 
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0.059, 0.138), and three outcome distributions (normal, uniform, and positive skew), so the 

findings do not necessarily generalize to all forms of nonnormality, more extreme skewness, or 

other ANOVA structures. Additional research is required to examine the effect of larger sample 

sizes, more extreme distributional shapes, and a wider range of effect sizes on the performance of 

the CIs.  

 Second, these conclusions are based on an OF-ANOVA setting. More complex 

designs,such as factorial models with interaction effects or mixed-effects models involving both 

fixed and random effects, may introduce additional dependencies that influence interval 

performance. 

 Third, the present study focused on three widely used interval construction methods: 

noncentral F-based intervals, Perc bootstrap intervals, and BCa bootstrap. Other approaches, 

such as normal, basic, or Bayesian credible intervals, may exhibit different performance 

characteristics and should be examined in future research. 

Conclusion 

 To conclude, the results show that the quality of CIs for OF-ANOVA effect sizes depends 

on more than nominal coverage alone. Bias, interval width, sensitivity to skewness, and 

especially the ability to produce usable intervals, all contributed to the practical value of the 

methods considered. Taken together, the results suggest that no single method performs best 

under all conditions: Noncentral F intervals can be efficient under favorable conditions 

(approximate normality and reasonable sample sizes), whereas bootstrap methods, particularly 

the percentile bootstrap, offer greater robustness and stability when distributional assumptions 

are violated (e.g., with skewed data). However, this robustness often comes at the cost of wider 

intervals. From an effect size perspective ω2, and ε² generally provided less biased effect size 
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estimation than η2. Given their close alignment in this simulation, reporting either ω2 or ε² will 

usually be adequate, although researchers may still prefer one over the other based on familiarity, 

software availability, or specific design considerations. 
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Table 1 

Guideline on Effect Sizes 

Effect size value Magnitude of effect size 

0.0 Null effect 

0.01 ≤ η² ≤ 0.05 Small effect 

0.06 ≤ η² ≤ 0.13 Medium effect 

η² ≥ 0.14 Large effect 

Note: These guidelines are based on the conventional benchmarks proposed by Cohen (1988) for 

interpreting η² values. In the current study, these same interpretive criteria will be applied to the 

other ANOVA-based effect size estimators examined, including ε² and ω². This consistent 

approach is supported by the work of López-Martín and Ardura, (2023), who emphasized the 

applicability of Cohen’s thresholds across various effect size measures. 
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Table 2a 

Convergence Summary (Unusable proportion) of CIs for η², ω², ε² for Normal Distribution, when 

Group Number k= 3 

Effect 

size 

n NCF Percentile BCa 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 

5 0.033 0.642 0.642 0.000 0.000 0.000 0.011 0.629 0.629 

10 0.017 0.620 0.620 0.000 0.000 0.000 0.004 0.614 0.614 

30 0.025 0.627 0.627 0.000 0.000 0.000 0.005 0.620 0.620 

50 0.029 0.623 0.623 0.000 0.000 0.000 0.005 0.616 0.616 

100 0.025 0.619 0.619 0.000 0.000 0.000 0.006 0.607 0.607 

0.01 5 0.031 0.608 0.608 0.000 0.000 0.000 0.008 0.606 0.606 

10 0.013 0.561 0.561 0.000 0.000 0.000 0.003 0.556 0.556 

30 0.009 0.482 0.482 0.000 0.000 0.000 0.004 0.471 0.471 

50 0.019 0.431 0.431 0.000 0.000 0.000 0.003 0.419 0.419 

100 0.006 0.274 0.274 0.000 0.000 0.000 0.000 0.269 0.269 

0.059 5 0.013 0.490 0.490 0.000 0.000 0.000 0.003 0.479 0.479 

10 0.016 0.355 0.355 0.000 0.000 0.000 0.006 0.348 0.348 

30 0.000 0.106 0.106 0.000 0.000 0.000 0.000 0.103 0.103 

50 0.001 0.038 0.038 0.000 0.000 0.000 0.000 0.037 0.037 

100 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 0.001 

0.138 5 0.005 0.305 0.305 0.000 0.000 0.000 0.002 0.296 0.296 

10 0.003 0.158 0.158 0.000 0.000 0.000 0.000 0.157 0.157 

30 0.000 0.006 0.006 0.000 0.000 0.000 0.000 0.005 0.005 

50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 2b 

Convergence Summary (Unusable Proportion) of CIs for η², ω², ε² for Uniform Distribution, 

when Group Number k= 3 

Effect 

size 

n NCF Percentile BCa 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 

5 0.022 0.610 0.609 0.000 0.000 0.000 0.005 0.600 0.600 

10 0.032 0.624 0.623 0.000 0.000 0.000 0.011 0.617 0.617 

30 0.019 0.634 0.634 0.000 0.000 0.000 0.005 0.626 0.626 

50 0.023 0.628 0.628 0.000 0.000 0.000 0.007 0.620 0.620 

100 0.031 0.640 0.640 0.000 0.000 0.000 0.010 0.629 0.629 

0.01 5 0.029 0.594 0.593 0.000 0.000 0.000 0.007 0.587 0.587 

10 0.019 0.577 0.576 0.000 0.000 0.000 0.004 0.565 0.565 

30 0.016 0.485 0.485 0.000 0.000 0.000 0.003 0.481 0.481 

50 0.012 0.418 0.418 0.000 0.000 0.000 0.005 0.406 0.406 

100 0.004 0.263 0.263 0.000 0.000 0.000 0.002 0.253 0.253 

0.059 5 0.013 0.482 0.481 0.000 0.000 0.000 0.005 0.470 0.470 

10 0.007 0.353 0.353 0.000 0.000 0.000 0.000 0.342 0.342 

30 0.001 0.126 0.126 0.000 0.000 0.000 0.000 0.122 0.122 

50 0.000 0.031 0.031 0.000 0.000 0.000 0.000  0.031  0.031 

100 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.002 0.002 

0.138 5 0.008 0.330 0.330 0.000 0.000 0.000 0.001 0.319 0.319 

10 0.002 0.145 0.145 0.000 0.000 0.000 0.000 0.143 0.143 

30 0.000 0.003 0.003 0.000 0.000 0.000 0.000 0.003 0.003 

50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 

100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 2c 

Convergence Summary (Unusable Proportion) of CIs for η², ω², ε² for Positively Skewed 

Distribution, when Group Number k= 3 

Effect 

size 

n NCF Percentile BCa 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 

5 0.022 0.635 0.634 0.000 0.000 0.000 0.006 0.622 0.622 

10 0.016 0.591 0.591 0.000 0.000 0.000 0.004 0.579 0.579 

30 0.021 0.602 0.602 0.000 0.000 0.000 0.008 0.595 0.595 

50 0.023 0.616 0.616 0.000 0.000 0.000 0.004 0.607 0.607 

100 0.019 0.617 0.617 0.000 0.000 0.000 0.002 0.608 0.608 

0.01 5 0.018 0.577 0.575 0.000 0.000 0.000 0.004 0.563 0.563 

10 0.011 0.507 0.505 0.000 0.000 0.000 0.002 0.495 0.495 

30 0.008 0.424 0.424 0.000 0.000 0.000 0.001 0.416 0.416 

50 0.013 0.384 0.384 0.000 0.000 0.000 0.004 0.378 0.378 

100 0.004 0.240 0.240 0.000 0.000 0.000 0.000 0.233 0.233 

0.059 5 0.011 0.364 0.362 0.000 0.000 0.000 0.003 0.354 0.354 

10 0.009 0.261 0.261 0.000 0.000 0.000 0.000 0.254 0.254 

30 0.001 0.098 0.098 0.000 0.000 0.000 0.001 0.097 0.097 

50 0.001 0.057 0.057 0.000 0.000 0.000 0.000 0.053 0.053 

100 0.000 0.009 0.009 0.000 0.000 0.000 0.000 0.008 0.008 

0.138 5 0.005 0.177 0.177 0.000 0.000 0.000 0.002 0.174 0.174 

10 0.002 0.118 0.118 0.000 0.000 0.000 0.000 0.111 0.111 

30 0.000 0.034 0.034 0.000 0.000 0.000 0.000 0.031 0.031 

50 0.000 0.007 0.007 0.000 0.000 0.000 0.000 0.006 0.006 

100 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
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Table 3a 

Bias and MCSE – Bias for Normal distribution 

Effect 

size 

n η² ω² ε² 

Bias MCSE- 

Bias 

Bias MCSE- 

Bias 

Bias MCSE- 

Bias 

0.00 5 0.1371 0.0039 0.0509 0.0032 0.0536 0.0033 

10 0.0720 0.0021 0.0274 0.0017 0.0282 0.0018 

30 0.0232 0.0007 0.0088 0.0006 0.0089 0.0006 

50 0.0138 0.0004 0.0051 0.0003 0.0051 0.0003 

100 0.0069 0.0002 0.0026 0.0002 0.0026 0.0002 

0.010 5 0.1351 0.0040 0.0466 0.0033 0.0496 0.0035 

10 0.0721 0.0024 0.0253 0.0021 0.0264 0.0021 

30 0.0229 0.0009 0.0062 0.0008 0.0064 0.0008 

50 0.0125 0.0006 0.0021 0.0005 0.0022 0.0005 

100 0.0068 0.0004 0.0010 0.0004 0.0010 0.0004 

0.059 5 0.1261 0.0046 0.0270 0.0041 0.0314 0.0043 

10 0.0677 0.0032 0.0145 0.0030 0.0165 0.0031 

30 0.0213 0.0016 0.0005 0.0015 0.0011 0.0016 

50 0.0099 0.0012 -0.0029 0.0012 -0.0026 0.0012 

100 0.0066 0.0009 0.0001 0.0009 0.0003 0.0009 

0.138 5 0.1130 0.0052 0.0044 0.0051 0.0112 0.0053 

10 0.0600 0.0039 0.0020 0.0039 0.0056 0.0040 

30 0.0191 0.0021 -0.0015 0.0020 -0.0002 0.0021 

50 0.0073 0.0016 -0.0051 0.0017 -0.0043 0.0017 

100 0.0062 0.0012 0.0000 0.0012 0.0004 0.0012 
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Table 3b 

Bias and MCSE – Bias for Uniform distribution 

Effect 

size 

n η² ω² ε² 

Bias MCSE- 

Bias 

Bias MCSE- 

Bias 

Bias MCSE- 

Bias 

0.00 5 0.1424 0.0040 0.0539 0.0033 0.0567 0.0034 

10 0.0689 0.0020 0.0256 0.0016 0.0264 0.0017 

30 0.0223 0.0007 0.0081 0.0005 0.0082 0.0005 

50 0.0137 0.0004 0.0052 0.0003 0.0053 0.0003 

100 0.0067 0.0002 0.0025 0.0002 0.0025 0.0002 

0.010 5 0.1392 0.0041 0.0487 0.0034 0.0520 0.0035 

10 0.0695 0.0023 0.0236 0.0020 0.0246 0.0020 

30 0.0213 0.0009 0.0051 0.0008 0.0053 0.0008 

50 0.0132 0.0007 0.0027 0.0006 0.0028 0.0006 

100 0.0060 0.0004 0.0002 0.0004 0.0002 0.0004 

0.059 5 0.1269 0.0045 0.0282 0.0040 0.0327 0.0042 

10 0.0658 0.0031 0.0121 0.0029 0.0141 0.0029 

30 0.0184 0.0016 -0.0021 0.0015 -0.0016 0.0016 

50 0.0115 0.0012 -0.0013 0.0012 -0.0010 0.0012 

100 0.0046 0.0008 -0.0019 0.0008 -0.0017 0.0008 

0.138 5 0.1093 0.0051 0.0023 0.0049 0.0090 0.0051 

10 0.0587 0.0037 0.0003 0.0037 0.0040 0.0037 

30 0.0149 0.0021 -0.0058 0.0021 -0.0045 0.0021 

50 0.0095 0.0016 -0.0028 0.0016 -0.0021 0.0016 

100 0.0031 0.0011 -0.0031 0.0011 -0.0027 0.0011 
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Table 3c 

Bias and MCSE – Bias for Positively skewed distribution 

Effect 

size 

n η² ω² ε² 

Bias MCSE- 

Bias 

Bias MCSE- 

Bias 

Bias MCSE- 

Bias 

0.00 5 0.1392 0.0035 0.0441 0.0029 0.0465 0.0030 

10 0.0722 0.0018 0.0246 0.0014 0.0253 0.0015 

30 0.0234 0.0007 0.0084 0.0005 0.0085 0.0005 

50 0.0134 0.0004 0.0046 0.0003 0.0046 0.0003 

100 0.0070 0.0002 0.0026 0.0002 0.0026 0.0002 

0.010 5 0.1444 0.0039 0.0481 0.0033 0.0511 0.0035 

10 0.0786 0.0023 0.0288 0.0020 0.0299 0.0021 

30 0.0260 0.0010 0.0088 0.0009 0.0090 0.0009 

50 0.0141 0.0007 0.0035 0.0006 0.0036 0.0006 

100 0.0078 0.0005 0.0020 0.0004 0.0020 0.0004 

0.059 5 0.1674 0.0050 0.0614 0.0047 0.0673 0.0049 

10 0.0974 0.0035 0.0419 0.0034 0.0446 0.0034 

30 0.0376 0.0019 0.0172 0.0019 0.0180 0.0019 

50 0.0206 0.0015 0.0080 0.0015 0.0084 0.0015 

100 0.0128 0.0011 0.0064 0.0011 0.0066 0.0011 

0.138 5 0.1952 0.0059 0.0887 0.0061 0.0983 0.0062 

10 0.1210 0.0045 0.0653 0.0046 0.0701 0.0046 

30 0.0557 0.0029 0.0360 0.0029 0.0375 0.0029 

50 0.0339 0.0024 0.0219 0.0024 0.0227 0.0024 

100 0.0230 0.0018 0.0169 0.0018 0.0173 0.0019 
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Table 4a 

Coverage Probabilities (Conditional) for Noncentral F Distribution-based CIs for η², ω², ε² for 

Normal, Uniform, and Positive skew distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.976 0.969 0.967 0.970 0.972 0.969 0.978 0.984 0.981 

10 0.970 0.963 0.958 0.971 0.973 0.968 0.979 0.990 0.988 

30 0.965 0.971 0.968 0.974 0.965 0.965 0.980 0.972 0.972 

50 0.979 0.976 0.976 0.971 0.962 0.962 0.984 0.990 0.987 

100 0.977 0.984 0.984 0.977 0.983 0.983 0.980 0.974 0.971 

0.010 5 0.976 0.977 0.967 0.974 0.973 0.971 0.977 0.976 0.962 

10 0.962 0.957 0.959 0.966 0.962 0.955 0.967 0.966 0.960 

30 0.967 0.965 0.963 0.971 0.961 0.961 0.963 0.971 0.971 

50 0.971 0.963 0.963 0.961 0.962 0.964 0.960 0.964 0.963 

100 0.951 0.960 0.961 0.958 0.959 0.959 0.946 0.934 0.934 

0.059 5 0.972 0.955 0.959 0.973 0.979 0.981 0.952 0.965 0.955 

10 0.942 0.941 0.941 0.954 0.951 0.952 0.921 0.946 0.945 

30 0.952 0.934 0.935 0.955 0.937 0.937 0.897 0.922 0.917 

50 0.947 0.899 0.899 0.949 0.925 0.924 0.894 0.882 0.881 

100 0.943 0.927 0.927 0.952 0.930 0.931 0.865 0.870 0.870 

0.138 5 0.964 0.951 0.953 0.966 0.975 0.972 0.910 0.930 0.926 

10 0.933 0.937 0.935 0.939 0.950 0.950 0.874 0.906 0.900 

30 0.951 0.928 0.928 0.959 0.911 0.912 0.804 0.831 0.828 

50 0.942 0.926   0.924 0.946 0.935 0.933 0.800 0.800 0.798 

100 0.945  0.940 0.939 0.958 0.952 0.953 0.753 0.750 0.748 
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Table 4b 

Coverage Probabilities (Conditional) for Percentile Bootstrap CIs for η², ω², ε² for Normal, 

Uniform, and Positive skew distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.000 0.965 0.965 0.000 0.959 .959 0.000 0.971 0.971 

10 0.000 0.971 0.971 0.000 0.978 0.978 0.000 0.968 0.968 

30 0.000 0.984 0.984 0.000 0.989 0.989 0.000 0.979 0.979 

50 0.000 0.989 0.989 0.000 0.986 0.986 0.000 0.982 0.982 

100 0.000 0.993 0.993 0.000 0.994 0.994 0.000 0.990 0.990 

0.010 5 0.527 0.972 0.971 0.511 0.958 0.955 0.375 0.962 0.961 

10 0.727 0.966 0.966 0.740 0.976 0.976 0.600 0.948 0.948 

30 0.884 0.976 0.976 0.894 0.985 0.985 0.797 0.960 0.959 

50 0.919 0.990 0.989 0.903 0.984 0.984 0.866 0.965 0.965 

100 0.925 0.979 0.979 0.938 0.991 0.991 0.896 0.964 0.964 

0.059 5 0.798 0.961 0.958 0.818 0.955 0.954 0.635 0.914 0.910 

10 0.862 0.945 0.944 0.884 0.965 0.964 0.706 0.879 0.878 

30 0.930 0.973 0.973 0.938 0.980 0.977 0.790 0.884 0.882 

50 0.953 0.963 0.962 0.946 0.958 0.956 0.840 0.897 0.897 

100 0.940 0.953 0.953 0.957 0.960 0.960 0.873 0.904 0.903 

0.138 5 0.825 0.948 0.943 0.865 0.954 0.953 0.586 0.835 0.825 

10 0.883 0.940 0.938 0.905 0.964 0.959 0.641 0.804 0.795 

30 0.935 0.953 0.953 0.944 0.965 0.964 0.727 0.796 0.789 

50 0.948 0.950 0.950  0.945  0.944 0.943 0.780 0.825 0.824 

100 0.939    0.949 0.951 0.957 0.960 0.958 0.801 0.826 0.824 

 
 
 
 
 
 
 



CONFIDENCE INTERVALS FOR EFFECT SIZES IN ANOVA 71 

Table 4c 

Coverage Probabilities (Conditional) for Bias corrected accelerated bootstrap CIs for η², ω², ε² 

for Normal, Uniform, and Positive skew distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.006 0.984 0.984 0.000 0.980 0.980 0.000 0.989 0.989 

10 0.001 0.977 0.977 0.000 0.984 0.984 0.000 0.981 0.981 

30 0.000 0.982 0.982 0.000 0.995 0.995 0.000 0.973 0.973 

50 0.003 0.987 0.987 0.000 0.997 0.997 0.000 0.985 0.985 

100 0.003 0.990 0.990 0.000 0.992 0.992 0.000 0.992 0.992 

0.010 5 0.869 0.982 0.982 0.871 0.993 0.990 0.818 0.984 0.984 

10 0.871 0.971 0.971 0.893 0.982 0.982 0.815 0.964 0.962 

30 0.888 0.985 0.985 0.875 0.985 0.985 0.849 0.983 0.983 

50 0.878 0.991 0.991 0.870 0.988 0.988 0.859 0.987 0.987 

100 0.882 0.988 0.988 0.886 0.995 0.995 0.866 0.975 0.975 

0.059 5 0.893 0.981 0.981 0.904 0.989 0.989 0.854 0.972 0.972 

10 0.844 0.971 0.971 0.874 0.979 0.979 0.800 0.938 0.937 

30 0.915 0.982 0.982 0.907 0.983 0.983 0.825 0.938 0.939 

50 0.930 0.943 0.942 0.926 0.953 0.953 0.863 0.916 0.913 

100 0.940 0.940 0.940 0.948 0.938 0.938 0.897 0.901 0.903 

0.138 5 0.914 0.986 0.986 0.898 0.993 0.991 0.843 0.954 0.952 

10 0.879 0.969 0.969 0.913 0.981 0.981 0.773 0.895 0.893 

30 0.948 0.939 0.940 0.947 0.926 0.930 0.786 0.855 0.848 

50 0.942 0.933 0.934   0.943 0.942 0.941 0.841 0.856 0.856 

100 0.944 0.947 0.947 0.954 0.946 0.947 0.843 0.859 0.860 
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Table 5a 

Coverage Probabilities (Unconditional) for Noncentral F Distribution-based CIs for η², ω², ε² 

for Normal, Uniform, and Positive Skew Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.977 0.989 0.989 0.971 0.989 0.988 0.978 0.994 0.993 

10 0.971 0.986 0.984 0.972 0.990 0.988 0.979 0.996 0.995 

30 0.966 0.989 0.988 0.974 0.987 0.987 0.980 0.989 0.989 

50 0.980 0.991 0.991 0.972 0.986 0.986 0.984 0.996 0.995 

100 0.978 0.994 0.994 0.978 0.994 0.994 0.980 0.990 0.989 

0.010 5 0.946 0.383 0.379 0.946 0.395 0.395 0.959 0.413 0.409 

10 0.949 0.420 0.421 0.948 0.407 0.405 0.956 0.476 0.475 

30 0.958 0.500 0.499 0.955 0.495 0.495 0.955 0.559 0.559 

50 0.953 0.548 0.548 0.949 0.560 0.561 0.947 0.594 0.593 

100 0.947 0.697 0.698 0.954 0.707 0.707 0.942 0.710 0.710 

0.059 5 0.959 0.487 0.489 0.960 0.507 0.509 0.941 0.614 0.609 

10 0.927 0.607 0.607 0.947 0.615 0.616 0.913 0.699 0.698 

30 0.953 0.835 0.836 0.954 0.819 0.819 0.896 0.832 0.827 

50 0.946 0.865 0.865 0.949 0.896 0.895 0.893 0.832 0.831 

100 0.943 0.926 0.926 0.952 0.927 0.928 0.865 0.862 0.862 

0.138 5 0.959 0.661 0.662 0.958 0.653 0.651 0.905 0.765 0.762 

10 0.930 0.789 0.787 0.937 0.812 0.812 0.872 0.799 0.794 

30 0.951 0.922 0.922 0.959 0.908 0.909 0.804 0.803 0.800 

50 0.942 0.926   0.924 0.946 0.935 0.933 0.800 0.794 0.792 

100 0.945  0.940 0.939 0.958 0.952 0.953 0.753 0.750 0.748 
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Table 5b 

Coverage Probabilities (Unconditional) for Percentile Bootstrap CIs for η², ω², ε² for Normal, 

Uniform, and Positive Skew Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.000 0.965 0.965 0.000 0.959 0.959 0.000 0.971 0.971 

10 0.000 0.971 0.971 0.000 0.978 0.978 0.000 0.968 0.968 

30 0.000 0.984 0.984 0.000 0.989 0.989 0.000 0.979 0.979 

50 0.000 0.989 0.989 0.000 0.986 0.986 0.000 0.982 0.982 

100 0.000 0.993 0.993 0.000 0.994 0.994 0.000 0.990 0.990 

0.010 5 0.527 0.972 0.971 0.511 0.958 0.955 0.375 0.962 0.961 

10 0.727 0.966 0.966 0.740 0.976 0.976 0.600 0.948 0.948 

30 0.884 0.976 0.976 0.894 0.985 0.985 0.797 0.960 0.959 

50 0.919 0.990 0.989 0.903 0.984 0.984 0.866 0.965 0.965 

100 0.925 0.979 0.979 0.938 0.991 0.991 0.896 0.964 0.964 

0.059 5 0.798 0.961 0.958 0.818 0.955 0.954 0.635 0.914 0.910 

10 0.862 0.945 0.944 0.884 0.965 0.964 0.706 0.879 0.878 

30 0.930 0.973 0.973 0.938 0.980 0.977 0.790 0.884 0.882 

50 0.953 0.963 0.962 0.946 0.958 0.956 0.840 0.897 0.897 

100 0.940 0.953 0.953 0.957 0.960 0.960 0.873 0.904 0.903 

0.138 5 0.825 0.948 0.943 0.865 0.954 0.953 0.586 0.835 0.825 

10 0.883 0.940 0.938 0.905 0.964 0.959 0.641 0.804 0.795 

30 0.935 0.953 0.953 0.944 0.965 0.964 0.727 0.796 0.789 

50 0.948 0.950 0.950  0.945  0.944 0.943 0.780 0.825 0.824 

100 0.939    0.949 0.951 0.957 0.960 0.958 0.801 0.826 0.824 
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Table 5c 

Coverage Probabilities (Unconditional) for Bias Corrected Accelerated Bootstrap CIs for η², ω², 

ε² for Normal, Uniform, and Positive Skew Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.000 0.984 0.984 0.000 0.980 0.980 0.000 0.989 0.989 

10 0.000 0.977 0.977 0.000 0.984 0.984 0.000 0.981 0.981 

30 0.000 0.982 0.982 0.000 0.995 0.995 0.000 0.973 0.973 

50 0.000 0.987 0.987 0.000 0.997 0.997 0.000 0.985 0.985 

100 0.000 0.990 0.990 0.000 0.992 0.992 0.000 0.992 0.992 

0.010 5 0.862 0.982 0.982 0.867 0.993 0.990 0.816 0.984 0.984 

10 0.868 0.971 0.971 0.892 0.982 0.982 0.813 0.964 0.962 

30 0.885 0.985 0.985 0.873 0.985 0.985 0.848 0.983 0.983 

50 0.875 0.991 0.991 0.866 0.988 0.988 0.856 0.987 0.987 

100 0.882 0.988 0.988 0.884 0.995 0.995 0.866 0.975 0.975 

0.059 5 0.891 0.981 0.981 0.902 0.989 0.989 0.851 0.972 0.972 

10 0.841 0.971 0.971 0.874 0.979 0.979 0.800 0.938 0.937 

30 0.915 0.982 0.982 0.907 0.983 0.983 0.824 0.938 0.939 

50 0.930 0.943 0.942 0.926 0.953 0.953 0.863 0.916 0.913 

100 0.940 0.940 0.940 0.948 0.938 0.938 0.897 0.902 0.903 

0.138 5 0.912 0.986 0.986 0.897 0.993 0.991 0.841 0.954 0.952 

10 0.879 0.969 0.969 0.913 0.981 0.981 0.773 0.895 0.893 

30 0.948 0.939 0.940 0.947 0.926 0.930 0.786 0.854 0.848 

50 0.942 0.933 0.934   0.943 0.942 0.941 0.841 0.856 0.856 

100 0.944 0.947 0.947 0.954 0.946 0.947 0.843 0.859 0.860 
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Table 6a 

Coverage (Conditional) MCSE for Noncentral f distribution-based CIs for η², ω², ε² for Normal, 

Uniform, and Positive Skew Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.0049 0.0091 0.0095 0.0054 0.0084 0.0087 0.0047 0.0067 0.0072 

10 0.0054 0.0097 0.0103 0.0054 0.0083 0.0090 0.0046 0.0049 0.0054 

30 0.0059 0.0088 0.0091 0.0051 0.0097 0.0096 0.0045 0.0082 0.0082 

50 0.0046 0.0079 0.0079 0.0053 0.0099 0.0099 0.0041 0.0052 0.0058 

100 0.0048 0.0064 0.0064 0.0048 0.0067 0.0067 0.0045 0.0081 0.0085 

0.010 5 0.0049 0.0076 0.0090 0.0051 0.0081 0.0084 0.0048 0.0074 0.0092 

10 0.0061 0.0097 0.0095 0.0058 0.0093 0.0100 0.0057 0.0082 0.0089 

30 0.0057 0.0080 0.0083 0.0054 0.0085 0.0085 0.0060 0.0071 0.0071 

50 0.0053 0.0079 0.0079 0.0062 0.0079 0.0077 0.0063 0.0075 0.0076 

100 0.0068 0.0073 0.0071 0.0064 0.0073 0.0073 0.0072 0.0090 0.0090 

0.059 5 0.0053 0.0092 0.0088 0.0052 0.0063 0.0060 0.0068 0.0072 0.0082 

10 0.0074 0.0093 0.0093 0.0067 0.0085 0.0084 0.0086 0.0083 0.0084 

30 0.0068 0.0083 0.0082 0.0066 0.0082 0.0082 0.0096 0.0089 0.0092 

50 0.0071 0.0097 0.0097 0.0070 0.0085 0.0085 0.0097 0.0105 0.0105 

100 0.0073 0.0082 0.0082 0.0068 0.0081 0.0080 0.0108 0.0107 0.0107 

0.138 5 0.0059 0.0082 0.0081 0.0058 0.0061 0.0064 0.0091 0.0089 0.0091 

10 0.0079 0.0084 0.0085 0.0076 0.0075 0.0075 0.0105 0.0098 0.0101 

30 0.0068 0.0082 0.0082 0.0063 0.0090 0.0090 0.0126 0.0120 0.0121 

50 0.0074 0.0083 0.0084 0.0071 0.0078 0.0079 0.0126 0.0127 0.0128 

100 0.0072 0.0075 0.0076 0.0063 0.0068 0.0067 0.0136 0.0137 0.0137 
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Table 6b 

Coverage (Conditional) MCSE for Percentile Bootstrap CIs for η², ω², ε² for Normal, Uniform, 

and Positive Skew Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.0000 0.0058 0.0058 0.0000 0.0063 0.0063 0.0000 0.0053 0.0053 

10 0.0000 0.0053 0.0053 0.0000 0.0046 0.0046 0.0000 0.0056 0.0056 

30 0.0000 0.0040 0.0040 0.0000 0.0033 0.0033 0.0000 0.0045 0.0045 

50 0.0000 0.0033 0.0033 0.0000 0.0037 0.0037 0.0000 0.0042 0.0042 

100 0.0000 0.0026 0.0026 0.0000 0.0024 0.0024 0.0000 0.0031 0.0031 

0.010 5 0.0158 0.0052 0.0053 0.0158 0.0063 0.0066 0.0153 0.0060 0.0061 

10 0.0141 0.0057 0.0057 0.0139 0.0048 0.0048 0.0155 0.0070 0.0070 

30 0.0101 0.0048 0.0048 0.0097 0.0038 0.0038 0.0127 0.0062 0.0063 

50 0.0086 0.0031 0.0033 0.0094 0.0040 0.0040 0.0108 0.0058 0.0058 

100 0.0083 0.0045 0.0045 0.0076 0.0030 0.0030 0.0097 0.0059 0.0059 

0.059 5 0.0127 0.0061 0.0063 0.0122 0.0066 0.0066 0.0152 0.0089 0.0090 

10 0.0109 0.0072 0.0073 0.0101 0.0058 0.0059 0.0144 0.0103 0.0103 

30 0.0081 0.0051 0.0051 0.0076 0.0044 0.0047 0.0129 0.0101 0.0102 

50 0.0067 0.0060 0.0060 0.0071 0.0063 0.0065 0.0116 0.0096 0.0096 

100 0.0075 0.0067 0.0067 0.0064 0.0062 0.0062 0.0105 0.0093 0.0094 

0.138 5 0.0120 0.0070 0.0073 0.0108 0.0066 0.0067 0.0156 0.0117 0.0120 

10 0.0102 0.0075 0.0076 0.0093 0.0059 0.0063 0.0152 0.0126 0.0128 

30 0.0078 0.0067 0.0067 0.0073 0.0058 0.0059 0.0141 0.0127 0.0129 

50 0.0070 0.0069 0.0069 0.0072 0.0073 0.0073 0.0131 0.0120 0.0120 

100 0.0076 0.0070 0.0068 0.0064 0.0062 0.0063 0.0126 0.0120 0.0120 
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Table 6c 

Coverage (Conditional) MCSE for Bias corrected accelerated bootstrap CIs for η², ω², ε² for 

Normal, Uniform, and Positive Skew Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.0025 0.0065 0.0065 0.0014 0.0070 0.0070 0.0000 0.0053 0.0053 

10 0.0010 0.0077 0.0077 0.0000 0.0063 0.0063 0.0000 0.0067 0.0067 

30 0.0000 0.0069 0.0069 0.0000 0.0038 0.0038 0.0000 0.0081 0.0081 

50 0.0017 0.0058 0.0058 0.0000 0.0026 0.0026 0.0000 0.0062 0.0062 

100 0.0017 0.0051 0.0051 0.0000 0.0046 0.0046 0.0000 0.0044 0.0044 

0.010 5 0.0107 0.0067 0.0067 0.0106 0.0042 0.0048 0.0122 0.0060 0.0060 

10 0.0106 0.0080 0.0080 0.0098 0.0064 0.0064 0.0123 0.0083 0.0085 

30 0.0100 0.0053 0.0053 0.0105 0.0054 0.0054 0.0113 0.0054 0.0054 

50 0.0104 0.0038 0.0038 0.0106 0.0044 0.0044 0.0110 0.0045 0.0045 

100 0.0102 0.0041 0.0041 0.0101 0.0027 0.0027 0.0108 0.0056 0.0056 

0.059 5 0.0098 0.0060 0.0060 0.0094 0.0046 0.0046 0.0112 0.0065 0.0065 

10 0.0115 0.0066 0.0066 0.0105 0.0056 0.0056 0.0126 0.0088 0.0089 

30 0.0088 0.0044 0.0044 0.0092 0.0044 0.0044 0.0120 0.0080 0.0080 

50 0.0081 0.0075 0.0075 0.0083 0.0068 0.0068 0.0109 0.0090 0.0091 

100 0.0075 0.0075 0.0075 0.0070 0.0076 0.0076 0.0096 0.0095 0.0094 

0.138 5 0.0089 0.0045 0.0045 0.0096 0.0033 0.0036 0.0115 0.0073 0.0073 

10 0.0103 0.0060 0.0060 0.0089 0.0046 0.0046 0.0132 0.0103 0.0104 

30 0.0070 0.0076 0.0075 0.0071 0.0083 0.0081 0.0130 0.0113 0.0115 

50 0.0074 0.0079 0.0079 0.0073 0.0074 0.0075 0.0116 0.0111 0.0111 

100 0.0073 0.0071 0.0071 0.0066 0.0071 0.0071 0.0115 0.0110 0.0110 
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Table 7a 

Coverage MCSE (Unconditional) for Noncentral F Distribution-based CIs for η², ω², ε² for 

Normal, Uniform, and Positive skew Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.0047 0.0033 0.0033 0.0053 0.0033 0.0034 0.0046 0.0024 0.0026 

10 0.0053 0.0037 0.0040 0.0052 0.0031 0.0034 0.0045 0.0020 0.0022 

30 0.0057 0.0033 0.0034 0.0050 0.0036 0.0036 0.0044 0.0033 0.0033 

50 0.0044 0.0030 0.0030 0.0052 0.0037 0.0037 0.0040 0.0020 0.0022 

100 0.0046 0.0024 0.0024 0.0045 0.0024 0.0024 0.0044 0.0031 0.0033 

0.010 5 0.0071 0.0154 0.0153 0.0071 0.0155 0.0155 0.0063 0.0156 0.0155 

10 0.0070 0.0156 0.0156 0.0070 0.0155 0.0155 0.0065 0.0158 0.0158 

30 0.0063 0.0158 0.0158 0.0066 0.0158 0.0158 0.0066 0.0157 0.0157 

50 0.0067 0.0157 0.0157 0.0070 0.0157 0.0157 0.0071 0.0155 0.0155 

100 0.0071 0.0145 0.0145 0.0066 0.0144 0.0144 0.0074 0.0143 0.0143 

0.059 5 0.0063 0.0158 0.0158 0.0062 0.0158 0.0158 0.0075 0.0154 0.0154 

10 0.0082 0.0154 0.0154 0.0071 0.0154 0.0154 0.0089 0.0145 0.0145 

30 0.0068 0.0117 0.0117 0.0066 0.0122 0.0122 0.0097 0.0118 0.0120 

50 0.0071 0.0108 0.0108 0.0070 0.0097 0.0097 0.0098 0.0118 0.0119 

100 0.0073 0.0083 0.0083 0.0068 0.0082 0.0082 0.0108 0.0109 0.0109 

0.138 5 0.0063 0.0150 0.0150 0.0063 0.0151 0.0151 0.0093 0.0134 0.0135 

10 0.0081 0.0129 0.0129 0.0077 0.0124 0.0124 0.0106 0.0127 0.0128 

30 0.0068 0.0085 0.0085 0.0063 0.0091 0.0091 0.0126 0.0126 0.0126 

50 0.0074 0.0083 0.0084 0.0071 0.0078 0.0079 0.0126 0.0128 0.0128 

100 0.0072 0.0075 0.0076 0.0063 0.0068 0.0067 0.0136 0.0137 0.0137 
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Table 7b 

Coverage MCSE (Unconditional) for Percentile Bootstrap CIs for η², ω², ε² for Normal, 

Uniform, and Positive skew Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.0000 0.0058 0.0058 0.0000 0.0063 0.0063 0.0000 0.0053 0.0053 

10 0.0000 0.0053 0.0053 0.0000 0.0046 0.0046 0.0000 0.0056 0.0056 

30 0.0000 0.0040 0.0040 0.0000 0.0033 0.0033 0.0000 0.0045 0.0045 

50 0.0000 0.0033 0.0033 0.0000 0.0037 0.0037 0.0000 0.0042 0.0042 

100 0.0000 0.0026 0.0026 0.0000 0.0024 0.0024 0.0000 0.0031 0.0031 

0.010 5 0.0158 0.0052 0.0053 0.0158 0.0063 0.0066 0.0153 0.0060 0.0061 

10 0.0141 0.0057 0.0057 0.0139 0.0048 0.0048 0.0155 0.0070 0.0070 

30 0.0101 0.0048 0.0048 0.0097 0.0038 0.0038 0.0127 0.0062 0.0063 

50 0.0086 0.0031 0.0033 0.0094 0.0040 0.0040 0.0108 0.0058 0.0058 

100 0.0083 0.0045 0.0045 0.0076 0.0030 0.0030 0.0097 0.0059 0.0059 

0.059 5 0.0127 0.0061 0.0063 0.0122 0.0066 0.0066 0.0152 0.0089 0.0090 

10 0.0109 0.0072 0.0073 0.0101 0.0058 0.0059 0.0144 0.0103 0.0103 

30 0.0081 0.0051 0.0051 0.0076 0.0044 0.0047 0.0129 0.0101 0.0102 

50 0.0067 0.0060 0.0060 0.0071 0.0063 0.0065 0.0116 0.0096 0.0096 

100 0.0075 0.0067 0.0067 0.0064 0.0062 0.0062 0.0105 0.0093 0.0094 

0.138 5 0.0120 0.0070 0.0073 0.0108 0.0066 0.0067 0.0156 0.0117 0.0120 

10 0.0102 0.0075 0.0076 0.0093 0.0059 0.0063 0.0152 0.0126 0.0128 

30 0.0078 0.0067 0.0067 0.0073 0.0058 0.0059 0.0141 0.0127 0.0129 

50 0.0070 0.0069 0.0069 0.0072 0.0073 0.0073 0.0131 0.0120 0.0120 

100 0.0076 0.0070 0.0068 0.0064 0.0062 0.0063 0.0126 0.0120 0.0120 
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Table 7c 

Coverage MCSE (Unconditional) for Bias Corrected Accelerated Bootstrap CIs for η², ω², ε² for 

Normal, Uniform, and Positive skew Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.0000 0.0065 0.0065 0.0000 0.0070 0.0070 0.0000 0.0053 0.0053 

10 0.0000 0.0077 0.0077 0.0000 0.0063 0.0063 0.0000 0.0067 0.0067 

30 0.0000 0.0069 0.0069 0.0000 0.0038 0.0038 0.0000 0.0081 0.0081 

50 0.0000 0.0058 0.0058 0.0000 0.0026 0.0026 0.0000 0.0062 0.0062 

100 0.0000 0.0051 0.0051 0.0000 0.0046 0.0046 0.0000 0.0044 0.0044 

0.010 5 0.0109 0.0067 0.0067 0.0108 0.0041 0.0048 0.0123 0.0060 0.0060 

10 0.0107 0.0080 0.0080 0.0098 0.0064 0.0064 0.0123 0.0083 0.0085 

30 0.0101 0.0053 0.0053 0.0105 0.0054 0.0054 0.0114 0.0054 0.0054 

50 0.0105 0.0038 0.0038 0.0108 0.0044 0.0044 0.0111 0.0045 0.0045 

100 0.0102 0.0041 0.0041 0.0101 0.0027 0.0027 0.0108 0.0056 0.0056 

0.059 5 0.0099 0.0060 0.0060 0.0094 0.0046 0.0046 0.0113 0.0065 0.0065 

10 0.0116 0.0066 0.0066 0.0105 0.0056 0.0056 0.0126 0.0088 0.0089 

30 0.0088 0.0044 0.0044 0.0092 0.0044 0.0044 0.0120 0.0080 0.0080 

50 0.0081 0.0075 0.0075 0.0083 0.0068 0.0068 0.0109 0.0090 0.0091 

100 0.0075 0.0075 0.0075 0.0070 0.0076 0.0076 0.0096 0.0095 0.0094 

0.138 5 0.0090 0.0045 0.0045 0.0096 0.0033 0.0036 0.0115 0.0073 0.0075 

10 0.0103 0.0060 0.0060 0.0089 0.0046 0.0046 0.0132 0.0103 0.0104 

30 0.0070 0.0076 0.0075 0.0071 0.0083 0.0081 0.0130 0.0113 0.0115 

50 0.0074 0.0079 0.0079 0.0073 0.0074 0.0075 0.0116 0.0111 0.0111 

100 0.0073 0.0071 0.0071 0.0066 0.0071 0.0071 0.0115 0.0110 0.0110 
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Table 8a 

CI Width (Conditional) for Noncentral F Distribution-based CIs for η², ω², ε² for Normal, 

Uniform, and Positive Skewed Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.4103 0.4127 0.4214 0.4162 0.4037 0.4112 0.4227 0.3824 0.3900 

10 0.2492 0.2468 0.2501 0.2452 0.2384 0.2410 0.2558 0.2304 0.2336 

30 0.0940 0.0930 0.0935 0.0920 0.0916 0.0918 0.0957 0.0893 0.0898 

50 0.0588 0.0568 0.0570 0.0577 0.0583 0.0585 0.0581 0.0540 0.0542 

100 0.0299 0.0292 0.0293 0.0296 0.0294 0.0295 0.0303 0.0294 0.0295 

0.010 5 0.4216 0.4165 0.4250 0.4267 0.4148 0.4224   0.4372 0.4057 0.4122 

10 0.2630 0.2563 0.2596 0.2594 0.2562 0.2589 0.2751 0.2571 0.2594   

30 0.1122 0.1086 0.1091 0.1093 0.1040 0.1045 0.1180 0.1114 0.1120 

50 0.0756 0.0727 0.0730 0.0761 0.0727 0.0730 0.0780 0.0733 0.0735 

100 0.0486 0.0456 0.0456 0.0474 0.0432 0.0433 0.0499 0.0461 0.0461 

0.059 5 0.4620 0.4378 0.4464 0.4640 0.4442 0.4520 0.5000 0.4604 0.4671 

10 0.3193 0.3002 0.3036 0.3179 0.2979 0.3014 0.3509 0.3305 0.3341 

30 0.1802 0.1624 0.1631 0.1763 0.1599 0.1607 0.1935 0.1809 0.1817 

50 0.1374 0.1248 0.1251 0.1394 0.1264 0.1267 0.1448 0.1363 0.1366 

100 0.1008 0.0956 0.0957 0.0996 0.0944 0.0945 0.1033 0.0989 0.0990 

0.138 5 0.5207 0.4743 0.4824 0.5190 0.4874 0.4957 0.5669 0.5297 0.5362 

10 0.3875 0.3575 0.3608 0.3897 0.3574 0.3609   0.4203 0.4089 0.4115 

30 0.2438 0.2299 0.2307 0.2412 0.2259 0.2267 0.2516 0.2468 0.2474 

50 0.1901 0.1833 0.1837 0.1916 0.1852 0.1856 0.1950 0.1904 0.1906 

100 0.1380 0.1360 0.1361 0.1372 0.1352 0.1353 0.1395 0.1375 0.1376 

 

 

 

 

 



CONFIDENCE INTERVALS FOR EFFECT SIZES IN ANOVA 82 

Table 8b 

CI Width (Conditional) for Percentile Bootstrap CIs for η², ω², ε² for Normal, Uniform, and 

Positive Skewed Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.6340 0.5841 0.5996 0.6392 0.5913 0.6065 0.6430 0.6008 0.6160 

10 0.3599 0.3161 0.3231 0.3635 0.3189 0.3260 0.3417 0.2997 0.3066 

30 0.1312 0.1128 0.1139 0.1314 0.1128 0.1139 0.1200 0.1022 0.1032 

50 0.0807 0.0692   0.0697 0.0808 0.0693 0.0698 0.0733 0.0621 0.0625 

100 0.0409 0.0351 0.0352 0.0407 0.0348 0.0349 0.0385 0.0328 0.0329 

0.010 5 0.6367 0.5894 0.6048 0.6413 0.5954 0.6105 0.6489 0.6119 0.6267 

10 0.3686 0.3273 0.3345 0.3727 0.3304 0.3376 0.3624 0.3251 0.3322 

30 0.1458 0.1291 0.1304 0.1446 0.1276 0.1288 0.1450 0.1299 0.1311 

50 0.0947 0.0848 0.0853 0.0955 0.0857 0.0862 0.0944 0.0852 0.0857 

100 0.0569 0.0526 0.0528 0.0557 0.0514 0.0515 0.0583 0.0544 0.0545 

0.059 5 0.6469 0.6138 0.6284 0.6505 0.6162 0.6307 0.6717 0.6681 0.6806 

10 0.4030 0.3735 0.3808 0.4076 0.3772 0.3846 0.4219 0.4071 0.4143 

30 0.2020 0.1945 0.1962 0.1987 0.1905 0.1922 0.2223 0.2181 0.2199 

50 0.1485 0.1458 0.1466 0.1492 0.1469 0.1477 0.1666 0.1648 0.1656 

100 0.1048 0.1050 0.1053 0.1027 0.1028 0.1031 0.1209 0.1209 0.1213 

0.138 5 0.6568 0.6471 0.6601 0.6589 0.6456 0.6589 0.6722 0.7128 0.7207 

10 0.4432 0.4328 0.4400 0.4471 0.4369 0.4442 0.4725   0.4827 0.4887 

30 0.2558 0.2577 0.2596 0.2511 0.2526 0.2544 0.2948 0.2974 0.2992 

50 0.1968 0.1983 0.1992 0.1948 0.1964 0.1973 0.2379 0.2395 0.2405 

100 0.1414 0.1420 0.1423 0.1376 0.1382 0.1386 0.1845 0.1853 0.1857 
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Table 8c 

CI Width (Conditional) for Bias Corrected Accelerated Bootstrap CIs for η², ω², ε² for Normal, 

Uniform, and Positive Skewed Distributions, when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.3475 0.4865 0.5026 0.3570 0.4962 0.5122 0.3466 0.4661 0.4817 

10 0.2020 0.2875 0.2942 0.2007 0.2910 0.2978 0.1942 0.2543 0.2605 

30 0.0733 0.1103 0.1114 0.0724 0.1107 0.1118 0.0682   0.0951 0.0960 

50 0.0457 0.0681 0.0685 0.0451 0.0697 0.0701 0.0411 0.0582 0.0586 

100 0.0232 0.0348 0.0349 0.0230 0.0353 0.0354 0.0219 0.0323 0.0324 

0.010 5 0.3602 0.4962 0.5122 0.3695 0.5036 0.5196 0.3700 0.4805 0.4960 

10 0.2196 0.2976 0.3044 0.2192 0.3037 0.3106 0.2192 0.2752 0.2816 

30 0.0947 0.1230 0.1242 0.0921 0.1225 0.1237   0.0934 0.1142 0.1153 

50 0.0647 0.0817 0.0822 0.0659 0.0820 0.0825 0.0634 0.0768 0.0773   

100 0.0437 0.0497 0.0499 0.0427 0.0475 0.0476 0.0436 0.0480 0.0482 

0.059 5 0.4186 0.5119 0.5278 0.4252 0.5208 0.5367 0.4560 0.5154 0.5306 

10 0.2874 0.3340 0.3411 0.2919 0.3378 0.3449 0.3014 0.3339 0.3407 

30 0.1703 0.1724 0.1740 0.1675 0.1726 0.1741 0.1776 0.1825 0.1840 

50 0.1324 0.1319 0.1326 0.1343 0.1333 0.1340 0.1402 0.1415 0.1423 

100 0.0992 0.0991 0.0994 0.0974 0.0974 0.0977 0.1087 0.1087 0.1090 

0.138 5 0.4980 0.5384 0.5538 0.4993 0.5526 0.5683 0.5471 0.5779 0.5918 

10 0.3679 0.3841 0.3913 0.3765 0.3898 0.3972 0.3837 0.4086 0.4152 

30 0.2395 0.2398 0.2416 0.2361 0.2358 0.2376 0.2586 0.2641 0.2659 

50 0.1891 0.1903 0.1912 0.1882 0.1896 0.1905 0.2170 0.2182 0.2192 

100 0.1386 0.1393 0.1396 0.1354 0.1360 0.1363 0.1743 0.1748 0.1752     

 

 

 

 

 



CONFIDENCE INTERVALS FOR EFFECT SIZES IN ANOVA 84 

Table 9a 

CI Width (Unconditional) for Noncentral F Distribution-based CIs for η², ω², ε² for Normal, 

Uniform, and Positive Skew distributions when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.3967 0.1477 0.1509 0.4070 0.1574 0.1608 0.4134 0.1396 0.1427 

10 0.2449 0.0938 0.0950 0.2373 0.0896 0.0909 0.2518 0.0942 0.0955 

30 0.0917 0.0347 0.0349 0.0903 0.0335 0.0337 0.0937 0.0356 0.0358 

50 0.0571 0.0214 0.0215 0.0564 0.0217 0.0218 0.0568 0.0208 0.0208 

100 0.0291 0.0111 0.0112 0.0287 0.0106 0.0106 0.0297 0.0113 0.0113 

0.010 5 0.4085 0.1633 0.1666 0.4143 0.1684 0.1719 0.4293 0.1716 0.1752 

10 0.2595 0.1125 0.1140 0.2545 0.1084 0.1098 0.2721 0.1267 0.1284 

30 0.1112 0.0562 0.0565 0.1075 0.0535 0.0538 0.1170 0.0642 0.0645 

50 0.0741 0.0414 0.0415 0.0752 0.0423 0.0425 0.0770 0.0452 0.0453 

100 0.0483 0.0331 0.0331 0.0472 0.0319 0.0319 0.0497 0.0350 0.0351 

0.059 5 0.4560 0.2233 0.2277 0.4580 0.2301 0.2346 0.4945 0.2928 0.2980 

10 0.3142 0.1936 0.1959 0.3157 0.1927 0.1950 0.3478 0.2443 0.2469 

30 0.1802 0.1451 0.1458 0.1761 0.1398 0.1404 0.1933 0.1632 0.1639 

50 0.1373 0.1201 0.1204 0.1394 0.1225 0.1228 0.1447 0.1285 0.1288 

100 0.1008 0.0955 0.0956 0.0996 0.0941 0.0942 0.1033 0.0980 0.0981 

0.138 5 0.5181 0.3296 0.3353 0.5149 0.3266 0.3321 0.5640 0.4359 0.4413 

10 0.3864 0.3010 0.3038 0.3889 0.3056 0.3086 0.4195 0.3606 0.3629 

30 0.2438 0.2285 0.2293 0.2412 0.2252 0.2260 0.2516 0.2384 0.2390 

50 0.1901 0.1833 0.1837 0.1916 0.1852 0.1856 0.1950 0.1890 0.1893 

100 0.1380 0.1360 0.1361 0.1372 0.1352 0.1353 0.1395 0.1375 0.1376 
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Table 9b 

CI Width (Unconditional) for Percentile Bootstrap CIs for η², ω², ε² for Normal, Uniform, and 

Positive Skew distributions when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.6340 0.5841 0.5996 0.6392 0.5913 0.6065 0.6430 0.6008 0.6160 

10 0.3599 0.3161 0.3231 0.3635 0.3189 0.3260 0.3417 0.2997 0.3066 

30 0.1312 0.1128 0.1139 0.1314 0.1128 0.1139 0.1200 0.1022 0.1032 

50 0.0807 0.0692 0.0697 0.0808 0.0693 0.0698 0.0733 0.0621 0.0625 

100 0.0409 0.0351 0.0352 0.0407 0.0348 0.0349 0.0385 0.0328 0.0329 

0.010 5 0.6367 0.5894 0.6048 0.6413 0.5954 0.6105 0.6489 0.6119 0.6267 

10 0.3686 0.3273 0.3345 0.3727 0.3304 0.3376 0.3624 0.3251 0.3322 

30 0.1458 0.1291 0.1304 0.1446 0.1276 0.1288 0.1450 0.1299 0.1311 

50 0.0947 0.0848 0.0853 0.0955 0.0857 0.0862 0.0944 0.0852 0.0857 

100 0.0569 0.0526 0.0528 0.0557 0.0514 0.0515 0.0583 0.0544 0.0545 

0.059 5 0.6469 0.6138 0.6284 0.6505 0.6162 0.6307 0.6717 0.6681 0.6806 

10 0.4030 0.3735 0.3808 0.4076 0.3772 0.3846 0.4219 0.4071 0.4143 

30 0.2020 0.1945 0.1962 0.1987 0.1905 0.1922 0.2223 0.2181 0.2199 

50 0.1485 0.1458 0.1466 0.1492 0.1469 0.1477 0.1666 0.1648 0.1656 

100 0.1048 0.1050 0.1053 0.1027 0.1028 0.1031 0.1209 0.1209 0.1213 

0.138 5 0.6568 0.6471 0.6601 0.6589 0.6456 0.6589 0.6722 0.7128 0.7207 

10 0.4432 0.4328 0.4400 0.4471 0.4369 0.4442 0.4725 0.4827 0.4887 

30 0.2558 0.2577 0.2596 0.2511 0.2526 0.2544 0.2948 0.2974 0.2992 

50 0.1967 0.1983 0.1992 0.1948 0.1964 0.1973 0.2379 0.2395 0.2405 

100 0.1414 0.1420 0.1423 0.1376 0.1382 0.1386 0.1845 0.1853 0.1857 
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Table 9c 

CI Width (Unconditional) for Bias Corrected Accelerated Bootstrap CIs for η², ω², ε² for Normal, 

Uniform, and Positive Skew distributions when Group Number k= 3 

Effect 

size 

n Normal uniform positive skew 

η² ω² ε² η² ω² ε² η² ω² ε² 

0.00 5 0.3450 0.4865 0.5026 0.3560 0.4962 0.5122 0.3448 0.4661 0.4817 

10 0.2012 0.2875 0.2942 0.1989 0.2910 0.2978 0.1934 0.2543 0.2605 

30 0.0731 0.1103 0.1114 0.0722 0.1107 0.1118 0.0677 0.0951 0.0960 

50 0.0455 0.0681 0.0685 0.0448 0.0697 0.0701 0.0409 0.0582 0.0586 

100 0.0231 0.0348 0.0349 0.0228 0.0353 0.0354 0.0218 0.0323 0.0324 

0.010 5 0.3576 0.4962 0.5122 0.3677 0.5036 0.5196 0.3689 0.4805 0.4960 

10 0.2189 0.2976 0.3044 0.2190 0.3037 0.3106 0.2188 0.2752 0.2816 

30 0.0945 0.1230 0.1242 0.0919 0.1225 0.1237 0.0933 0.1142 0.1153 

50 0.0645 0.0817 0.0822 0.0656 0.0820 0.0825 0.0632 0.0768 0.0773 

100 0.0437 0.0497 0.0499 0.0426 0.0475 0.0476 0.0436 0.0480 0.0482 

0.059 5 0.4178 0.5119 0.5278 0.4243 0.5208 0.5367 0.4547 0.5154 0.5306 

10 0.2863 0.3340 0.3411 0.2919 0.3378 0.3449 0.3014 0.3339 0.3407 

30 0.1703 0.1724 0.1740 0.1675 0.1726 0.1741 0.1774 0.1825 0.1840 

50 0.1324 0.1319 0.1326 0.1343 0.1333 0.1340 0.1402 0.1415 0.1423 

100 0.0992 0.0991 0.0994 0.0974 0.0974 0.0977 0.1087 0.1087 0.1090 

0.138 5 0.4970 0.5384 0.5538 0.4988 0.5526 0.5683 0.5466 0.5779 0.5918 

10 0.3679 0.3841 0.3913 0.3765 0.3898 0.3972 0.3837 0.4086 0.4152 

30 0.2395 0.2398 0.2416 0.2361 0.2358 0.2376 0.2586 0.2641 0.2659 

50 0.1891 0.1903 0.1912 0.1882 0.1896 0.1905 0.2170 0.2182 0.2192 

100 0.1386 0.1392 0.1396 0.1354 0.1360 0.1363 0.1743 0.1748 0.1752 
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Figure 1 

Bias of η2, ω2, and ε² for Normal Distribution 

 
Note. The figure 1 shows the bias of three ANOVA effect size estimators (η2, ω2, and ε²) for 

normally distributed data across four true effect sizes (0, 0.01, 0.059, 0.138) and sample sizes 

ranging from 5 to 100 per group. Across all effect sizes, bias decreases as sample size increases, 

with η2 exhibiting the largest positive bias for small samples, ε² showing a smaller positive bias, 

and ω2 being least biased overall, particularly for n ≥ 30. 
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Figure 2 

Bias of η2, ω2, and ε² for Uniform Distribution 

 

 
Note. The figure 2 shows the bias of three ANOVA effect size (η2, ω2, and ε²) for uniformly 

distributed data across four true effect sizes (0, 0.01, 0.059, 0.138) and sample sizes ranging from 

5 to 100 per group. Across all effect sizes, bias decreases as sample size increases, with η2 

exhibiting the largest positive bias for small samples, ε² showing a smaller positive bias, and ε 2 

ω2 being least biased overall, particularly for n ≥ 30. 
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Figure 3 

Bias of η2, ω2, and ε² for Positively Skewed Distribution 

 

 
Note. The figure shows the bias of three ANOVA effect size estimators (η2, ω2, and ε²) for 

positively skewed data across four true effect sizes (0, 0.01, 0.059, 0.138) and sample sizes 

ranging from 5 to 100 per group. Across all effect sizes, bias decreases as sample size increases, 

with η2 exhibiting the largest positive bias for small samples, ε² showing a smaller positive bias, 

and ω2 being least biased overall, particularly for n ≥ 30. 
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Supplementary Materials 

Table 10 

Superpower-Simulated Group Means for Varying Effect Sizes and Population Distributions 

Distribution Effect 

Magnitude 

Mean Group 1 Mean Group 2 Mean Group 3 

 

 

Normal 

0.000 0.0000 0.0000 0.0000 

0.010 -0.123091490979333 0.0000 0.123091490979333 

0.059 -0.306673905257329 0.0000 0.306673905257329 

0.138 -0.490040009730727 0.0000 0.490040009730727 

 

 

Uniform 

0.000 0.0000 0.0000 0.0000 

0.010 0.876908509020667 1.0000 1.12309149097933 

0.059 0.693326094742671 1.0000 1.30667390525733 

0.138 0.509959990269273 1.0000 1.49004000973073 

 

Positively 

Skewed 

0.000 0.0000 0.0000 0.0000 

0.010 0.876908509020667 1.0000 1.12309149097933 

0.059 0.693326094742671 1.0000 1.30667390525733 

0.138 0.509959990269273 1.0000 1.49004000973073 

 
 
 
 



   η 2 =   S   S  effect  S   S  total


  ε ² =   S   S  effect − d   f  effect ⋅ M   S  error  S   S  total


   ω 2 =   S   S  effect − d   f  effect ⋅ M   S  error  S   S  total + M   S  error


    n  sim


      𝜃  i ^  


  Bias =  1    n  sim   ∑  i = 1    n  sim   (     𝜃  i ^ − 𝜃 )


  M C S E ( B i a s )   =   1    n  sim  (   n  sim − 1 )   ∑  i = 1    n  sim     (     𝜃  i ^ −   𝜃 - ) 2


      𝜃  i ^  


    𝜃 -


    n  sim


    n  sim


      𝜃  low , i ^   a n d       𝜃  upp , i ^


    C ^


    C ^ =  1    n  sim   ∑  i = 1    n  sim  𝟏  (     𝜃  low , i ^ ≤ 𝜃 ≤     𝜃  upp , i ^ )


    Cover ^


    n  sim


  M C S E (   C ^ )   =      Cover ^    ( 1 −   Cover ^ )    n  sim


  [   U  i −   L  i


    W  i


    W  i =   U  i −   L  i


    n  sim


    W -


    W - =  1    n  sim   ∑  i = 1    n  sim    W  i

