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SUMMARY 

The extent to which procedural skills involving motor components decay over time 

is an issue that has significant ramifications for the safety and well-being of individuals 

and society. Prior researchers have concluded that there is a general pattern of skill decay 

as a function of the length of the retention interval. However, previous researchers relied 

primarily on studies that leveraged shorter retention intervals than are characteristic of real-

world contexts (e.g., days or weeks) and included skills that require both declarative and 

procedural knowledge. This dissertation presents a new meta-analysis of skill retention that 

focuses specifically on procedural skills and leverages a recent influx of interdisciplinary 

literature (e.g., healthcare, sports psychology) consisting of longer retention intervals (e.g., 

months and years). A broad literature search led to the inclusion of 1,352 effect sizes from 

457 sources. Random-effects meta-regression models were computed with retention 

interval as a predictor of standardized mean differences representing changes in 

performance between skill acquisition and skill retention for accuracy-based performance 

measures, speed-based performance measures, and performance measures that were a mix 

of accuracy and speed. Results indicated that standardized mean differences increased in 

magnitude by 0.08 per month for accuracy-based performance measures and 0.06 per 

month for speed-based and mixed performance measures. Initial skill acquisition 

performance gains were lost between one year and two and half years after they were 

acquired. Task type, task complexity, infrequent performance opportunities, and task 

instructions were identified as potentially meaningful moderators of skill decline rates. 

Findings provide applied audiences with an estimate of how much skill decay can be 



 x 

expected if skills are not frequently used and therefore, when refresher training should be 

considered. Important methodological considerations for skill retention research were also 

identified, including the need to isolate retention performance from relearning effects and 

the need to account for Speed-Accuracy-Tradeoff functions when interpreting changes in 

performance over time. 
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CHAPTER 1. INTRODUCTION 

1.1 Background 

The retention of skills that are not used consistently is an issue that has significant 

ramifications for the safety and well-being of society at large. Consider, for example, an 

adult who originally learned to ride a motorcycle when they were 25 years old, stopped at 

age 30, and began to ride once again once they reached retirement age. This may be quite 

dangerous, as data indicate that individuals who take a break from riding show diminished 

performance in comparison to consistent riders (Symmons & Mulvihill, 2011). If 

motorcyclists’ skill proficiency levels decline without use, there are implications for the 

safety of the rider, other drivers, and passengers on the road, especially because returning 

riders are less likely to undertake training than other riders (Haworth et al., 2002). Such 

data raise the question of whether refresher training should be offered or required for those 

who have gone extended periods since they were licensed to operate motor vehicles 

(Ulleberg et al., 2022).  

 Fortunately, most drivers and motorcyclists likely do not go for extremely long 

periods without using their skills. When people use their skills frequently, they develop a 

level of automaticity through exposure and repetition (Fitts & Posner, 1967). This is not 

always the case for some professions where procedural skills are required, such as 

healthcare occupations. For some procedures, healthcare providers may go extended 

periods of time after initial skill acquisition before they are exposed to situations where 

they must leverage the skills they have been taught (Kelc et al., 2020; Stansfield & Tai, 

2021; Stross, 1983). The potential decay of these skills has significant ramifications for 
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patient safety, especially given that medical facilities that perform procedures more 

frequently (i.e., with more frequent exposure) tend to provide higher-quality care during 

those procedures (Brevig et al., 2015). Therefore, it is critical to address questions such as 

whether refresher training should be provided or recommended for people who do not 

consistently use skills relevant to their work, how frequently refresher training should be 

offered, and which skills should be the focus of such refresher training.  

 Psychological investigations of skill retention date back to the early twentieth 

century (Hill, et al., 1913; Swift, 1905; 1906) and enough evidence has accumulated to 

allow for narrative reviews (Adams, 1964, 1987; Farr, 1987) and meta-analyses (Arthur et 

al., 1998; Wang, 2010/Wang, et al., 2013) that summarize the literature. However, the 

literature has expanded substantially since a meta-analysis on the topic was last published 

as a peer-reviewed journal article. The expanding nature of the literature is best illustrated 

by the results of keyword searches in Google Scholar’s database: Using the search term 

“skill retention” and limiting results to works published prior to the data in which a meta-

analysis on skill retention was published as a peer-reviewed journal article (Arthur et al., 

1998) yields 1,510 results, while using the same search term and limiting results to works 

published since 1999 yields 11,800 results1. There are now nearly eight times as many 

publications on skill retention as there were 20 years ago, at least within one database. The 

purpose of this dissertation is to report a new meta-analytic investigation of skill retention 

that leverages the recent influx of literature on the topic and focuses specifically on 

procedural skills.  

 
1 Search results as of July 2023.  
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1.1.1 Procedural Skills 

Psychologists typically classify knowledge as either “declarative” or “procedural” 

(Ryle, 1949/2000). On one hand, declarative knowledge, which involves “knowing that” 

competencies (Chi & Ohlsson, 2005), includes factual information and domain knowledge. 

On the other hand, procedural knowledge, which involves “knowing how” competencies 

(Polyany, 1976), includes not just knowledge of what things do but also knowledge of how 

to use them (Willingham & Nissen, 1989).  

 The critical distinction between declarative and procedural knowledge in the 

context of skilled performance is that declarative knowledge is necessary, but often not 

sufficient for developing adequate skill levels (Ackerman, 2008). For example, a novice 

chef may have memorized the sequential steps involved with preparing a challenging 

recipe, but that does not necessarily mean that they have the skills necessary to prepare this 

recipe with precision under significant time pressure (Xu et al., 2020). A professional chef 

must develop the ‘know-how’ competencies that characterize procedural knowledge (e.g., 

relative automaticity) in order to complete their job duties.  

 The focus of the current study is the extent to which procedural skills, rather than 

declarative knowledge, are retained over time. I define a procedural skill as a learned action 

that produces a behavioral output involving a non-verbal motor component. Reciting a 

step-by-step procedure (e.g., a recipe, assembly steps) verbally would not qualify as a 

measure of procedural skill because the output of the task is solely vocal. Similarly, 

recognition tests that are often used to assess forms of declarative knowledge (e.g., 

multiple-choice tests) would not qualify as an adequate assessment of procedural skill. 
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While individuals possessing relevant procedural skills might be able to accurately describe 

a step-by-step procedure or recognize a proper behavioral/motor output, neither is evidence 

of the individuals’ ability to produce the required behavioral/motor output themselves. An 

assessment of a procedural skill must therefore involve the performance of a motor task. 

1.1.2 Skill Retention in Military and Healthcare Fields 

Two notable fields where resources have been devoted toward understanding 

procedural skill retention are the military and healthcare. These groups of occupations 

involve tasks that often require individuals to produce specific behavioral/motor outputs 

under conditions that require high levels of precision, often under substantial time pressure. 

For example, an army drone operator must guide a reconnaissance drone to its target 

destination in a relatively short period of time by adjusting the drone’s trajectory based on 

changing aerodynamic conditions, lighting conditions, enemy positioning, or fuel status 

(Mairaj et al., 2019). Similarly, an anesthesiologist whose patient is suffering from a 

collapsed lung must insert an endotracheal tube within the patient’s windpipe to keep the 

airway open and prevent suffocation (Kovacs et al., 2000). In each instance, a lack of 

precise or untimely production of the required behavioral/motor output could result in 

severe consequences concerning safety or effectiveness. The medical and military 

industries have accordingly devoted more attention to issues of procedural skill decay than 

the broader organizational training literature has.  

 The military’s interest in issues of procedural skill retention has been an enduring 

one throughout the twentieth and twenty-first centuries. Two of the most comprehensive 

reviews of the skill decay literature published during the twentieth century found that the 
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majority of tasks studied that occurred outside of basic laboratory environments were 

conducted using tasks relevant to those trained by the military (Adams, 1987; Farr, 1987). 

There are two primary reasons for the military’s enduring interest in skill retention over 

the years. First, the military has a larger volume of personnel to train compared to most 

employers. The United States Army employed over 800,000 active personnel in 2021 

(Duffin, 2022). It has been estimated that it costs the military $36,000 per recruit for basic 

training (Niebuhr et al., 2013). That is a substantial financial investment in training and 

this does not include more advanced training that some personnel complete (e.g., 

physicians, engineers). Therefore, the military has a vested interest in seeing a return on 

investment for the large volume of personnel that participates in training.  

Second, it is quite common for military personnel to be expected to adequately 

perform skills for which they were not recently trained. For example, consider the case of 

reserve army personnel being activated for duty. After initial training, the overall time 

commitment of reserve personnel is relatively small in most circumstances, meaning that 

most reserve personnel are not exposed to many opportunities to practice the skills that 

they acquired during initial training (Wisher et al., 1991). The extent to which these 

personnel require refresher training prior to activation is an enduring question (Bodilly et 

al., 1986).  

 Historically, the military has relied on the assumption that the time, energy, and 

resources spent to train personnel pays off in the form of higher levels of proficiency and 

performance (Sabol & Wisher, 2001). However, evidence suggests that skill decay on 

military tasks is likely when the relevant task is not performed over significant time 

periods. For example, procedural knowledge required for military tasks (e.g., operating a 
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gunner position or a missile launcher in a tank) declines with a lack of practice over time, 

and procedural knowledge is often not adequately redeveloped using simple refresher 

exercises (Henik et al., 1999). Therefore, the military has an ongoing interest in predicting 

how rapidly individual procedural skills are forgotten and developing instructional 

strategies that improve soldiers’ retention of what they were originally taught (Wisher et 

al., 1999).  

 While traditional research on skill decay was most often conducted in either basic 

laboratory or military settings, an influx of recent investigations has focused on the extent 

to which medical professionals retain procedural skills over time. The cases and patients 

that healthcare providers are exposed to can dictate the extent to which skills obtained 

during initial training are used or the extent to which they decay (see Orledge et al., 2012). 

Investigators interested in this issue have leveraged case studies of real-world scenarios in 

which care providers have gone extended periods without using skills they acquired during 

their education and training, such as medical residents returning from research 

appointments (D’Angelo et al., 2018) and military physicians returning to their primary 

practice (Braun et al., 2014). Each of these case studies suggests the existence of skill decay 

– residents returning from research appointments and the faculty that supervise them feel 

that the returning students demonstrate lower levels of proficiency on complex, technical 

skills such as surgical skills (D’Angelo et al., 2018) and military physicians returning from 

deployment lack confidence in their ability to conduct acute and routine care procedures, 

especially when they had limited exposure to the procedures during employment (Braun et 

al., 2014, r exposure, confidence = 0.64).  
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Evidence of medical skill decay extends beyond these case studies to more 

traditional students and care providers. Practicing physicians provide better care when they 

leverage skills they commonly use (Gillett et al., 2019, r skill proficiency, exposure = 0.60). In 

contrast, only 5% of medical students were able to pass a first aid and basic life support 

assessment two years after initial certification (de Ruijter et al., 2014). Interest in skill 

retention research within the medical field is likely to continue growing due to increasing 

concerns over the aging physician population and the need to ensure older care providers 

maintain the knowledge and skills necessary to provide safe and effective care to their 

patients (Durning et al., 2010; Peisah et al., 2014).  

Promising new directions in the area of medical skill decay/retention include 

building skill decay models that can leverage information such as motor skill level from 

simulation performance along with characteristics of specific skills in order to predict when 

and to what extent medical skills are likely to decay (Linde et al., 2018; Linde & Miller, 

2019). However, for these approaches to provide utility, there is a need to have an adequate 

understanding of which type of skills are at the greatest risk of decay. While some literature 

from the medical domain corroborates prior skill retention research (e.g., low levels of 

decay over a span of a week, but greater decay over longer time intervals, see Higgins et 

al., 2021), the literature also contains studies with longer retention intervals than those that 

characterize much of the previous skill retention literature. For example, many recent 

studies assess medical students’ retention of skills over multiple years of their training (e.g., 

Boet et al., 2011; Gillett et al., 2019). These studies may go a long way toward increasing 

the field’s understanding of skill retention.  
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While skill retention has been a long-standing research interest for several areas, 

the current meta-analysis is designed to further existing research by: (1) Leveraging an 

influx of new studies, (2) focusing specifically on procedural skills, and (3) including more 

studies with longer retention intervals than were often available in previous literature.  

1.2 Literature Review 

In this section, I briefly discuss the most influential work that has been conducted 

in the area over the past 120 years (since the early 1900s). While this discussion is not 

exhaustive, it provides context that justifies the purpose of the current study. After 

providing the historical context, I proceed to discuss five critical questions that inform the 

current study and the extent to which the existing literature has addressed each of those 

four questions. My discussion of critical questions draws heavily on findings from the 

studies and reviews discussed in the historical context portion of the literature review.  

1.2.1 Historical Context 

1.2.1.1 Early Case Studies 

In early studies of skill retention, investigators used themselves or a small number 

of colleagues as subjects and trained themselves to complete tasks that required motor 

skills. They tracked their performance as they acquired their initial skills, refrained from 

using their newly acquired skills for an extended period of time, assessed their performance 

after a period of non-use, and tracked the amount of time it took for them to achieve similar 

levels of performance to those that they displayed at the conclusion of initial training.  
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 The tasks used for these studies were relatively simple and allowed for distinct trials 

across which investigators could track performance. One task that was used across multiple 

studies was typewriting. Swift (1906) initially trained himself to use a typewriter by 

practicing over a period of 50 days. He then waited two years and 35 days before retraining 

himself over a period of 11 days and compared the two learning curves produced by 

plotting his performance over time. In a later study, investigators acquired typewriting 

skills over five months of daily practice (Hill et al., 1913). One of the investigators then 

tested his speed of reacquisition after 25 years without practice (Hill, 1934) and again after 

50 years, when the experimenter/subject was over 80 years old (Hill, 1957). Another task 

utilized by early investigators was a two-ball juggling task, which required continuously 

tossing one ball in the air while the other remained in the air. Swift (1905) trained two 

subjects on the juggling task over a span of 42 days of consistent practice and then tested 

their performance on the task once per month for the next five months, and once more after 

18 months. He then followed up with one of the subjects for an additional retention test 

after six years (Swift, 1910).  

 The findings of these studies indicated that procedural skills do in fact decay over 

time. Subjects were typically not capable of achieving the same level of performance that 

they achieved at the conclusion of their initial acquisition phase in their early attempts after 

periods of non-use. However, the subjects required less time to relearn the procedural skills 

than they did to learn them during initial acquisition, which indicated that relearning 

occurred after extended periods of non-use (notably longer than many experimenters used 

in coming years). These early studies set the stage for future studies of skill retention. 

1.2.1.2 Narrative Reviews 
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Interest in skill retention grew following early case studies and by the mid-to-late 

twentieth century, enough evidence had been published to allow for narrative reviews of 

the existing literature. Jack Adams, who was arguably one of the most notable researchers 

in the field of motor skill learning, published two relevant reviews separated by 23 years. 

His seminal review (Adams, 1964) focused primarily on simple motor skills (e.g., reaction 

time tasks, rotary pursuit tasks) rather than complex skills that are required for many 

modern occupations. These skills were studied in contexts representative of “basic research 

and general experimental psychology” (p. 181). His later review was more comprehensive 

and traced the evolution of theoretical ideas and empirical findings related to how motor 

skills are learned, remembered, and transferred across three time periods (Adams, 1987). 

Both reviews led to similar conclusions pertaining to the nature of the skill retention 

literature – namely, that it was “a domain empty of productive ideas and in which only a 

little research is done” (Adams, 1987, p. 64-65). One of Adams’ most important discoveries 

for the purpose of the current study was that while many studies had investigated motor 

skill acquisition, far fewer had investigated the retention of motor skills over extended 

periods of time.  

 Another narrative review was authored by Marshall Farr, whose review was 

completed around the time of Adams’ more contemporary review (Farr, 1987). Farr’s 

interest expanded beyond simple motor tasks, as he was interested in “the kinds of 

knowledge domains and skill that military personnel must master to function effectively 

on their jobs” (p. S1). Farr (1987) built upon Adams’ work in two primary ways. First, he 

included a broader variety of skills than Adams did (e.g., cognitive skills in addition to 

simple motor skills). Second, while the review was qualitative in nature, Farr (1987) used 
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a numeric rating system that allowed him to communicate estimates of the extent to which 

particular factors influenced the decay of procedural knowledge skills over time in 

comparison to other factors revealed by the literature he summarized.  

 Generally, the three narrative reviews converged on a common description of the 

literature on skill retention. Both authors agreed that the studies comprising the literature 

at the time primarily consisted of either relatively simple tasks carried out in laboratory 

environments or tasks carried out in military settings. Both also outlined two primary 

theoretical explanations for the existence of knowledge/skill decay. The first was trace 

decay, which proposed that learners strengthen memory and perceptual traces of proper 

motor movements during learning and that these traces decay over time without consistent 

use (see Adams, 1971). The second was interference with retrieval processes, which 

suggested that skill decay was a result of learning additional skills which interfere with 

one’s ability to properly leverage the original skill acquired (see Adams, 1967). Finally, 

both authors noted substantial shortcomings of the existing skill-retention literature. 

Similar to Adams’ quote regarding the unproductive nature of skill retention research, Farr 

(1987) described the literature as “methodologically flawed, lacking a common metric for 

measuring the degree of learning, the rate of forgetting, and deficient in the theoretical 

derivation of interpretation” (p. S3). 

1.2.1.3 Meta-Analyses 

While Adams’ (1964, 1987) and Farr’s (1987) reviews gave scholars an idea of the 

general state of the literature, neither provided objective, quantifiable information 

regarding the trends of skill decay or the relationship between task-related factors and the 
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extent to which skills are retained. Two meta-analyses conducted in more recent years, 

however, have done so. The most notable difference between existing meta-analyses and 

this study is the scope of the skills considered. Whereas the current study considers only 

procedural skills with a significant non-verbal motor component, past meta-analyses have 

included skills that lack a significant motor component. For example, tasks such as the 

memorization of nonsense syllables, letter detection, and visual search were included in 

previous meta-analyses but not in the current study. 

 The most well-known quantitative review and meta-analysis related to skill 

retention/decay is by Arthur et al. (1998). The authors conducted a review of the literature 

that resulted in 189 data points across 53 articles that included performance data both 

before and after a period in which participants did not use or practice the skills in question. 

A more recent meta-analysis of skill retention was conducted, but the authors’ scope was 

narrower than that of Arthur and colleagues because the authors chose to include only 

studies that investigated organizationally relevant training programs or lab studies designed 

to be generalized to organizational settings (Wang, 2010/Wang et al., 2013)2. Additionally, 

the authors chose not to convert p-values to effect sizes as Arthur et al. (1998) did and were 

unable to locate 10 of the sources included in the prior meta-analysis. Because of these 

differences, only eight articles were included in both meta-analyses. 

 Both meta-analyses gave approximate estimates of the extent to which skills decline 

over periods of non-use and identified task-related and methodological factors that 

 
2 This study was a doctoral dissertation that was eventually published as a chapter. From this point forward, 

I refer to the findings from this study solely as Wang et al. (2013), although findings are generally present 

in both the dissertation and the chapter version. 
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influenced the extent to which procedural skills decay or were retained over time. However, 

both previous meta-analyses suffer from limitations based on the nature of the literature 

the respective authors had access to (e.g., shorter retention intervals than are typical of 

many occupationally relevant skills, insufficient data to test some moderators). Despite 

these limitations, the trends identified and factors proposed to impact decay rates serve as 

a starting point for the current study.  

1.2.2 Critical Questions 

In this portion of the literature review, the findings from the work of historical 

significance outlined to this point are reviewed in the context of five critical questions that 

inform the current study, including what previous literature indicates about each of the five 

questions. The discussion includes a series of factors that have either been demonstrated or 

proposed to influence skill retention. 

1.2.2.1 To What Extent Do Procedural Skills Decay Over Time?  

The most fundamental goal of the current study is to quantify the extent to which 

skills decay over time. The qualitative reviews mentioned in the previous section, which 

summarize the state of the literature through the mid-1980s, found that performance on 

tasks that require procedural knowledge is reasonably well retained over time, at least in 

comparison to tasks that require declarative knowledge (Adams, 1964, 1987; Farr, 1987). 

However, most studies included in these reviews are characterized by relatively short 

retention intervals. Of the studies that Adams (1964) reviewed for his initial paper, none 

used retention intervals of one year or more and most retention intervals could be described 

in terms of the number of days or weeks rather than in terms of the number of months. For 
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example, two of the studies that Adams cited to support the conclusion that motor skills 

are well retained used retention intervals ranging from one to four weeks, which is a much 

shorter length of time than one would expect some workers to go without leveraging skills 

that they acquired during their initial education or training.  

In his later review, Adams (1987) reviewed studies with similar retention interval 

lengths. While retention intervals ranged up to two years, most studies that Adams 

characterized as investigations of “long-term retention” still contained shorter retention 

intervals than would be expected from occupational groups who must use skills after 

extended periods of non-use, with the exception of early studies on typewriting and 

juggling previously mentioned (Swift, 1905, 1906, 1910; Hill 1957; Hill, et al., 1913). For 

example, two of the longest retention intervals mentioned were 13 weeks (Meyers, 1967) 

and four months (Mengelkoch et al., 1971). Farr’s (1987) review also corroborated this 

shortcoming of the skill retention literature, noting that most assessments of long-term skill 

retention contained modest retention intervals.  

From their qualitative reviews, neither Adams (1964, 1987) nor Farr (1987) were 

able to comprehensively characterize the extent to which the degree of skill retention/decay 

changes with increasing periods of non-use for two primary reasons: (1) The limited 

number of studies using longer retention intervals, and (2) the decision not to use 

quantitative aggregation (e.g., meta-analysis) limited the authors’ ability to characterize 

decay curves. By leveraging meta-analytic techniques, Arthur and colleagues (1998) were 

able to overcome the second limitation to provide an estimate of the degree to which 

procedural skills are retained, or not retained, over time. The Arthur et al. findings indicated 

that procedural skills do in fact decline over periods of non-use, and the degree to which 
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they decline increases with longer intervals of non-use. The correlation between the 

retention interval and the estimated Cohen’s D statistic corrected for asymmetric sample 

sizes (𝛿) indicating the degree of skill loss was r = -0.51.  

Immediately following initial skill acquisition (i.e., a retention interval of less than 

one day), there was little to no skill loss (𝛿 = -0.01). However, after a year or more of non-

use, the level of proficiency for procedural skills declined by nearly one and a half standard 

deviation units (𝛿 = -1.40). The Wang et al. (2013) meta-analysis similarly revealed a 

pattern of increasing decline over time, although their meta-analytic effect size estimates 

were more modest than Arthur et al.’s. They found that the degree of skill loss was trivial 

following initial acquisition (𝛿 = -0.08) and rose substantially with increasing periods of 

non-use (𝛿 = -0.71 at a retention interval of between 90 and 180 days). The more modest 

results may have been a result of the difference in scope (i.e., fewer artificial tasks were 

included because of the focus on only organizationally relevant skills) or because Wang et 

al. included a smaller number of studies with longer retention intervals.   

While these results suggest that skills do decline a substantial amount over time 

without use, two limitations suggest that the results may not capture the full extent to which 

skills are subject to decay. First, the two meta-analyses suffered from similar limitations as 

the work of their predecessors who sought to characterize the same literature – a limited 

number of existing studies with longer retention intervals. In the Arthur et al. (1998) meta-

analysis, 51% of data points had a retention interval of seven days or fewer, while only 8% 

had a retention interval of longer than 180 days and 2% of data points had a retention 

interval beyond one year. The Wang et al. (2013) meta-analysis contained zero data points 

with a retention interval greater than 180 days.  
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Second, the authors of both meta-analyses categorized retention intervals in an 

asymmetric manner. The retention intervals were classified based on the following 

categories: Less than a day, between one and seven days, between eight and 14 days, 

between 15 and 28 days, between 29 and 90 days, between 91 and 180 days, between 181 

and 365 days (Arthur et al., 1988 only), and greater than 365 days (Arthur et al., 1998 

only). The use of asymmetric retention intervals may have limited the authors’ ability to 

identify trends within the categories they chose. Arthur et al.’s findings suggest that skills 

decline more rapidly after a period of 90 days than they do between 29 and 90 days after 

initial acquisition. However, it is also plausible that skills decline to a greater extent in 

studies that leverage retention intervals between 272 days and 365 days than they do in 

studies that leverage retention intervals between 180 and 272 days, for example. If this 

hypothetical example was true, the classification scheme used by previous authors would 

not have detected such a difference because the results would be collapsed into a larger 

category. It is also difficult to determine an estimate of skill retention per unit of time 

because of the asymmetric retention interval categories. The authors likely chose this 

classification scheme based on the prevalence of studies yielded by their respective 

literature reviews that used retention intervals of particular lengths and the meta-analytic 

techniques available at that time. However, the existence of meta-analytic techniques that 

allow for the treatment of retention interval as a continuous rather than a categorical 

variable (i.e., meta-regression) as well as a more voluminous literature with longer 

retention intervals may allow for a more accurate approximation of the extent to which 

skills decline over time.  

1.2.2.2 What is the Relationship Between Speed and Accuracy in Skill Retention?  
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Performance measures in the skill acquisition and skill retention literature can 

generally be classified as speed-based or accuracy-based. Speed is usually scored as either 

completion time or reaction time where higher scores indicate poorer performance or by 

the number of items or task components completed in a specified period of time. Accuracy 

is usually scored either on a spectrum from lower levels of accuracy to higher levels of 

accuracy (e.g., % correct), the number of errors committed, or deviation of performance 

from an ideal criterion (e.g., Root Mean Square Error).  

Past skill retention work has treated whether speed or accuracy was used to 

characterize performance on different levels of a task-related moderator. Speed vs. 

accuracy criteria was introduced as a novel contribution by Arthur et al. (1998). The 

authors hypothesized that performance on speed-based tasks would be better retained than 

performance on accuracy-based tasks because learners often reach their asymptotic level 

of accuracy early during skill acquisition, which creates an illusion of mastery. Their results 

supported this prediction as performance on speed-based tasks showed lower levels of 

decay compared to performance on accuracy-based tasks (Arthur et al., 1998, 𝛿 Speed = -

0.33, 𝛿 Accuracy = -1.02).  

 However, it is debatable the extent to which speed and accuracy are directly 

comparable in the context of skill acquisition or retention. The well-replicated Power Law 

of Practice states that speed increases with practice linearly as a function of the log number 

of trials (Newell & Rosenbloom, 1981). However, there is no direct analog to the Power 

Law of Practice for accuracy-based performance. One would likely expect accuracy-based 

performance to monotonically increase with practice, but there is not sufficient evidence 

to conclude a ubiquitous pattern of improvement consistent with speed. Additionally, while 
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tasks can be classified based on whether primary studies scored performance based on 

speed vs. accuracy, skilled performance in reality is a combination of both speed and 

accuracy.  

Isolating the influences of speed and accuracy performance on performance is 

problematic because at the individual level of performance, speed and accuracy are 

negatively related – a phenomenon known as the Speed-Accuracy-Tradeoff-Function 

(Wicklegren, 1987). The shape of the function can differ, but the general finding is that 

during skill acquisition, a deliberate focus on accuracy tends to lead to lower 

completion/reaction times, and a deliberate focus on performing a task as rapidly as 

possible leads to lower levels of accuracy. The lack of a Power Law of Practice analog for 

accuracy and the existence of the Speed-Accuracy-Tradeoff-Function combine to suggest 

that speed and accuracy are not theoretically comparable constructs in the context of skilled 

performance and may be best examined separately as opposed to as different levels of the 

same moderator. However, even if they are treated separately, Speed-Accuracy-Tradeoffs 

make interpreting skill retention results difficult because if a change in performance is 

observed over time on a task that requires both speed and accuracy, it is difficult to know 

whether the change in performance can be explained by a change in skill level or by a 

change in participants’ speed-accuracy-tradeoff decisions.  

 Study design decisions may also influence the nature of how speed-accuracy 

tradeoffs operate. For example, task instructions may play a critical role in helping 

participants decide which component to focus on. Consider, for example, a study that plans 

to report both completion time and number of errors committed for a task in which 

participants pressed a sequence of four buttons in response to a stimulus. Study designers 
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may consider instructing participants to enter the sequence as accurately as possible when 

the stimulus appears, to avoid making mistakes while entering the sequence, or to enter the 

sequence as quickly and accurately as possible. The choice that the experimenters make 

may very well determine the strategy that participants engage in, both at acquisition and 

retention.  

1.2.2.3 What Tasks Are Most Prone to Decay?  

1.2.2.3.1 Task Types 

Task type has most often been classified in skill retention literature as natural tasks 

(i.e., tasks that would be performed outside of a laboratory) vs. artificial tasks (i.e., 

laboratory tasks with little generalization to real-world settings). Arthur et al. (1998) 

classified each of the tasks in their meta-analysis as either natural or artificial. Examples 

of tasks that were coded as “natural” included typewriting and a simulated lunar landing 

and examples of tasks that were coded as “artificial” included tracking tasks and mazes3. 

The authors hypothesized higher levels of retention for natural tasks because natural tasks 

tend to be more complex than artificial tasks are, and therefore involve higher levels of 

attention and effort. Additionally, they conjectured that learners would have higher levels 

of motivation to practice natural tasks frequently and achieve higher levels of performance 

than they would for artificial tasks, because the learners would perceive relevance for real-

world performance. The Arthur et al. findings somewhat supported their predictions, as 

evidence indicated slightly higher levels of decay for artificial tasks than for natural tasks 

 
3 While a lunar landing task may not be “natural” to some participants, the authors classified the task as 

natural because it could be natural to some professions (i.e., astronaut). 
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(Arthur et al., 1998, 𝛿 artificial = -0.98, 𝛿 natural = -0.93). However, the small magnitude of 

differences between effect sizes limits one from drawing the definitive conclusion that 

performance on artificial tasks shows meaningfully higher levels of decay. While the small 

magnitude of differences is surprising, it is noteworthy that 111 of the 178 effect sizes were 

from artificial tasks. A focus on procedural skills may lead to a larger number of natural 

tasks that may change the observed difference.  

 Classifying task types based on natural vs. artificial is a useful strategy because it 

can aid in interpreting the extent to which findings will generalize to issues of skill retention 

in the real world. It was especially effective during the early stages of the literature because, 

as previously mentioned, the majority of early skill retention studies involved either 

laboratory or military tasks. However, as previously noted, the current literature contains a 

broader variety of skills than were available at the time of the Arthur et al. meta-analysis, 

especially when it comes to procedural skills. It may therefore be useful to broaden the 

“natural” task category to include classifications of skills represented by different 

occupations in the real world (e.g., medical/dental, sports, military, transportation).  

1.2.2.3.2 Task Ability Demands 

Previous meta-analyses have primarily defined the content of task demands in terms 

of physical and cognitive demands. Physical tasks require “muscular strength, exertion of 

forces, endurance, and coordination,” whereas cognitive tasks require higher-order mental 

processes such as “perceptual input, mental operations, problem-solving, and decision 

making” (Arthur et al., 1998, p. 61). Evidence from both meta-analyses suggests that 

performance on physical tasks is generally better retained than performance on cognitive 
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tasks (Arthur et al., 1998, 𝛿 cognitive = -1.15, 𝛿 physical = -0.75; Wang et al., 2013, 𝛿 high cognitive, 

low physical = -0.35, 𝛿 low cognitive, high physical = 0.23). However, tasks that require solely cognitive 

demands or low physical demands would not meet the current study’s definition of a 

procedural skill because these tasks cannot be proceduralized and/or do not involve 

significant non-verbal motor components. For example, cognitive tasks such as the 

memorization of nonsense syllables (included in the Arthur et al. meta-analysis) or the 

delivery of a presentation (included in the Wang et al. meta-analysis) would not be included 

in the current meta-analysis. With the current focus on procedural skills with a significant 

motor component, the critical task content to consider is the nature of the physical and 

psychomotor demands required, rather than the spectrum of physical vs. cognitive demands 

required.  

 Tasks that prior meta-analyses would have classified as physical require 

psychomotor abilities (abilities that allow for the manipulation or control of objects) or 

physical abilities (such as balance, flexibility, strength, and endurance). Classic work on 

the structure of psychomotor abilities has suggested 12 primary factors: Tapping, finger 

dexterity, rate of arm movement, aiming, arm-hand steadiness, reaction time, manual 

dexterity, psychomotor speed, psychomotor coordination, discrimination reaction time, 

postural discrimination, and hand-precision aiming (Fleishman, 1954). Occupational 

databases have used derivations of these factors to rank ability requirements associated 

with different jobs. O*Net (National Center for O*NET Development), for example, 

classifies occupations based on the extent they require psychomotor demands (e.g., arm-

hand steadiness, finger dexterity, manual dexterity, wrist-finger speed, control precision, 

speed of limb movement) and physical demands (e.g., gross-body coordination, gross-body 
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equilibrium, stamina, strength). These abilities may capture the demands of procedural 

skills better than traditional classifications of cognitive vs. physical. 

1.2.2.3.3 Open-Looped vs. Closed-Looped Tasks 

Early literature on the retention of motor skills and procedural knowledge and skills 

converged on the idea that the degree to which a task is continuous influences the degree 

of decay (Adams, 1964; Farr, 1987). In fact, one of the primary conclusions from Adams’ 

seminal review of the motor skill literature was that continuous motor skills were retained 

to a greater extent than discrete motor skills were (Adams, 1964). The distinction between 

skills that are continuous vs. discrete is often discussed as performance on open-looped vs. 

closed-looped tasks. On one hand, closed-looped tasks, or discrete tasks, are tasks that 

involve a clear beginning and end and involve fixed sequences that rarely require 

adjustment based on changing conditions (Adams, 1971). In closed-looped tasks, skills are 

leveraged based on a defined sequence of actions until the clearly defined desired outcome 

is reached, at which point task engagement is discontinued. Stripping or disassembling a 

rifle is an example of a closed-looped task (Sabol & Wisher, 2001). On the other hand, 

open-looped tasks, or continuous tasks, are more fluid in nature. There is often not a 

definitive beginning or end point, and they often require adjustments to the sequential 

actions required if conditions are altered (Poulton, 1957). A tracking task, which involves 

maintaining aim on a target throughout fluctuating conditions (e.g., target movement) using 

an apparatus such as a control stick, is an example of an open-looped task. (Fleishman & 

Parker, 1962; Gibb & Dolgin, 1989).  
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 Most accumulated evidence leading up to the publication of the Arthur et al. (1998) 

meta-analysis indicated greater levels of retention for skills involved in open-looped tasks 

than for closed-looped tasks (Adams, 1964, 1987; Farr, 1987). However, the authors’ 

findings unexpectedly indicated the opposite. They found that performance on open-looped 

tasks decayed to a greater extent than performance on closed-looped tasks did (Arthur et 

al., 1998, 𝛿 closed = -0.71, 𝛿 open = -1.04). Given the well-replicated evidence in favor of the 

retention of open-looped tasks over closed-looped tasks, the authors attributed this finding 

to a confounding variable: The vast majority of open-looped tasks revealed by their 

literature review were also classified as cognitive tasks, which were not as well retained as 

physical tasks. The findings of the more recent meta-analysis were more aligned with 

previous literature, as they indicated that open-looped tasks were better retained than 

closed-looped tasks (Wang et al., 2013, 𝛿 closed = -0.44, 𝛿 open = -0.30), which is consistent 

with the Arthur et al. speculation that their finding was somewhat of an anomaly related to 

the nature of the tasks in their dataset. 

 Performance on open-looped tasks may be better retained than performance on 

closed-looped tasks because open-looped tasks generally allow for more exposure to the 

repetition of required skills within trials. For example, a tracking task may involve more 

frequent motor movements to stay on target than many closed-looped tasks require. 

Schmidt (1975) proposed that motor skill learning is the result of “schemas” which are 

understood as the relationship between environmental conditions, response specifications 

of prior actions, sensory consequences of prior actions, and overall outcomes of prior 

actions. Each time an individual practices a procedural movement, the perceived 

relationship between each of those four components (or the schema) is strengthened, which 
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leads to more entrenched memory for procedural skills. Open-looped tasks also involve 

more initial time investment to learn the skills required, and therefore greater repetition 

(Naylor & Briggs, 1961). Such tasks also offer more opportunities to engage in procedural 

movements, which may strengthen learners’ schemas and enhance retention (Posner & 

Keele, 1970). This does raise the question, however, of whether open-looped task 

performance is truly better retained than performance on closed-looped tasks or whether it 

is just more susceptible to relearning effects at the time of retention through increased 

repetition within trials. 

1.2.2.3.4 Task Complexity 

Another characteristic that distinguishes tasks from one another and may influence 

the extent to which performance on the task remains stable over time is task complexity. 

Task complexity was not directly investigated by Arthur et al. (1998). However, it was 

mentioned in previous qualitative reviews and included in the Wang et al. (2013) meta-

analysis. In his review of the literature on long-term retention of knowledge and skills, Farr 

discussed what he referred to as “the organizational complexity of a task” (Farr, 1987, p. 

68), which he defined as the degree of cohesiveness. According to Farr, tasks with higher 

organizational complexity are most likely to be retained over extended periods of time 

because such tasks require more intense processing to acquire the skill which in turn 

increases the rate of overlearning and the stability of the knowledge or skill. 

 Wang et al. (2013) addressed a limitation of prior literature articulated by Farr 

(1987), who commented that “there is no satisfactory way of operationally defining” 

complexity (p. 69), by leveraging a multidimensional definition of task complexity 
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published around the same time as Farr’s review (Wood, 1986). Wood (1986) proposed 

that three dimensions combine to determine overall task complexity: Component 

complexity (i.e., the number of distinct steps or actions that are required), coordinative 

complexity (i.e., the degree to which actions must be sequenced, completed quickly, and 

completed frequently, as well the intensity of effort required), and dynamic complexity 

(i.e., the degree to which task conditions are stable or change). For each task included in 

their meta-analysis, Wang et al. (2013) coded each dimension of complexity as “low,” 

“moderate,” or “high” and found an overall pattern of effects consistent with Farr’s 

conjecture that retention is higher for more complex tasks. Specifically, performance decay 

decreased as both component (𝛿 low = -0.50, 𝛿 high = -0.26) and dynamic complexity (𝛿 low 

= -0.61, 𝛿 high = -0.20) increased4. While this is consistent with Farr’s reasoning, it is 

important to note that both Farr and Wang et al. were interested in skills that require both 

declarative and procedural knowledge. It is possible that low-complexity skills that require 

mainly declarative knowledge (e.g., brute memorization) may be more susceptible to rapid 

decay than low-complexity motor skills that can be proceduralized. It is an open question 

whether these findings extend to procedural skills5. 

 

4 There were two exceptions to the overall pattern of increased retention with increased task complexity: (1) 

Retention decreased as a function of coordinative complexity (𝛿 low = -0.29, 𝛿 moderate = -0.37, 𝛿 high = -0.45), 

and (2) Retention was higher for tasks with moderate dynamic complexity (𝛿 = -0.37) than for tasks with 

high dynamic complexity (𝛿 = -0.26). However, the authors still argued that the overall pattern of results 

indicates increased retention with increasing levels of task complexity.  

5 There are three additional variables that are commonly discussed in the literature that were not included in 

the current study: Recognition vs. recall, learning vs. behavioral evaluation criteria, and overlearning. 

Recognition vs. recall was not included because this task-related variable is relevant to declarative 

knowledge, rather than procedural skills. Learning vs. behavioral evaluation criteria was not included because 

it deals with the evaluation of initial training, rather than retention. Overlearning was not included because 

the construct presents limitations, which are discussed further in the next section. 
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1.2.2.4 How Does Skill Acquisition Relate to Skill Retention?  

While the primary focus of the current study is skill retention, retention is inherently 

related to acquisition. Most literature that relates retention to initial learning is focused on 

“overlearning.” Overlearning is the deliberate overtraining of task performance that occurs 

when an individual engages with additional trials after they have crossed a threshold of 

performance that defines proficiency (Driskell et al., 1992). The implication is that 

although the learner may not significantly improve their performance on subsequent trials, 

the learner supposedly minimizes the extent to which the skills being developed will 

decline in the future. A meta-analysis of the relationship between overlearning and 

knowledge retention (including tasks rooted in declarative and procedural knowledge) 

found that overlearning had a moderate effect on level of skill retention (Driskell et al., 

1992, d = 0.63). However, the skill retention meta-analyses discussed to this point did not 

replicate this effect. Arthur et al. (1998) found little evidence for an effect of overlearning 

on skill retention, although the vast majority of the studies they analyzed (87%) did not 

contain necessary information to determine the degree of overlearning. Similarly, Wang et 

al. (2013) could not report effect sizes for overlearning due to insufficient data.   

What some researchers have referred to as the influence of overlearning on 

retention may actually be the result of achieving the autonomous phase of skill acquisition. 

One of the hallmarks of skill acquisition involves moving toward fast, effortless, and error-

free performance (Brown & Carr, 1989). The Fitts and Posner (1967) framework for skill 

acquisition captures this progression by characterizing three phases of acquisition: 

Cognitive, associative, and autonomous phases. As learners progress through each phase, 

they move from engaging in the effortful processing required to learn the rules and 
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procedures of the task, to applying the rules and procedures with a low degree of error, to 

increasing automatization of task skills (Ackerman, 1992). Learners in the autonomous 

phase have reached a rough asymptote with respect to their accuracy, but they continue 

moving toward higher levels of automatization. In an ideal circumstance, trainees who 

develop critical procedural skills would advance to the autonomous phase of skill 

acquisition and require low levels of effort and attention to successfully carry out the task. 

They could therefore dedicate their cognitive resources toward parallel tasks. However, the 

reality is that, with a few exceptions (e.g., the military requires a high degree of repetition 

to ensure their recruits can assemble and disassemble their weapons under high-pressure 

circumstances, see Sabol & Wisher, 2001), most people do not reach the autonomous stage 

of skill acquisition during training. Given that learners do not often develop critical skills 

to a level of automaticity, overlearning may not account for much variance in retention 

performance except for on relatively simple tasks.   

 Rather than focusing on overlearning as a moderator, a more useful approach to 

integrating skill retention with information related to skill acquisition may involve 

evaluating skill retention in the context of acquisition gains. That is, rather than asking the 

question of ‘does engaging in overlearning lead to better retention?’, one might ask ‘how 

long does it take to lose initial acquisition gains if skills are infrequently used?’ or ‘what 

proportion of initial acquisition gains can be expected to decline over a given interval of 

non-use?’ These are questions that applied researchers would have a vested interest in 

because of both the financial investment associated with skill training and the data that 

highlights the benefits that skill training provides for individuals, organizations, and 

society at large. Answers to these questions may provide information necessary to structure 
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the timing and content of refresher training to ensure that the benefits of initial skill 

acquisition are maintained over time.  

1.2.2.5 How Do Experiences After Initial Acquisition Influence Retention? 

Another critical question regarding skill retention and decay that informs the 

current study involves experiences that occur between initial skill acquisition and 

assessment of skill retention. Much of the existing literature on skill decay assumes that 

decay occurs when individuals learn particular skills and then are not exposed to scenarios 

in which they must use those skills for some period of time – often referred to as intervals 

of “non-use” (e.g., Villado et al., 2013). The Arthur et al. meta-analysis did not investigate 

practice opportunities as an antecedent, primarily because it focused only on intervals of 

non-use. The authors excluded any study that did not contain “an identifiable interval of 

nonuse or nonpractice” (Arthur et al., p. 68). This decision is understandable because any 

exposure to the task may confound measurements of pure retention.  

However, intervals consisting of absolutely zero instances of exposure (i.e., pure 

retention) may not be reflective of what some occupational incumbents experience. 

Physicians learn an emergency medical procedure, such as intubation, during residency 

and may encounter, for example, only two patients requiring such procedures in their first 

five years following residency (Gillett et al., 2019). Some research participants experience 

performance opportunities as well. Medical students engaged in a retention study may have 

had access to simulators (e.g., Castevelli et al., 2009; Sinha, et al., 2008) or engaged in 

internships or rotations that provided infrequent opportunities for skill use that are not 

systematically measured (e.g., Diederich et al., 2018; Friederichs et al., 2019; Moazed et 
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al., 2013; Wayne et al., 2006). Some retention studies contain two retention tests separated 

by two retention intervals (e.g., Gurung et al., 2020; Jang et al., 2020; Oermann et al., 

2014), and the first retention test may serve as exposure to the task that confounds the 

second retention test as a measure of pure retention. The appropriate way to empirically 

isolate the effects of pure retention from the performance opportunity in this study design 

would be to have three between-subject conditions: One group that returns only after the 

first retention interval, a second group that returns after the second retention interval, and 

a third group that returns after both retention intervals. However, this is not a common 

study design, and the question of whether the performance opportunity offered by the first 

retention test influences performance on the second retention test remains an open question. 

These examples raise both methodological and practical reasons to investigate the extent 

to which infrequent performance opportunities influence skill retention. 

 Wang et al. (2013) sought to account for exposure during the retention interval by 

including opportunities for practice as a methodological factor that influences decrements 

in performance over time. While they expected opportunities for practice to be associated 

with less skill decay, they were unable to test this hypothesis because most of the studies 

revealed by their literature review were somewhat vague concerning which participants 

were allowed opportunities for practice or encountered circumstances that drew on relevant 

skills. Despite the lack of meta-analytic evidence supporting the conclusion that practice 

diminishes decay, evidence from primary studies does support this conclusion (Gillett et 

al., 2019; Lohre et al., 2021; Sullivan et al., 2019). Evidence even suggests that mental 

practice without physically engaging with tasks themselves may enhance the retention of 

skills (McBride & Rothstein, 1979; Kelc et al., 2020; Ong et al., 2021). While Wang et al. 
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(2013) were unable to derive meta-analytic estimates for the effect of post-learning 

practice, the expanded skill retention literature allowed for additional insights into whether 

infrequent practice opportunities influence the degree to which procedural skills are 

retained over time.   

1.3 A Priori Research Questions 

As both Adams and Farr described, the skill retention literature is characterized by 

a lack of integrated theory or consistent empirical findings, which makes forming deductive 

predictions (i.e., hypotheses) challenging. Additionally, to the extent that consistent 

evidence does exist, the degree to which it applies to procedural skills, as opposed to skills 

that require declarative knowledge, is usually an open question because the vast majority 

of the research reported to this point has dealt with skill retention broadly and collapsed 

findings across skills that would qualify as procedural along with skills that would not. The 

ways in which data have been reported in this literature also presented a challenge to 

proposing hypotheses. When proposing a hypothesis, it is generally ideal to propose not 

only an expected direction of a relationship but also an effect size indicating the strength 

of the relationship expected. Much of the psychological literature on skill retention is dated 

and precedes modern reporting standards. As a result, many of the methodologically sound 

skill retention studies that used longer effect sizes presented data only as plots or only as 

central tendency statistics (i.e., without variation data). This makes it difficult to use prior 

findings to inform a hypothesized effect size.  

As a result, the primary objectives of the current study: To describe the state of an 

interdisciplinary literature, to quantify the degree to which skills are retained or decline 
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over time, and to explore moderators of the relationship between retention interval length 

and skill decline, were largely inductive rather than deductive and the study was guided by 

open research questions. Nine open research questions are posed below. The research 

questions are used to structure the Meta-Analytic Approach, Results, and Discussion 

chapters of this dissertation. I use the research questions as sub-headings in each of these 

chapters and step through each issue individually to illustrate the analyses used to 

investigate each research question, the extent to which results answer each research 

question, and the implications of the results for each research question.  

1.3.1 Replication 

Research Question 1: Given the current study’s focus on procedural skills, what 

results would Arthur et al. (1998) have found had they used similar inclusion 

criteria?  

1.3.2 Retention Interval 

Research Question 2: What is the rate of decline when procedural skills are 

infrequently used?  

1.3.3 Task Moderators 

Research Question 3: Does task type moderate the relationship between retention 

interval length and skill decline?  

Research Question 4: Does the open vs. closed-looped nature of tasks moderate the 

relationship between retention interval length and skill decline? 
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Research Question 5: Does task complexity moderate the relationship between 

retention interval length and skill decline?  

Research Question 6: Do task ability demands moderate the relationship between 

retention interval length and skill decline?  

1.3.4 Study Design Moderators 

Research Question 7: Do infrequent performance opportunities during the 

retention interval moderate the relationship between retention interval and skill 

decline?  

Research Question 8: Does the extent to which task instructions align with how 

performance was measured moderate the relationship between retention interval 

and skill decline? 

1.3.5 Initial Acquisition 

Research Question 9: How much of initial skill acquisition gains are lost over 

intervals of infrequent use?  
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CHAPTER 2. METHOD 

2.1 Literature Search 

In October of 2022, a broad literature search was conducted across interdisciplinary 

academic databases (Scopus, Google Scholar, Web of Science, PubMed, PsycINFO) in 

order to identify primary empirical studies that contain data relevant to procedural skill 

retention and/or decay published up to October of 2022. To obtain grey literature (i.e., 

unpublished sources such as dissertations, theses, and technical reports), ProQuest and the 

National Technical Reports Library (NTRL) of the National Technical Information Service 

(NTIS) were also searched.  

A predefined set of key terms expected to yield relevant results was entered into 

each database. The terms included combinations of terms related to retention/decay 

(“retention, “decay”, “deterioration”, “perishability”, “maintenance”, “degradation”) and 

to the nature of the skills of interest (“procedural”, “psychomotor”, “perceptual”). The 

specific search terms used differed slightly for each database based on the volume and 

relevance of the results generated and the ability of each database to handle nested Boolean 

logic. “Not” terms were also used for some databases to narrow the volume of results 

yielded. Appendix A contains a comprehensive list of search terms used for each database.  

Finally, after initial searches were conducted, an ancestry search was conducted in 

order to maximize the number of relevant sources included and ensure that appropriate key 

search terms were not neglected. The references of five focal publications on the topic of 

skill retention in psychology (Adams, 1964, 1987; Arthur et al., 1998; Farr, 1987; Wang et 
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al., 2013) and 11 review articles or reports discovered from the initial search (Bryant & 

Angel, 2000; Frendrick et al., 1988; Gardlin & Sitterley, 1972; Hagman & Rose, 1983; 

Hurlock & Montague, 1982; Lionetti, 2012; Lyon, 1977; Pendleton, 1986; Pieters & Zaal, 

2019; Rowatt & Shlechter, 1993; Wentzel et al., 1983) were reviewed for relevant sources 

that were not identified in the initial search. Twenty-three additional sources were 

identified and included in eligibility screening, but the sources did not indicate the need for 

further refinement of search terms.  

2.2 Inclusion Criteria 

 All studies included in the meta-analysis were required to meet a set of pre-

specified inclusion criteria, as follows:   

2.2.1 Primary Empirical Studies 

 All studies were required to be primary empirical studies. No reviews or analyses 

of data published previously were included. 

2.2.2 Sample 

 All studies were required to have non-clinical (i.e., no cognitive impairment or 

other disorders) adult samples (ages 17 and up). If studies included a clinical sample with 

a control group that fit all other inclusion criteria, only the control group was coded. Age 

17 was chosen as the minimum age rather than 18 because undergraduate samples from 

older studies often contained a small number of 17-year-olds. Animal learning studies were 

also not included.  
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2.2.3 Task 

All eligible studies involved a task that required a procedural skill, defined as a task 

that required a behavioral output involving a significant non-verbal motor component (i.e., 

the demonstration of hands-on skill). Tasks that were limited to verbal descriptions of step-

by-step procedures or recognition tests (e.g., multiple-choice tests) were excluded. 

2.2.4 Study Design  

Studies were required to include the administration of at least two objective skill 

measures (i.e., not solely self-report measures) separated by a retention interval of at least 

24 hours in which participants did not use the relevant skill or infrequently used the relevant 

skill. Studies were not included if the participants engaged only in observational learning 

during acquisition (i.e., they did not practice the skill itself) or if the study involved a 

treatment that may have influenced performance (e.g., sleep deprivation, alcohol 

consumption) with no control group.  

2.2.5 Performance Data Requirements 

Eligible studies were required to report continuous dependent variables 

representing performance both at acquisition and at retention, including both central 

tendency and variation data needed to compute the effect size statistics. 

2.2.6 Language Requirements 

Studies were required to be published in English. 

2.3 Eligibility Screening 
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Database keyword searches yielded a total of 20,379 unique sources. These sources 

were screened based on the pre-specified inclusion criteria by me, the project advisor, and 

a team of undergraduate research assistants. Before screening the entire pool of potential 

sources, 10 sources that represented the comprehensive set of eligibility criteria were 

evaluated independently by each individual. Each individual was required to retain all 

eligible sources before proceeding to screen the larger pool of potentially relevant sources, 

and the exercise was repeated with an additional set of 10 representative sources until this 

requirement was satisfied.  

 Eligibility screening was conducted in two phases. In the first phase, all the 

abstracts of all 20,379 unique sources were evaluated for information that would prevent 

the sources from satisfying the study’s inclusion criteria. A total of 17,331 sources were 

excluded during abstract screening, leaving 3,048 remaining sources. In the second phase 

of eligibility screening, the full text of each remaining source was evaluated based on the 

inclusion criteria. A total of 2,591 sources were excluded during full-text screening, leaving 

457 sources that were included in the meta-analysis6. A comprehensive summary of the 

number of sources excluded for each requirement based on PRISMA guidelines (see Moher 

et al., 2009) is provided in Figure 1. 

 

 

 
6 In addition to the studies eliminated based on pre-specified inclusions criteria, six studies involving music 

tasks were excluded because there were not enough studies with skills to warrant inclusion in the meta-

analysis and four studies were excluded due to concerns over data quality.  
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Figure 1 – Eligibility Screening 
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2.4 Coding Procedure 

Following eligibility screening, each of the 457 eligible sources was coded for the 

information needed to conduct analyses. Each variable that was coded is described below. 

All variables were coded by a single coder (the author) unless otherwise noted. 

2.4.1 Performance Data 

Performance at initial acquisition (prior to or in the beginning stages of skill 

acquisition), final acquisition (at the conclusion of skill acquisition), and retention were 

recorded. In most cases, means and standard deviations for each time point were recorded. 

In cases where there was no variance in performance at acquisition (e.g., when all 

individuals trained until they reached a particular skill level), standard deviation at 

retention was used as an estimate for underlying standard deviation at acquisition. In some 

cases, paired-samples Cohen’s D statistics were recorded if they were provided or if 

inferential statistics that could be converted to a Cohen’s D statistic (e.g., paired-samples 

t-value, F-value from a repeated measures ANOVA) were provided. When none of the 

above were provided, effect sizes were estimated from the information provided whenever 

possible (e.g., calculation of standard deviation from standard errors of the mean or 

confidence intervals, estimation of standard deviation by measuring standard error bars on 

graphs). 

When trial-by-trial data were provided, data from the first acquisition trial were 

coded as initial acquisition performance, data from the final acquisition trial were coded as 

final acquisition performance, and data from the first retention trial were coded as retention 

performance. The purpose of coding only the first retention trial whenever possible was to 
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isolate retention from relearning effects. In cases where trial-by-trial data were not 

provided, data representing aggregated acquisition or retention trials were coded. All 

performance data were coded at the group level. For example, if a study reported separate 

effect sizes for three training groups, three sets of performance data were recorded.  

2.4.2 Study Design Information 

2.4.2.1 Retention Interval 

The retention interval(s) associated with the study were coded on a metric of days 

with the assumption that one month is equivalent to 30 days and 365 days is equivalent to 

one year. Retention intervals were later converted to a metric of months to aid with 

interpretation of results.  

2.4.2.2 Performance Assessment 

Each effect size was coded based on whether the performance measure represented 

speed, accuracy, or a mixture of both speed and accuracy (“mixed”). When the authors did 

not provide enough information to determine whether the performance measure was speed-

based or accuracy-based, the performance measure was classified as “mixed”.   

2.4.2.3 Number of Acquisition Trials 

The total number of trials that individuals engaged in during skill acquisition was 

recorded. 

2.4.2.4 Performance Opportunities 
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Performance opportunity was coded as a binary variable indicating whether or not 

infrequent performance opportunities were reported or likely during the retention interval. 

There were two circumstances in which infrequent performance opportunities were coded: 

(1) When the author mentioned an opportunity for performance (e.g., medical students 

trained on a surgical task had access to a medical simulator but were not required to use 

it), and (2) the second of two retention tests administered to the same participants (i.e., the 

first retention test was an opportunity for performance during the retention interval for the 

second effect size). 

2.4.3 Task Information 

2.4.3.1 Task Instructions 

Task instructions were coded as “speed”, “accuracy”, “both speed and accuracy”, 

or “not clear”.   

2.4.3.2 Task Type 

Tasks were classified under one of the following categories: 

“Laboratory/Artificial”, “Medical/Dental”, “Sports”, “Military”, “Transportation”, or 

“Miscellaneous” (i.e., not represented by any of the other categories). Military and 

transportation were later collapsed into a category termed “Military and non-military 

transportation” because neither category had sufficient data to be included in analyses 

alone and both categories were deemed to have sufficiently similar skills to justify 

combining them. A comprehensive list of the tasks classified under each task type is 
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provided in Appendix B. All task types other than laboratory/artificial tasks were also 

coded as “Real-world” tasks.  

2.4.3.3 Task Characteristics 

Task data were further coded under more narrow characteristics. Consistent with 

prior meta-analyses of skill retention, tasks were coded as either open or closed-looped and 

were rated as “low” “medium” or “high” on Wood’s (1986) three dimensions of complexity 

(i.e., component, coordinative, and dynamic). Additionally, tasks were classified based on 

their ability requirements. Physical and psychomotor abilities requirements associated with 

jobs listed on Occupational Information Network (National Center for O*Net 

Development) were consulted and three abilities were chosen for the purposes of this study: 

Dexterity, gross body coordination, and precision/steadiness. Each ability was coded as a 

binary variable indicating whether or not the task required the ability.  

All task characteristics were completed separately by two independent raters (me 

and the project advisor). For open vs. closed-looped classifications, disagreements between 

the raters were resolved through discussion or by reviewing the original publication to 

gather additional information about the task that was used to make a final determination. 

For ability requirement classifications, disagreements between the raters were resolved 

through discussion or by referencing O*Net to determine whether the ability requirement 

in question was associated with occupations that would typically perform each task. For 

task complexity dimension rating, classifications were transformed to numeric values 

where “low” = 1, “medium” = 2, and “high” = 3. In circumstances where ratings differed 

by only one, the average of the two ratings was taken. For example, if one rating indicated 
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low component complexity and one rating indicated medium component complexity, a 

score of 1.5 was used as the rating for component complexity of the task. In circumstances 

where ratings differed by more than one point (i.e., one rater classified the complexity 

dimension of the task as low and one rater classified the complexity dimension of the task 

as high), disagreements were resolved through discussion or reviewing the original 

publication for more detailed task information.  

2.4.4 Publication Information 

The year of publication was recorded and the publication type was coded. 

Publication type was coded as either “Published” (journal articles and book chapters) or 

“Grey Literature” (theses/dissertations, conference proceedings papers, technical reports). 

2.4.5 Sample Information 

Sample information coded included sample type, sample age, and sample size. 

Sample type was classified into one of the following categories: Students, general 

population or unspecified, medical/dental, military, athletes, or other. Sample age was 

coded as the mean or median of age of the sample, depending on which was provided. 

Finally, sample sizes both at the time of skill acquisition and at the time of the skill retention 

assessment were recorded.   
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CHAPTER 3. EFFECT SIZE CALCULATION & PROCESSING 

The majority of performance data were coded as means and standard deviations for 

initial acquisition, final acquisition, and retention. The means and standard deviations were 

used to compute the effect size Cohen’s D using the formula generally used to calculate 

the effect size between independent samples. While it would have been ideal to use the 

Cohen’s D formula for paired samples to account for dependency between skill 

measurements of the same subjects, d = t [2(1-r)/n]1/2 (Dunlap et al., 1996), the formula 

requires the correlation between measures and a paired t-statistic, and these were rarely 

provided in the literature. The use of the independent samples Cohen’s D formula is 

consistent with approaches used in prior skill retention meta-analyses (Arthur et al., 1998; 

Wang et al., 2013). The direction of the effect sizes, as indicated by Equations 1 and 2 

below, were structured such that gains in skill were indicated by positive effect sizes and 

declines in skill were indicated by negative effect sizes.   

 
𝑑 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛  =  

𝑀𝑒𝑎𝑛 𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 −  𝑀𝑒𝑎𝑛 𝐹𝑖𝑛𝑎𝑙 𝑎𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛  

𝑃𝑜𝑜𝑙𝑒𝑑 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
 (1) 

 
𝑑 𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛  =  

𝑀𝑒𝑎𝑛 𝐹𝑖𝑛𝑎𝑙 𝑎𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 − 𝑀𝑒𝑎𝑛 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑎𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛 

𝑃𝑜𝑜𝑙𝑒𝑑 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛
 (2) 

However, there were other effect sizes in the dataset that were not calculated using 

means and standard deviations. These data were reported by the authors as either Cohen’s 

D statistics, t-values, or F-values. F-values were converted to t-values by calculating the 

square root of the F-value and paired t-values were converted to Cohen’s D statistics based 

on the formula d = t/(n)1/2 (Lakens, 2013; Rosenthal, 1991). Once again, the ideal 
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conversion formula would have been the one provided by Dunlap et al. (1996), but the use 

of this formula was not possible because authors rarely reported correlations between 

performance at acquisition and performance at retention. In total, 1,281 effect sizes coded 

were calculated using the independent samples formula, 61 were converted from t-values 

(or F-values converted to t-values), and 10 were reported as Cohen’s D statistics by 

authors.  

 In order to investigate the potential consequences of combining effect sizes 

computed from different formulas, three Monte Carlo simulations were run in which the 

three Cohen’s D formulas in question (the formula for independent samples, the formula 

for paired samples that takes the correlation between measures into account, and the 

formula that converts paired t-statistics to Cohen’s D) were varied under four of 

parameters: (1) The correlation between skill acquisition and retention, (2) the mean 

difference between acquisition and retention, (3) the ratio of standard deviations between 

acquisition and retention, and (4) the sample size. The specific parameters that were used 

are provided in Table 1. For each combination of parameters (a total of 128 combinations), 

a simulation was run 500 times to account for robustness and variability. The output of 

each simulation was the average Cohen's D statistic and the randomly generated parameters 

for each of the 500 runs. The results of the three simulations were compared to determine 

the conditions under which the formulas were likely to yield similar or different results.   
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Table 1 – Monte Carlo Simulation Parameters 

Parameters Values Used 

Correlations between acquisition and retention 0.20, 0.40, 0.60, 0.80 

Mean differences between acquisition and 

retention 

0.00, 0.50, 1.50, 3.00 

SD ratios for acquisition vs. retention 1.00, 2.00 

Sample size 10, 20, 50, 100 

Note. This table defines the specific parameters that were varied in each Monte Carlo 

simulation.  

The results of the three simulations across parameter values are plotted in Figure 2. 

As the figure displays, the formulas yielded quite different effect sizes under some 

conditions, particularly when the correlation between acquisition and retention was high 

and when the mean difference in performance between acquisition and retention was high. 

When the correlation between acquisition and retention was 0.80, the independent samples 

formula yielded an average effect size of -1.07, the conversion from a paired t-value yielded 

an average effect size of -1.62, and the paired samples formula yielded an average effect 

size of -2.59. When the mean difference in performance between acquisition and retention 

was three, the independent samples formula yielded an average effect of -2.56, the 

conversion from a paired t-value yielded an average effect size of -2.82, and the paired 

samples formula yielded an average effect size of -4.36.  

For the paired t-values that were converted, the differences at high correlations 

between measures were large enough that it would not be justifiable to combine them with 

the effect sizes calculated using the independent samples formula, especially because one 

would expect the correlation between performance at acquisition and performance at 

retention to be large. There is ultimately no way to be certain how the Cohen’s D statistics 

reported by authors of the primary sources were calculated. Lakens (2013) outlines six 
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possible formulas for calculating Cohen’s D. It is somewhat unlikely that most authors 

accounted for the correlation between measures in the computations of Cohen’s D, 

particularly if the sources were published prior to the publication of the Dunlap et al. article 

in 1996. However, if the authors did account for the correlation between acquisition and 

retention in their computations (which would be a more accurate estimation because it 

accounts for the dependence between measurements), the differences from the effect sizes 

computed using the independent samples formula would have been even larger.  

Based on the results of these simulations and the fact that correlations between 

acquisition and retention were not frequently reported in the skill retention literature, a 

decision was made to treat the effect sizes calculated from the independent samples formula 

separately from the effect sizes converted from paired samples t-values and Cohen’s D 

values that were reported by authors. While the independent samples formula is admittedly 

not the ideal formula for a repeated-measures design such as a skill retention study, the 

study’s primary research questions (i.e., Research Questions 1-9) were assessed using the 

independent samples formula for three primary reasons: (1) Only 5% of the effect sizes 

coded were not computed using the independent samples formula and the small sample 

size would likely lead to a less robust estimate of skill decay and lack sufficient power to 

detect moderator effects, (2) the means and standard deviations from the final acquisition 

trial and first retention trial used to compute effect sizes using the independent samples 

formula allowed for better isolation of retention from relearning effects than effect sizes 

that aggregated across retention trials did, and (3) the use of the independent samples 

formula is consistent with approaches taken in prior skill retention meta-analyses (Arthurt 

et al., 1998; Wang et al., 2013). However, the results of these simulations pose the question 
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of how skill retention trends compare between those computed with the independent 

samples formula and those not computed with the independent samples formula. While this 

question was not anticipated a priori, it was included as an additional research question 

based on the simulation results:  

Research Question 10: How do skill retention trends and effect sizes compare 

between effect sizes computed with different formulas?   

 

Figure 2 – Monte Carlo Simulation Results Comparing Effect Size Formulas 

Note. Results of Monte Carlo simulations that investigated the results of three Cohen’s D 

formulas under varying observations of the correlation between measures, mean 

differences between measures, SD ratio between measures, and sample size. 
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CHAPTER 4. META-ANALYTIC APPROACH 

 In this chapter, I describe the meta-analytic approach that I used to test the 10 

research questions of the current study. First, I discuss decisions that were made with 

respect to the aggregation of effect sizes to maximize the independence of observations 

and provide justification for why some effect sizes from the same sample were not 

aggregated and were instead analyzed separately or treated independently. Next, I report 

the meta-analytic models that were computed to answer each of the research questions 

proposed in the Introduction chapter. Finally, I report a two-pronged approach used to 

investigate the existence of publication bias in the meta-analytic models tested. The results 

of these analyses are presented in the next chapter, but the methods and analyses used to 

obtain results are reported here.  

4.1 Within-Study Aggregation and Independence 

 While an important consideration of meta-analyses is the independence of 

observations and it is usually advisable to aggregate effect sizes such that all participants 

are represented by only one effect size (Schmidt & Hunter, 2015), decisions regarding 

aggregation in the current meta-analysis were complicated by both the lack of theoretical 

comparability of some effect sizes and study designs that used multiple retention intervals 

or multiple tasks that assessed different procedural skills.  

 The current study sought to meta-analyze the strength of effect sizes across time 

for three types of performance measures: Speed, accuracy, and mixed. Due to the lack of 

evidence that speed and accuracy are theoretically comparable constructs (e.g., the Power 
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Law of Practice, Speed-Accuracy-Trade-Off Functions), a decision was made to conduct 

all analyses separately for each of the three categories of performance measures. In other 

words, effect sizes from speed-based performance measures were not aggregated with 

effect sizes from accuracy-based performance measures – they were analyzed in separate 

meta-analyses.  

 Effect sizes indicating performance on the same task within the same performance 

measure category (e.g., number of sunk putts and average distance from the hole on a golf 

task) were averaged to obtain a single effect size. When the same subjects completed 

multiple tasks that represented procedural skills within the same performance measure 

category, effect sizes were aggregated if the skills that each task required were determined 

to be sufficiently similar (e.g., endotracheal intubation and chest tube insertion) but were 

treated independently if the skills for each task were determined to be sufficiently different 

(e.g., a balancing task vs. a tracking task). Effect sizes for the same participants were also 

treated independently when a study consisted of two retention intervals (e.g., participants 

were evaluated one month after training and again six months after training), and the effect 

size for the second retention interval was coded with a performance opportunity during the 

retention interval. While the lack of independence of some data points is not ideal, a 

decision was made to prioritize the number of longer retention intervals and the breadth of 

procedural skills in these rare circumstances7. 

4.2 RQ 1: Comparison to Arthur et al. (1998) Findings for Procedural Skills 

 
7 Results were computed with and without the non-independent data points and results were similar.  
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 The first stage of analyses involved replicating the findings from the Arthur et al. 

(1998) meta-analysis given that it is the most well-known existing meta-analysis on skill 

retention8. This was done using only the sources gathered that were published in 1998 or 

earlier (the year of Arthur et al.’s publication and earlier). Although there are now more 

modern meta-analytic techniques available, the meta-analytic strategy used in that paper 

was replicated in order to demonstrate what the authors likely would have found had they 

focused only on procedural skills and used the same databases that were used in the current 

study. The authors leveraged formulas from Hunter and Schmidt (1990). Specifically, 

mean effect sizes for specific categories of retention intervals were calculated using 

Equation 3 below: 

 
𝑑̅ =  

∑ 𝑑𝑖 𝑛𝑖

𝑁𝑇
 (3) 

Where d = mean effect size, di = effect size for each study, ni = sample size for each study, 

and NT = total sample size across all studies. A bias multiplier calculated based on Equation 

4 below was then applied to correct for uneven sample sizes. The corrected d was calculated 

as the mean d divided by A. 

 
𝐴 =  1 + 

0.75

𝑁 − 3
 (4) 

where N = the average sample size across studies  

 
8 I chose to replicate the Arthur et al. (1998) rather than the Wang et al. (2013) meta-analysis for two 

reasons: (1) It is generally more well-known, and (2) it was published as a peer-reviewed journal article 

rather than as a chapter.  
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 Sampling error variance was estimated based Equation 5:  

 
𝑆𝑎𝑚𝑝𝑙𝑖𝑛𝑔 𝑒𝑟𝑟𝑜𝑟 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =

𝑁 − 1

𝑁 − 3
 ×  

4

𝑁
 ×  

𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑑2

8
 (5) 

The population variance [Var (δ)] was then calculated as the variance of the observed effect 

sizes minus the estimated sampling error variance. Finally, the standard deviation of the 

population effect sizes (SD δ) was calculated based on Equation 6: 

 
𝑆𝐷 δ =  

𝑉𝑎𝑟 (δ)

𝐴
 (6) 

4.3 RQ 2: Rate of Decline When Procedural Skills Are Infrequently Used 

 The second stage included the primary analyses designed to answer the research 

questions of the current study with all sources published through October of 2022 (when 

the literature search was conducted). The analyses were conducted with the effect sizes 

computed using the formula for independent samples (i.e., the majority of the effect sizes 

coded). For each performance measure category, a random effects meta-regression 

equation with retention interval predicting effect size was computed. The beta coefficient 

corresponding to retention interval was interpreted as the change in effect size observed 

for each month that the retention interval increased. Sampling error variance was estimated 

using Equation 7, which is recommended for random effects meta-analyses (Bornstein et 

al, 2009): 
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𝑣𝑖 =
𝑁1 + 𝑁2

𝑁1 × 𝑁2
 +  

𝑑2

2 × (𝑁1 + 𝑁2)
 (7) 

Between-study heterogeneity ( 2) was estimated using Restricted Maximum Likelihood 

(REML). In addition to 2, the heterogeneity statistics of Cochran’s Q, I 2 and H 2 were 

reported for each meta-regression model.  

4.4 RQ 3-8: Moderators of the Retention Interval – Effect Size Relationship 

 Cochran’s Q statistic was used to test for residual heterogeneity in order to 

determine if there was sufficient heterogeneity to investigate moderators. A significant test 

of Cochran’s Q statistic suggests significant heterogeneity in residuals across studies. 

Significant heterogeneity would indicate that there are other factors beyond retention 

interval that contribute to observed differences in effect sizes and would therefore justify 

moderator analyses. A lack of significance would indicate that there is not sufficient 

heterogeneity to justify moderator analyses. Moderators were then tested by entering 

variables representing each moderator into meta-regression equations predicting effect size 

separately and the significance of the beta coefficient for the interaction term (retention 

interval by moderator) was used to determine the significance of the moderator. The results 

of these moderator analyses indicated whether each moderator altered the relationship 

between retention interval and effect size magnitude, which is a step beyond moderator 

analyses in prior skill retention meta-analyses that only looked at differences in overall 

effect size magnitudes across levels of moderators and did not account for change over 

time at different levels of each moderator. Plots of observed effect sizes at each level of 
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moderators were also provided to aid with interpretation of the practical significance of 

each moderator.   

4.5 RQ 9: Loss of Initial Skill Acquisition Gains 

 In the third stage of analyses, the results of the meta-regression were interpreted in 

the context of initial acquisition gains. For each performance measure category, effect sizes 

indicating performance differences between initial and final acquisition were subjected to 

a random-effects meta-analysis. The same parameters used in the meta-regression equation 

for the relationship between retention interval and effect size (e.g., sampling error variance 

estimation, REML) were used in the computation of the meta-analysis of acquisition data. 

The only difference was that rather than examining the influence of time on effect size, this 

meta-analysis examined acquisition effect sizes as a whole, split out by accuracy, speed, 

and mixed performance measures. This allowed for the comparison of initial acquisition 

effect sizes to retention effect sizes, which led to an estimation of the approximate 

proportion of skill acquisition gains that may be lost over intervals of non-use or infrequent 

use.    

4.6 RQ 10: Comparison of Effect Sizes Computed with Different Formulas 

 Meta-regression equations with retention interval predicting effect size were 

computed using the effect sizes that were converted from paired samples t-values and 

reported as Cohen’s D statistics. The same model parameters as were used in previous 

models were used (e.g., sampling error variance estimation, REML). The overall strength 

of effect sizes as well as the relationship between effect size magnitude and retention 

interval length were compared to the results of the models computed using the independent 
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samples formula effect sizes. There were not enough effect sizes calculated without the 

independent samples formula to conduct moderator analyses. 

4.7 Publication Bias 

Finally, the fourth stage of analyses involved an assessment of publication bias. In 

any meta-analysis, publication bias can confound results through the exclusion of outcomes 

or effect sizes that do not make it through to publication. Therefore, it is critical that meta-

analysts not only take measures to prevent publication bias when conducting their literature 

search, but also statistically test for publication bias within the studies included in meta-

analyses (Ferguson & Brannick, 2012). A two-pronged approach was taken to account for 

publication bias. First, measures were taken to prevent publication bias by including grey 

literature (i.e., theses, dissertations, conference papers, technical reports) in the literature 

review process. Publication bias was then directly evaluated within the studies included in 

the meta-analysis by testing a variable indicating whether each effect size came from 

published or grey literature as a moderator. The moderating effect of publication type was 

assessed to determine both the influence of publication time on effect size magnitude 

generally and the influence of publication type on changes in effect size magnitude over 

time. The moderating effect of publication type on effect size magnitude generally was 

tested using a random-effects meta-analysis for each performance measure category with 

subgroup analyses for each publication type. The moderating effect of publication type on 

the change in effect size magnitude over time was tested using a random-effects meta-

regression with an interaction term for publication type by retention interval. The same 

model parameters (e.g., sampling error estimation, REML) previously specified for other 
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models were used. A significant moderating effect of literature type would suggest 

evidence of possible publication bias. 

Second, the relationship between precision and effect size magnitude was evaluated 

in order to assess the possibility that publication bias may have prevented relevant findings 

from being included in the meta-analysis. Precision in the context of meta-analysis refers 

to the level of certainty or reliability associated with each effect size. Studies with higher 

levels of precision are characterized by large sample sizes and low standard errors. The 

relationship between precision and effect size magnitude is used to detect the presence of 

publication bias because if studies with lower levels of precision have stronger effect sizes, 

it would suggest the absence of small effect sizes with small samples from the published 

literature. This relationship is often assessed via funnel plots which plot effect size 

magnitude on the X-axis and standard error on the Y-axis (Stern & Egger, 2001). However, 

in the case of standardized mean differences, the effect size formula is used in the 

calculation of the standard error for each effect size, which can create an artificial 

association between precision and effect size magnitude and lead to misleading results (Lau 

et al., 2006). Because of this, based on the recommendations of Zetsloot et al. (2017), the 

square root of the sample size at retention was used as an index of precision for the current 

study.  

An alternative to funnel plots, where effect size magnitude was plotted on the X-

axis and the square root of the sample size was plotted on the Y-axis, was evaluated for the 

effect sizes in each performance measure category. The relationship between the two 

variables was also tested using Precision Effect Tests (PET) and Precision Effect Estimate 

with Standard Error (PEESE) tests (Stanley & Doucouliagos, 2014), which are regression-
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based tests that evaluate the relationship between precision and effect size. Typically, PET 

uses the effect size standard error as an indicator of precision while PEESE uses sampling 

error variance as an indicator of precision, which provides a more robust estimate at high 

levels of heterogeneity. Because of the use of Cohen’s D in these formulas, the square root 

of the sample size at retention and the sample size at retention were used as alternatives to 

standard error and sampling error variance, respectively. Asymmetry in the plots or 

significant PET-PEESE tests would suggest evidence for possible publication bias.  
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CHAPTER 5. RESULTS 

 In the Results chapter, I present all findings from meta-analytic models used to test 

the study’s research questions. The 10 research questions that guided the study’s design 

are used to structure the Results chapter. In the following pages, I address each research 

question individually by reporting the results of the analyses and the extent to which the 

results answer each research question. After addressing the results for each research 

question, I present the results of publication bias assessments and discuss the potential 

impact of publication bias on the results presented earlier in the chapter. As previously 

mentioned, the effect sizes computed using the independent samples formula were used to 

answer Research Questions 1-9 and the effect sizes reported by authors and converted from 

paired t-values are used to address Research Question 10.  

5.1 RQ 1: Replication of Arthur et al. (1998) Findings for Procedural Skills 

 The first set of analyses involved a replication of the findings of Arthur et al. (1998) 

in order to determine what the authors may have found had they focused only on procedural 

skills with a significant motor component and used the academic databases that I did in my 

literature search. To obtain the results, only sources that were published in 1998 or earlier 

and satisfied the inclusion criteria for the current study were included and the meta-analytic 

strategy outlined by Arthur et al. (1998) was followed. Arthur et al.’s (1998) findings are 

reported in Table 2 and the replication results for accuracy performance measures, speed 

performance measures, and performance measures that involve a mixture of speed and 

accuracy are reported in Tables 3, 4, and 5, respectively.   
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 The findings in this section are discussed with respect to the similarities and 

differences between the results reported by Arthur et al. (1998) and the results yielded from 

this replication. One similarity between the two meta-analyses is that the majority of 

performance data represented accuracy-based performance, rather than speed-based 

performance. Arthur et al. (1998) treated speed vs. accuracy as a moderator and their 

analyses included 145 accuracy-based effect sizes and 33 speed-based effect sizes (81% 

accuracy). The replication consisted of 199 accuracy-based effect sizes, 29 speed-based 

effect sizes, and 13 mixed effect sizes (82% accuracy-based effect sizes). Both analyses 

also suggest evidence of increasing skill decay over time, particularly at longer retention 

intervals. Results suggest that mean skill levels decline by at least one standard deviation 

unit in magnitude at retention intervals of six months or higher. For studies with retention 

intervals ranging from six months to one year, Arthur et al. reported an estimated Cohen’s 

D of -1.03 [-1.80, -0.26] for all performance measures and the replication yielded an 

estimated Cohen’s D of -1.12 [-2.40, 0.16] for accuracy-based performance measures. For 

studies with retention intervals over one year, Arthur et al. (1998) reported an estimated 

Cohen’s D of -1.27 [-1.95, -0.58] across all performance measures and the replication 

yielded an estimated Cohen’s D of -2.51 [-3.48, -1.54] for accuracy-based performance 

measures. It is worth noting that although both results showed substantial skill decay, the 

estimate beyond one year from the replication with only procedural skills was notably 

stronger. There were not sufficient data points to provide a meta-analytic estimate for 

speed-based or mixed performance measures in studies of retention intervals of six months 

or longer in the replication.  
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 The most notable difference between the two sets of analyses pertains to the overall 

strength of effect sizes. Specifically, estimated effect sizes across all retention intervals 

appear notably greater decay in the Arthur et al. study (δ = -0.95 [-2.35, -0.44]) compared 

to the current study (δ Accuracy = -0.54 [-1.36, 0.28], δ Speed = -0.23 [-1.12, 0.66], δ Mixed = -

0.36 [-1.49, 0.78]). The differences are particularly stark at retention intervals of a week or 

less (δ Arthur et al. = -1.01 [-2.53, 0.51], δ Accuracy = -0.13 [-1.01, 0.75], δ Speed = -0.12 [-1.31, 

1.08]). A second notable difference between the two analyses is the overall number of data 

points included in the two studies (178 in Arthur et al. vs. 241 in the current study). 

Potential explanations for these discrepancies are explored in the Discussion chapter.  

 It appears based on these results that the answer to Research Question 1 is that had 

Arthur et al. (1998) conducted their meta-analysis focused on procedural skills, rather than 

skills requiring both declarative and procedural knowledge, they likely would have 

obtained more modest effect sizes at shorter retention intervals. However, the general 

takeaway that longer retention intervals were associated with higher levels of decay would 

have remained consistent. Both Artur et al.’s (1998) findings and the replication findings 

suggest the likelihood of substantial decay when skills are not used for a period of six 

months or more. 
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Table 2 – Arthur et al. (1998) Results 

Retention 

Interval 

(Days) 

Number 

of Data 

Points 

Total 

Sample 

Size 

Mean d Corrected d 

SD of 

population 

effect sizes 

Variance 

Due to 

Sampling 

Error 

Min d Max d 

Lower 

Bound 

 

Upper 

Bound 

 

Overall 178 8719 -0.97 -0.95 0.72 15.39% -5.24 0.99 -2.35 0.44 

Less than 1 3 45 0.02 0.02 0.00 100.00% -0.12 0.17 0.02 0.02 

1 to 7 89 3325 -1.03 -1.01 0.77 17.02% -5.24 0.82 -2.53 0.51 

8 to 14 13 680 -1.54 -1.52 0.63 20.20% -2.87 -0.02 -2.75 -0.28 

15 to 28 19 766 -0.95 -0.93 1.00 10.04% -4.06 0.59 -2.90 1.03 

29 to 90 33 2656 -0.65 -0.65 0.39 25.35% -1.84 0.99 -1.42 0.12 

91 to 180 7 302 -1.42 -1.39 0.82 14.83% -3.33 -0.22 -3.00 0.22 

181 to 365 11 670 -1.04 -1.03 0.39 32.89% -2.67 -0.55 -1.80 -0.26 

>365 3 275 -1.28 -1.27 0.35 30.19% -2.48 -0.92 -1.95 -0.58 

Note. ES = Effect size. Upper and lower bounds indicate 95% confidence intervals. 
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Table 3 – Replication of Arthur et al. Findings for Accuracy  

Retention 

Interval 

(days) 

Number 

of Data 

Points 

Total 

Sample 

Size 

Mean d Corrected d 

SD of 

population 

effect sizes 

Variance 

Due to 

Sampling 

Error 

Min d Max d 

Lower 

Bound 

 

Upper 

Bound 

 

Overall 196 5107 -0.56 -0.54 0.99 14.14% -5.75 1.57 -1.36 0.27 

7 or less 91 2004 -0.13 -0.13 0.56 37.03% -2.26 1.57 -1.01 0.75 

8 to 14 9 174 -0.78 -0.75 1.09 16.06% -2.90 0.53 -1.72 0.23 

15 to 28 14 1526 -0.66 -0.66 1.17 2.74% -4.54 -0.25 -1.05 -0.27 

29 to 90 67 1044 -0.75 -0.71 0.98 22.58% -5.75 1.42 -1.81 0.39 

91 to 180 2 61 -0.18 -0.18 0.00 100% -0.25 -0.12 -0.91 0.56 

181 to 365 6 79 -1.20 -1.12 0.61 50.07% -2.18 -0.06 -2.40 0.16 

>365 7 219 -2.58 -2.51 0.80 26.72% -3.28 -0.76 -3.48 -1.54 

Note. Note. ES = Effect size. Upper and lower bounds indicate 95% confidence intervals. 
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Table 4 – Replication of Arthur et al. Findings for Speed  

Retention 

Interval 

Number 

of Data 

Points 

Total 

Sample 

Size 

Mean d Corrected d 

SD of 

population 

effect sizes 

Variance 

Due to 

Sampling 

Error 

Min d Max d 

Lower 

Bound 

 

Upper 

Bound 

 

Overall 29 391 -0.24 -0.23 0.32 63.30% -1.55 0.99 -1.12 0.66 

7 or less 18 233 -0.13 -0.12 0.00 100.00% -0.76 0.82 -1.31 1.08 

8 to 14 3 36 -0.46 -0.42 0.65 45.91% -1.55 0.20 -1.69 0.84 

15 to 28 1 12 -0.70 -0.64 NA – 1 ES NA – 1 ES -0.70 -0.70 NA  NA 

29 to 90 7 110 -0.38 -0.36 0.00 100.00% -0.65 0.99 -1.43 0.72 

91 to 180 0          

181 to 365 0          

>365 0          

Note. ES = Effect size. Upper and lower bounds indicate 95% confidence intervals. 
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Table 5 – Replication of Arthur et al. Findings for Mixed Performance  

Retention 

Interval 

Number 

of Data 

Points 

Total 

Sample 

Size 

Mean d Corrected d 

SD of 

population 

effect sizes 

Variance 

Due to 

Sampling 

Error 

Min d Max d 

Lower 

Bound 

 

Upper 

Bound 

 

Overall 13 186 -0.38 -0.36 0.78 32.36% -2.19 0.80 -1.49 0.78 

7 or less 2 48 0.69 0.67 0.00 100.00% 0.59 0.80 -0.19 1.53 

8 to 14 2 12 -0.68 -0.55 0.00 100.00% -0.50 -0.10 -2.65 1.56 

15 to 28 0          

29 to 90 0          

91 to 180 7 101 -0.50 -0.46 0.62 43.47% -2.19 -0.24 -1.60 0.67 

181 to 365 1 17 -2.18 -2.07 NA – 1 ES NA – 1 ES -2.18 -2.18 NA NA 

>365 1 8 -1.07 -0.93 NA – 1 ES NA – 1 ES -1.07 -1.07 NA NA 
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5.2 RQ 2: Rate of Decline When Procedural Skills Are Infrequently Used 

The results presented for Research Question 1 relied solely on sources published 

prior to 1999 (because the Arthur et al. study was published the year prior), but the 

remaining results include sources published across all years. The eligibility screening and 

coding processes yielded a database of 1,281 effect sizes computed with the independent 

samples effect size formula representing 58,210 individuals at the time of acquisition and 

30,364 individuals at the time of retention across 425 sources that was used to investigate 

the relationship between retention interval and procedural skill retention9. There were 493 

retention intervals used across the 425 sources. A bar graph displaying the distribution of 

retention interval lengths within these 425 sources is presented in Figure 3. This 

distribution is characterized by a positive skew with a larger quantity of short retention 

intervals in comparison to long retention intervals. Over one-quarter (137, 28%) of the 

retention intervals were two days or shorter and nearly half (218, 44%) were shorter than 

one week. However, there were still a larger number of longer retention intervals than there 

were in previous meta-analyses of skill retention. Twenty-nine retention intervals were 

longer than six months and 14 retention intervals were longer than one year.  

 

 

 
9 One study consisted of 13,176 participants at final acquisition, 726 participants at the first retention 

assessment, and 258 individuals at the second retention assessment. The discrepancy between sample sizes 

at acquisition and retention in this study accounts for a large portion of the discrepancy between the total 

sample sizes described in text. The lopsided samples do not substantially influence results because random-

effects models account for asymmetric sample sizes when effect sizes are weighted by sampling error 

variance.  
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Figure 3 – Study Retention Interval Frequency 

Note. Bar graph of study retention interval frequencies. The two outlier retention intervals 

of 60 and 120 months are separated in this graph by a red-vertical dotted line and were not 

included in meta-regression analyses. 

 Meta-regression models in which retention interval (on a metric of months) was 

used as a predictor of the effect size capturing the difference between performance at 

acquisition and performance at retention were computed to test the relationship between 

retention interval length and skill decline. Meta-regression allowed for the treatment of 

retention interval as a continuous variable. However, there were two large retention interval 

outliers – 60 months and 120 months (separated by the dotted red vertical line in Figure 3 

and throughout visualizations in the Results chapter), which were both over twice as large 

as the next longest retention interval of 24 months. Because outliers this large would likely 

skew any estimation of the degree of skill decay that occurs per month, these studies were 

not included in meta-regression analyses but are reported in visualizations throughout the 
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results section to ensure all eligible data are represented. Separate meta-regression models 

were computed for accuracy-based performance measures, speed-based performance 

measures, and mixed performance measures. Scatterplots of observed effect sizes across 

retention intervals are also provided. Once the two studies with outlier retention intervals 

were removed, a total of 829 effect sizes across 311 sources were included in the accuracy 

meta-regression model, 267 effect sizes across 115 sources were included in speed meta-

regression model, and 180 effect sizes across 90 sources were included in the mixed meta-

regression model.  

 Figures 4, 5, and 6 include scatterplots of observed Cohen’s D effect sizes across 

varying retention intervals. Larger data points in Figures 4, 5, and 6 (and throughout all 

figures reported in the results) indicate that they were given more weight in the meta-

regression models (i.e., they had larger sample sizes and the sample sizes at acquisition and 

retention were relatively even). The three scatterplots suggest that skills generally decline 

between acquisition and retention, perhaps slightly more rapidly for accuracy-based 

performance measures than for speed-based or mixed performance measures. Additionally, 

the X-intercept of the mixed scatterplot appears lower than the X-intercept on the other two 

scatterplots which suggests that mixed performance measures displayed more rapid skill 

decay at earlier retention intervals. 
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Figure 4 – Accuracy Scatterplot 

Note. Scatterplot of effect size by retention interval for accuracy-based performance 

measures. Effect sizes that appear larger were given more weight in the meta-regression 

(i.e., they had lower sampling error variances). The two outlier retention intervals of 60 

and 120 months are separated in this graph by a blue vertical-dotted line and were not 

included in meta-regression analyses, but are included here to ensure all eligible data are 

represented. 
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Figure 5 – Speed Scatterplot 

Note. Scatterplot of effect size by retention interval for speed-based performance measures. 

Effect sizes that appear larger were given more weight in the meta-regression (i.e., they 

had lower sampling error variances). The two outlier retention intervals of 60 and 120 

months are separated in this graph by a blue vertical-dotted line and were not included in 

meta-regression analyses, but are included here to ensure all eligible data are represented. 
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Figure 6 – Mixed Scatter Plot 

Note. Scatterplot of effect size by retention interval for performance measures involving 

both speed and accuracy components. Effect sizes that appear larger were given more 

weight in the meta-regression (i.e., they had lower sampling error variances). The two 

outlier retention intervals of 60 and 120 months are separated in this graph by a blue 

vertical-dotted line and were not included in meta-regression analyses, but are included 

here to ensure all eligible data are represented. 

Results from the meta-regression models confirmed the existence of a linear decline 

in skill proficiency levels across all three performance measure types10 (see Table 6 for the 

accuracy model, Table 7 for the speed model, and Table 8 for the mixed model). The beta 

 
10 Non-linear functions were tested as well. They did not provide improvement in fit to the data for speed 

and mixed performance measures. While non-linear trends did provide an improvement in fit for accuracy 

performance measures, the non-linear trends revealed functions that did not decrease monotonically, which 

is not theoretically or practically justifiable in the context of skill retention. Therefore, a linear function was 

reported. 
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coefficient in the meta-regression model for accuracy performance measures suggests that 

the Cohen’s D statistics indicating differences in performance between final acquisition 

and retention generally increases in magnitude by 0.08 per month of infrequent use (ß =     

-0.08 [-0.10, -0.06]). The beta coefficients in the meta-regression models for speed and 

mixed performance suggest that Cohen’s D statistics indicating differences in performance 

between final acquisition and retention increase in magnitude by approximately 0.06 per 

month (ß Speed = -0.06 [-0.11, -0.02], ß Mixed = -0.06 [-0.09, -0.04]). The beta-coefficients in 

all three models are significantly different from zero (p < 0.01), but the slightly stronger 

beta-coefficient for accuracy is not statistically different from the other two beta-

coefficients, as evidenced by overlapping confidence intervals.  

While a decline of 0.06 to 0.08 per month may not seem substantial on the surface, 

the magnitude of decline is more apparent when considered over longer periods of time. 

Table 9 presents the Cohen’s D statistics that are predicted by the meta-regression models 

(i.e., based on the intercepts and the beta-coefficients) for each type of performance 

measure across increasing three-month intervals. According to these results, mean skill 

levels decline by a full standard deviation unit after 9 to 12 months of infrequent use for 

accuracy-based skills, 12 to 15 months of infrequent use for speed-based skills, and 6 to 9 

months of infrequent use for skills that involve a mix of speed and accuracy. Mean 

accuracy-based and mixed skill levels decline by up to two standard deviation units after 

two years of infrequent use. The practical significance of these findings can be illustrated 

by converting a loss of one standard deviation unit to percentile loss based on a normal 

distribution. For example, consider individuals at the 90th and 50th percentiles in skill 

proficiency following skill acquisition. For a person initially at the 90th percentile, 
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infrequent use results in a decline to approximately the 61st percentile of final acquisition 

performance after 9 to 12 months for accuracy-based skills, 12 to 15 months for speed-

based skills, and 6 to 9 months for mixed skills. A similar decline of a standard deviation 

unit for an individual initially at the 50th percentile would result in a decline to 

approximately the 16th percentile of final acquisition performance for each of the 

respective skill categories over the same durations. These results provide an answer to 

Research Question 2 through a quantitative estimate of the rate of skill decline that can be 

expected across intervals of infrequent use.  

While the meta-regression results indicate that retention interval significantly 

predicts effect size, there is heterogeneity in effect sizes even after the variance attributed 

to retention interval is accounted for. A common rule of thumb for I2, a heterogeneity 

statistic interpreted as the proportion of total variation across studies that is due to true 

heterogeneity, is that I2 values below 50% indicate low heterogeneity, between 50% and 

75% indicate moderate heterogeneity, and 75% or higher indicate substantial heterogeneity 

(Higgins et al., 2003). Based on these thresholds, there is substantial heterogeneity in two 

of the three performance measures (83.21% for accuracy and 85.77% for mixed) even after 

accounting for retention interval and the third performance measure (speed) is approaching 

the threshold that separates moderate from substantial heterogeneity (72.50%). Cochran’s 

Q test also indicated significant residual heterogeneity in all three meta-regression models 

(Q Accuracy = 4242.57, p < 0.01, Q Speed = 907.02, p < 0.01, Q Mixed = 1046.15, p < 0.01), 

meaning that there is still unaccounted for effect size variation in each meta-regression, 

even after eliminating variance accounted for by retention interval length. These 

heterogeneity statistics indicate that an investigation into moderators is justified and may 



 72 

reveal insight into factors that interact with length of retention interval to determine the 

strength of effect sizes between final acquisition and retention.  

Table 6 – Accuracy Meta-Regression Model 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.25 0.03 -8.06** [-0.31, -0.19] 

Retention Interval -0.08 0.01 -8.74** [-0.10, -0.06] 

Tests     

Residual Heterogeneity Moderators 

F (1, 827) = 76.33** Q (827) = 4242.57** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.42 0.65 83.21% 5.96 13.80% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. 

Table 7 – Speed Meta-Regression Model 

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept -0.14 0.05 -2.53* [-0.24, -0.03] 

Retention Interval -0.06 0.02 -2.89** [-0.11, -0.02] 

Tests     

Residual Heterogeneity Moderators 

F (1, 265) = 8.35** Q (265) = 907.02** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.35 0.59 72.50% 3.64 4.85% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   
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Table 8 – Mixed Meta-Regression Model 

Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept -0.58 0.07 -7.87** [-0.73, -0.44] 

Retention Interval -0.06 0.01 -4.88** [-0.09, -0.04] 

Tests     

Residual Heterogeneity Moderators 

F (1, 178) = 23.35** Q (178) = 1046.15** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.44 0.66 85.77% 7.03 15.43% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   

Table 9 – Predicted Effect Sizes Based on Meta-Regressions 

Retention Interval Accuracy D Speed D Mixed D 

3 months -0.48 -0.33 -0.77 

6 months -0.72 -0.52 -0.96 

9 months  -0.95 -0.71 -1.14 

12 months -1.18 -0.90 -1.33 

15 months -1.42 -1.09 -1.51 

18 months -1.65 -1.28 -1.70 

21 months -1.88 -1.47 -1.89 

24 months -2.12 -1.66 -2.07 

Note. Effect sizes predicted by regression models (i.e., based in intercepts and beta 

coefficients) for increasing retention interval increments of three months up to two years. 

5.3 Moderator Analyses 

 The task-related variables and study design variables included in the coding 

protocol were tested as moderators of the relationship between retention interval and effect 

size between final acquisition and retention. Task-related moderators included 

laboratory/artificial vs. real-world tasks, broad task type (i.e., medical/dental, military and 
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transportation, sports, laboratory, miscellaneous), open-looped vs. closed-loop, complexity 

(i.e., component, coordinative, dynamic), and ability demands (i.e., dexterity, gross body 

coordination, precision/steadiness). Study design moderators included opportunities for 

infrequent performance during the retention interval and task instructions. 

 In order to test for variables that moderate the relationship between retention 

interval and effect size between final acquisition and retention, each of the proposed 

moderators was entered separately into a meta-regression equation similar to those 

previously reported (i.e., with retention interval predicting effect size between final 

acquisition and retention). The extent to which each variable altered the relationship 

between retention interval and effect size was determined by beta coefficients for 

interaction terms between the moderator and the retention interval, which are interpreted 

as the difference in slope of the regression line between retention interval and effect size 

between the reference group and other levels of the moderator (for categorical moderators) 

or as the change in the regression line per unit increase of the moderator (for continuous 

moderators). The statistical significance of moderator effects was determined by the p-

value associated with each interaction term. Beta coefficients for interaction terms and 95% 

confidence intervals associated with each moderator are reported in Table 10. For the 

purpose of brevity, only the beta coefficients for the interaction terms, as opposed to the 

full model statistics, are presented in this section. However, full meta-regression models 

for each moderator tested can be found in Appendices C-M11. Scatterplots that are color-

 
11 Sample age, sample type, number of acquisition trials, and acquisition effect size were also tested as 

moderators, but the results were not illuminating and are not reported for the sake of brevity.  
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coded based on the level of each moderator are provided throughout the section to aid with 

interpretation. 

 Results are presented for each moderator, including its effect on accuracy, speed, 

and mixed performance measures. In many instances, moderating effects that were 

statistically significant for accuracy were not statistically significant for speed, but 

scatterplots revealed similar trends across the two performance measure types. The lack of 

statistical significance for speed-based performance measures in these instances may have 

been an issue of power for three reasons: First, there were over four times more effect sizes 

associated with accuracy-based performance measures than effect sizes associated with 

speed-based performance measures (829 vs. 267). Second, speed was the only performance 

measure type with an I2 below the typical threshold for high heterogeneity (75%) and there 

may not have been enough heterogeneity in effect sizes to detect some meaningful 

moderating effects. Third, power to detect moderating effects may have been particularly 

low for speed-based performance measures because it was characterized by the smallest 

number of long retention intervals. Only 69 of the effect sizes in of the effect sizes for 

speed-based performance measures (26%) had retention intervals longer than one month. 

Accuracy-based performance measures had a larger overall number of data points, and 

mixed performance had a larger proportion of retention intervals over one month (56%), 

both of which resulted in increased power to detect moderating relationships compared to 

speed-based performance measures. There were also a few cases where moderators were 

not significant for mixed performance measures, but scatterplots revealed potentially 

meaningful trends. Moderator analyses are reported both with respect to statistical and 
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practical significance, but results lacking statistical significance should accordingly be 

interpreted with caution and considered suggestive rather than definitive.  
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Table 10 – Moderator Analyses 

 Accuracy Speed Mixed 

Task-Related Moderators    

    

Lab R vs. Real World Task 0.11** [0.06, 0.15] 0.07 [-0.04, 0.19]  

    

Task Type (Laboratory/Artificial R)    

    Medical/Dental 0.12** [0.07, 0.17] 0.08 [-0.03, 0.20]  

    Military & Transportation 0.16** [0.07, 0.24] -0.03 [-0.24, 0.17]  

    Sports 0.18** [0.09, 0.27] -2.05 [-7.97, 3.87]  

    Miscellaneous 0.13** [0.06, 0.21] 0.42** [0.14, 0.70]  

    

Open vs. Closed-Looped R 0.01 [-0.03, 0.04] 0.06 [-0.03, 0.14] 0.11** [0.05, 0.16] 

    

Complexity     

    Component Complexity 0.03** [0.01, 0.05] 0.02 [-0.03, 0.07] 0.06** [0.03, 0.09] 

    Coordinative Complexity 0.02 [-0.01, 0.04] 0.01 [-0.05, 0.06] 0.07** [0.03, 0.11] 

    Dynamic Complexity 0.02 [0.00, 0.05] 0.04 [-0.01, 0.09] 0.06** [0.03, 0.09] 

    

Abilities (No R)    

    Dexterity  0.10 [-0.08, 0.27] -0.08 [-0.27, 0.10] -0.25* [-0.49, -0.02] 

    Gross Body Coordination 0.09* [0.01, 0.18] 0.02 [-0.15, 0.20] 0.02 [-0.16, 0.19] 

    Precision/Steadiness 0.01 [-0.03, 0.04] 0.01 [-0.08, 0.10] 0.10** [0.03, 0.16] 

    

Study Design Moderators    

    

Performance Opportunities (No R) 0.06** [0.02, 0.11] 0.02 [-0.08, 0.13] 0.06 [0.00, 0.13] 
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Note. * < 0.05, ** < 0.01. R = Reference group. Cells indicate beta coefficients for the interaction between retention interval and each 

moderator. Beta coefficients for each combination of moderator and performance measure were computed in separate meta-regression 

mode

    

Task Instructions    

    Accuracy R    

    Speed or Mixed -0.08* [-0.16, -0.01]   

    Not Clear 0.04* [0.00, 0.08]   

    

    Speed R    

    Accuracy or Mixed  -0.11 [-0.26, 0.05]  

    Not Clear  -0.04 [-0.19, 0.12]  

    

    Mixed  R    

    Speed or Accuracy   -0.22 [-0.50, 0.05] 

    Not Clear   -0.01 [-0.10, 0.08] 
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5.3.1 Task-Related Moderators 

5.3.1.1 RQ 3: Task Type as a Moderator 

 Task type was only tested as a moderator for speed and accuracy-based performance 

measures because of a lack of task-type diversity in the mixed performance measure category. 

Over 80% (150 out of 180) of the effect sizes in the mixed performance measure category involved 

medical/dental tasks. The moderating effect of task type was tested in two steps. First, a binary 

variable indicating whether the task was a laboratory/artificial task or a real-world task was tested. 

There were 554 (67%) effect sizes representing real-world tasks and 275 (33%) effect sizes 

representing laboratory/artificial tasks in the accuracy model and there were 185 (69%) effect sizes 

representing real-world tasks and 82 (31%) effect sizes representing laboratory/artificial tasks in 

the speed model. Results indicated that this variable was a statistically significant moderator for 

accuracy-based performance measures but not for speed-based performance measures. The same 

trend was observed for speed, although the results were not statistically significant. The slope of 

the regression line between retention interval and effect size was shallower (i.e., the relationship 

was weaker) for real-world tasks than for laboratory/artificial tasks, which indicates that 

performance on laboratory tasks declined faster over time than performance on real-world tasks 

did (ß Accuracy = 0.11, ß Speed = 0.07, see Figure 7).  

 Second, more granular task-type categories (i.e., laboratory/artificial, medical/dental, 

military and transportation, sports, and miscellaneous) were tested as a moderator. While it was 

originally planned that military and transportation tasks would be included as separate categories, 

there were relatively few studies in each category and the categories were collapsed because the 

skills required by tasks in each category were deemed to be sufficiently similar. Among effect 
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sizes in the accuracy model, 253 (31%) were from medical/dental tasks, 208 (25%) were from 

sports tasks, 66 (8%) were from military and transportation tasks, and 27 were from miscellaneous 

tasks (3%). For the speed model, 108 (40%) were from medical/dental tasks, 9 (3%) were from 

sports tasks, 22 (8%) were from military and transportation tasks, and 46 (17%) were from 

miscellaneous tasks. Laboratory/artificial tasks (275 or 33% of accuracy-based effect sizes and 82 

or 31% of speed-based effect sizes) were chosen as the reference group in order to determine 

whether performance on all real-world tasks is better retained than performance on 

laboratory/artificial tasks or whether there are some real-world task categories that are better 

retained in comparison to laboratory/artificial tasks.  

 Results indicated that task type was once again a statistically significant moderator of the 

relationship between retention interval and effect size for accuracy-based performance measures 

but not for speed-based performance measures. For accuracy-based performance measures, slopes 

indicating the relationship between retention interval and effect size were stronger for 

laboratory/artificial tasks than they were for all real-world task types (ß Medical/Dental = 0.12, ß 

Military/Transportation = 0.16, ß Sports = 0.18, ß Miscellaneous = 0.13), which suggests that performance on 

laboratory/artificial tasks declines faster over time than it does for all categories of real-world 

tasks. Analyses for speed-based performances showed the same trend for medical/dental and 

miscellaneous tasks (ß Medical/Dental = 0.08, ß Miscellaneous = 0.42), but revealed stronger slopes for 

military and transportation (ß = -0.03) and sports tasks (ß = -2.05). However, the speed-based 

results for military and transportation tasks should be interpreted with caution because they are 

based on a smaller number of observations (9 sports effect sizes and 22 military/transportation 

effect sizes, in comparison to 108 medical/dental effect sizes and 46 miscellaneous effect sizes). 

See Figure 8 for a visualization of the moderating effect of all task types.  
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These results suggest that the answer to Research Question 3 is that task type does in fact 

appear to moderate the relationship between retention interval length and skill decay, at least for 

accuracy-based performance measures and with non-significant trends for speed in the same 

direction. The moderating effects are mostly attributed to differences between laboratory vs. 

artificial tasks. Performance on real-world tasks was better retained over time than performance 

on laboratory/artificial tasks for accuracy-based performance measures. There is less evidence, 

however, that skill decay patterns differ between different types of real-world tasks (i.e., 

medical/dental, military/transportation, sports).  

5.3.1.2 RQ 4: Open-Looped vs. Closed-Looped Task as a Moderator 

There were 359 (43%) effect sizes representing open-looped tasks compared to 470 (57%) 

effect sizes representing closed-looped tasks in the accuracy model, 138 (52%) representing open-

looped tasks compared to 129 (48%) representing closed-looped tasks in the speed model, and 114 

(63%) representing open-looped tasks compared to 66 (37%) representing closed-looped tasks in 

the mixed model. Closed-looped tasks was chosen as the reference group. Results indicated that 

open vs. closed loop tasks was a statistically significant moderator of the relationship between 

retention interval and effect size for mixed performance measures, but not for accuracy or speed-

based performance measures. The direction of the moderating effect for mixed performance 

measures indicated that open-looped tasks had a shallower regression line slope for the relationship 

between retention interval and effect size than closed-looped tasks (ß = 0.11, p < 0.01), which 

suggests that performance on open-looped tasks was better retained over time than performance 

on closed-looped tasks (see Figure 9). The same trend was observed for speed-based performance 

measures, but parallel regression lines in the accuracy plot in Figure 9 indicate that retention trends 
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are similar for open-looped vs. closed-loop accuracy tasks for accuracy-based performance 

measures.  

These results suggest somewhat mixed results for the answer to Research Question 4. On 

one hand, open vs. closed-looped tasks do appear to moderate the relationship between retention 

interval and effect size for speed-based and mixed performance measures such that performance 

on closed-looped tasks decays faster than performance on open-looped tasks (although the trend 

for speed was not statistically significant). However, open vs. closed-looped tasks do not appear 

to moderate the relationship for accuracy-based performance measures. Potential explanations for 

these mixed results are further explored in the Discussion chapter.  

5.3.1.3 RQ 5: Task Complexity as a Moderator 

 Generally speaking, descriptive statistics from task complexity scores associated with 

effect sizes in each performance measure category indicate that, on average, effect sizes in the 

accuracy (Component: M = 1.64, SD =0.71, Coordinative: M = 1.99, SD = 0.73, Dynamic: M = 

1.51, SD = 0.71) and speed-based (Component: M = 1.81, SD = 0.90, Coordinative: M = 2.19, SD 

= 0.80, Dynamic: M = 1.79, SD = 0.85) performance measure categories were associated with low 

to moderate complexity tasks (with the exception of coordinative complexity for speed) and effect 

sizes associated with mixed performance measure categories were associated with moderate to 

high complexity tasks (Component: M = 2.21, SD = 0.88, Coordinative: M = 2.50, SD = 0.76, 

Dynamic: M = 2.28, SD = 0.82). Component complexity was a statistically significant moderator 

of the relationship between retention interval and effect size for accuracy-based and mixed 

performance measures (ß Accuracy = 0.03, p < 0.01; ß Mixed = 0.06, p < 0.01). Coordinative and 

dynamic complexity were statistically significant moderators of the relationship between retention 
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interval and effect size for mixed performance only (ß Coordinative = 0.07, p < 0.01; ß Dynamic= 0.06, 

p < 0.01). Complexity dimensions were not statistically significant moderators of the relationship 

between retention interval and effect size for speed-based performance measures. While some of 

the effects were small or non-significant, there was a general pattern of better retention over time 

for high-complexity tasks in comparison to low-complexity tasks across all three dimensions of 

task complexity, as indicated by positive beta-coefficients across interaction terms in the meta-

regression equations for all three performance measure categories. In other words, performance on 

high-complexity tasks appears to be better retained over time than performance on low-complexity 

tasks.  

 The results for the complexity moderator analyses suggest that the answer to Research 

Question 5 is that task complexity may in fact moderate the relationship between retention interval 

and skill retention, particularly for mixed performance measures which had statistically significant 

results for all three complexity dimensions. Further, component complexity may be a dimension 

of complexity that is a particularly meaningful moderator because it was significant for two of the 

three performance measures. The overall pattern of results (positive interaction terms) suggests 

that task complexity as a whole may be an important moderator for all performance measures, but 

the lack of statistical significance for five of the six speed and accuracy interaction terms prevents 

a definitive conclusion.  

5.3.1.4 RQ 6: Task Ability Demands as a Moderator 

For all ability demand moderator analyses, “No” was chosen as the reference group, 

meaning that beta coefficients for interaction terms indicate the difference in slope of the 

regression line for the relationship between retention interval and performance for tasks that 
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require each ability in comparison to tasks that do not require each ability. There were high and 

low base rates associated with whether the tasks included in each performance measure category 

required dexterity. A majority of all effect sizes represented tasks that involved dexterity (711 or 

86% of accuracy-based effect sizes, 234 or 88% of speed-based effect sizes, and 176 or 98% of 

mixed effect sizes). Dexterity was a statistically significant moderator for mixed performance 

measures, such that performance on tasks involving dexterity declines faster over time than it does 

on tasks not involving dexterity (ß = -0.25, p < 0.01). The direction of beta coefficients indicates 

that speed-based and mixed performance declined faster over time when tasks involved dexterity 

compared to when they did not involve dexterity, but that accuracy-based performance declined 

faster over time when tasks did not involve dexterity compared to when they did involve dexterity 

(ß Accuracy = 0.10, ß Speed = -0.08, ß Mixed = -0.25). However, these results should be interpreted with 

caution because of the extremely low base rates. 

 There were also low base rates associated with whether tasks included in the speed and 

mixed performance measure categories involved gross body coordination. A very small number 

of effect sizes in the speed and mixed categories represented tasks that required gross body 

coordination (36 or 13% of speed-based effect sizes, 5 or 3% of mixed effect sizes). However, 

there was a larger number of effect sizes from accuracy-based performance measures that 

represented tasks that required gross body coordination (235 or 40%) and gross body coordination 

was a statistically significant moderator of the relationship between retention interval and effect 

size for accuracy-based performance measures. The regression line indicating the relationship 

between retention interval and effect size was steeper for tasks that did not involve gross body 

coordination than for tasks that did involve gross body coordination (ß = 0.09, p < 0.05), which 

indicates that performance on tasks that involved gross body coordination was better retained over 
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time than performance on tasks that do not involve gross body coordination (see Figure 10). 

However, only five effect sizes involved tasks that required gross body coordination and had 

retention intervals of two months or longer. Performance on tasks that involve gross body 

coordination was also slightly better retained for speed and mixed performance measures, but the 

magnitude of differences was small and lacked statistical significance and there were extreme base 

rates with these categories (ß speed = 0.02, ns; ß Mixed = 0.02, ns). 

 There were 562 (67%) effect sizes for accuracy-based performance measures that 

represented tasks that required precision/steadiness, 156 (58%) effect sizes for speed-based 

performance measures that represented tasks that required precision/steadiness, and 137 (76%) 

effect sizes for mixed performance measures that represented tasks that required 

precision/steadiness. Precision/steadiness was a statistically significant and meaningful moderator 

only for mixed performance measures. The regression line indicating the relationship between 

retention interval and effect size was steeper for tasks that did not involve precision/steadiness 

than for tasks that did involve precision/steadiness (ß = 0.10, p < 0.05), which suggests that 

performance on tasks that require precision/steadiness was better retained over time than 

performance on tasks that do not require precision/steadiness was (see Figure 11). 

Precision/steadiness was not a statistically significant or meaningful moderator for accuracy or 

speed-based performance measures (ß Accuracy = 0.01, ns; ß Speed = 0.01, ns).  

 The results of these analyses unfortunately do not provide evidence that can be used to 

confidently conclude an answer to Research Question 6. The results suggest that it is possible that 

tasks involving gross body coordination, at least for accuracy-based performance measures, and 

tasks involving precision/steadiness, at least for mixed performance measures, may be better 

retained than tasks that do not require these abilities. However, the extremely low base rates 



 86 

associated with most of these analyses cast doubt on the findings. The results may be suggestive, 

but they are not sufficient to conclude that task ability demands meaningfully moderate the 

relationship between retention interval and skill decline. Therefore, Research Question 6 remains 

somewhat of an open question.  

5.3.2 Study Design Moderators 

5.3.2.1 RQ 7: Performance Opportunities as a Moderator 

Infrequent performance opportunities during the retention interval were reported for 83 

(10%) of the effect sizes in the accuracy model, 29 (11%) of the effect sizes in the speed model, 

and 32 (18%) of the effect sizes in the mixed performance measure model. “No” was chosen as 

the reference group for performance opportunities, meaning that the beta coefficient associated 

with the interaction term is interpreted as the change in the slope of the regression line capturing 

the relationship between retention interval and effect size when there are infrequent opportunities 

during the retention interval in comparison to when there are not opportunities during the retention 

interval.  

Performance opportunities during the retention interval were a statistically significant 

moderator of the relationship between retention interval and effect size for accuracy-based 

performance measures (ß Accuracy = 0.06, p < 0.01). For both accuracy-based and mixed 

performance measures, a general pattern (though not statistically significant for mixed 

performance measures) was observed in which there was less decay over time when infrequent 

performance opportunities occurred during the retention interval (ß Mixed = 0.06, ns). However, this 

pattern was not observed for speed-based performance measures (ß Speed = 0.02, ns). See Figure 12 
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for a visualization of the moderating effect of infrequent performance opportunities during the 

retention interval on the relationship between retention interval and effect size.  

Based on this evidence, it appears that there is somewhat mixed evidence for Research 

Question 7. Results suggest that performance opportunities did moderate the relationship between 

retention interval and skill retention for accuracy-based performance measures, may have for 

mixed performance measures as well (due to the pattern of results but lack of significance), and 

did not meaningfully moderate for speed-based performance measures. Explanations for null 

findings with respect to speed are explored in the discussion section, but given the results for the 

other two performance measure categories, it is likely that performance opportunities are a 

meaningful moderator of skill decline rate.  

5.3.2.2 RQ 8: Task Instructions as a Moderator 

For task instruction moderator analyses, the reference group was chosen based on the 

extent to which instructions aligned with the performance measure. The reference group for each 

meta-regression equation was the task instruction category that aligned with the performance 

measure (i.e., accuracy instructions for accuracy-based performance measures, speed instructions 

for speed-based performance measures, both accuracy and speed instructions for mixed 

performance measures). Therefore, beta coefficients associated with each interaction term are 

interpreted as the change in slope of the regression line capturing the relationship between retention 

interval and effect size when task instructions were not aligned with the task performance measure 

or they were not clearly reported, compared to when they were aligned with the task performance 

measure.  



 88 

For accuracy-based performance measures, 514 (62%) effect sizes involved only accuracy-

based instructions, 103 (12%) involved speed-based or mixed instructions, and 212 (26%) effect 

sizes did not have clearly reported task instructions. For speed-based performance measures, 35 

(13%) of effect sizes involved only speed-based instructions, 112 (42%) involved accuracy or 

mixed instructions, and 120 (45%) effect sizes did not have clearly reported task instructions. For 

mixed performance measures, 49 (27%) effect sizes involved both speed and accuracy-based 

instructions, 7 (4%) involved just speed or accuracy-based instructions, and 124 (69%) effect sizes 

did not have clearly reported task instructions. 

Task instructions was a statistically significant moderator of the relationship between 

retention interval and effect size for accuracy-based performance measures. The beta coefficient 

associated with speed or mixed instructions was negative (ß Speed or mixed instructions = -0.08, p < 0.05), 

which indicates that performance was better retained over time when task instructions were aligned 

with how performance was scored (i.e., accuracy instructions for accuracy-based performance 

measures). Although the other effects were not statistically significant, the same general pattern 

was observed for speed and mixed performance measures. That is, the beta coefficients associated 

with the interaction term for mismatched instructions were negative (ß Speed performance, accuracy or mixed 

instructions = -0.11, ns; ß Mixed performance, speed or accuracy instructions = -0.22, ns), which indicates that 

performance is generally better retained when task instructions are aligned with how performance 

is measured (see Figure 13). The overall pattern of results and the significant findings for accuracy-

based performance measures suggest that the answer to Research Question 8 is that task 

instructions did in fact moderate the relationship between retention interval and skill retention, 

although some of the results were not statistically significant.  
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In summary, the results of moderator analyses indicate that laboratory vs. real-world tasks, 

task complexity, performance opportunities, and task instructions may be meaningful moderators 

of skill decline. There may be other moderators (e.g., open vs. closed-looped tasks, gross body 

coordination demands, precision/steadiness demands), but the evidence is not as strong as it is for 

the former list of moderators. However, in many cases, inconsistent results across performance 

measures, a lack of statistical significance, or extreme base rates qualify the strength of the 

evidence and the results should accordingly be considered suggestive rather than definitive. A 

narrative summary of all moderator analyses is provided in Table 11.   
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Figure 7 - Laboratory/Artificial vs. Real-World Tasks 

Note. Scatterplot of effect sizes by retention interval for accuracy and speed-based performance 

measures color-coded by laboratory vs. artificial task. Red = laboratory/artificial task, blue = real-

world task. Dotted lines indicate the linear relationship between retention interval and effect size 

for each task type. The two outlier retention intervals of 60 and 120 months are separated in these 

graphs by blue vertical-dotted lines and were not included in meta-regression analyses, but are 

included here to ensure all eligible data are reported.  
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Figure 8 - All Task Types 

Note. Scatterplot of effect sizes by retention interval for accuracy and speed-based performance 

measures color-coded by task type. Red = laboratory/artificial task, blue = medical/dental task, 

green = military/transportation task, orange = sports task, purple = miscellaneous task. Dotted lines 

indicate the linear relationship between retention interval and effect size for each task type. The 

two outlier retention intervals of 60 and 120 months are separated in these graphs by blue vertical-
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dotted lines and were not included in meta-regression analyses, but are included here to ensure all 

eligible data are reported. 
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Figure 9 - Open vs. Closed-Looped Tasks 

Note. Scatterplot of effect sizes by retention interval for accuracy, speed, and mixed performance 

measures color-coded by open vs. closed-loop task. Red = closed-looped, blue = open-looped. 
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Dotted lines indicate the linear relationship between retention interval and effect size for each task 

type. The two outlier retention intervals of 60 and 120 months are separated in these graphs by 

blue vertical-dotted lines and were not included in meta-regression analyses, but are included here 

to ensure all eligible data are reported.  

 

Figure 10 – Gross Body Coordination for Accuracy Performance 

Note. Scatterplot of effect sizes by retention interval for accuracy-based performance measures 

color-coded by gross body coordination requirements. Red = no gross body coordination 

requirements, blue = gross body coordination requirements. Dotted lines indicate the linear 

relationship between retention interval and effect size for each task type. The two outlier retention 

intervals of 60 and 120 months are separated in these graphs by blue vertical-dotted lines and were 

not included in meta-regression analyses, but are included here to ensure all eligible data are 

reported.  
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Figure 11 – Precision/Steadiness for Mixed Performance 

Note. Scatterplot of effect sizes by retention interval for mixed performance measures color-coded 

by precision/steadiness requirements. Red = no precision/steadiness requirements, blue = 

precision/steadiness requirements. Dotted lines indicate the linear relationship between retention 

interval and effect size for each task type. The two outlier retention intervals of 60 and 120 months 

are separated in these graphs by blue vertical-dotted lines and were not included in meta-regression 

analyses, but are included here to ensure all eligible data are reported.  
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Figure 12 - Infrequent Performance Opportunities During Retention Interval 

Note. Scatterplot of effect sizes by retention interval for accuracy, speed, and mixed performance 

measures color-coded by performance opportunities during retention interval. Red = performance 

opportunities during retention interval, blue = no performance opportunities during retention 
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interval. Dotted lines indicate the linear relationship between retention interval and effect size for 

each task type. The two outlier retention intervals of 60 and 120 months are separated in these 

graphs by blue vertical-dotted lines and were not included in meta-regression analyses, but are 

included here to ensure all eligible data are reported.  
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Figure 13 – Task Instructions 

Note. Scatterplot of effect sizes by retention interval for accuracy, speed, and mixed performance 

measures color-coded by task instructions. Red = instructions aligned with performance measure, 

blue instructions not aligned with performance measure, gray = instructions not clear. Dotted lines 
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indicate the linear relationship between retention interval and effect size for each task type. The 

two outlier retention intervals of 60 and 120 months are separated in these graphs by blue vertical-

dotted lines and were not included in meta-regression analyses, but are included here to ensure all 

eligible data are reported. 
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Table 11 – Narrative Summary of Moderator Analyses 

Moderator Effect Summary of Results 

Laboratory/artificial vs. 

real-world task 

Accuracy: Laboratory  Real-world*  

Speed: Laboratory  Real-world 

It appears that laboratory/artificial vs. real-world 

task is a meaningful moderator of the relationship 

between retention interval length and skill 

decline, such that performance is better retained 

over time on real-world tasks than it is on 

laboratory/artificial tasks. The lack of significant 

results for speed was likely a result of low power.  

Broad task type 

Accuracy: Laboratory  Medical/dental* 

Accuracy: Laboratory  Military/transportation* 

Accuracy: Laboratory  Sports* 

Accuracy: Laboratory  Miscellaneous* 

Speed: Laboratory  Medical/dental 

Speed: Military/transportation  Laboratory 

Speed: Sports  Laboratory 

The moderating effect of task type is based 

primarily on differences between 

laboratory/artificial tasks and real-world tasks. 

Performance on laboratory tasks declines faster 

than performance on all real-world tasks, at least 

for accuracy. There is not sufficient evidence that 

there are meaningful differences in skill decay 

patterns between medical/dental, 

military/transportation, sports, and miscellaneous 

task. 
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 Speed: Laboratory  Miscellaneous*  

Open vs. closed-looped 

task 

Accuracy: Closed-looped  Open-looped 

Speed: Closed-looped Open-looped 

Mixed: Closed-looped Open-looped* 

There are mixed results for whether the 

moderating effect of open vs. closed-looped 

tasks. It appeared to be a meaningful moderator 

for mixed and speed performance measures, but 

not for accuracy performance measures.  

 

 

Task complexity 

Accuracy: Low component High component* 

Accuracy: Low coordinative  High coordinative 

Accuracy: Low dynamic  High dynamic 

Speed: Low component  High component  

Speed: Low coordinative  High coordinative 

Speed: Low dynamic High dynamic 

Mixed: Low component High component* 

Mixed: Low coordinative High coordinative* 

Mixed: Low dynamic High dynamic* 

It appears that task complexity is a meaningful 

moderator of the relationship between retention 

interval and performance as the overall pattern of 

results suggests that performance on high 

complexity tasks is better retained than 

performance on low complexity tasks is. 

Evidence for the moderating effect is particularly 

strong for mixed performance measures and 

component complexity.  
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Task ability demands 

Accuracy: No dexterity  Dexterity 

Accuracy: Gross body  No gross body* 

Accuracy: Precision  No precision 

Speed: Dexterity  No dexterity 

Speed: Gross body  No gross body 

Speed: Precision  No precision 

Mixed: Dexterity   No dexterity* 

Mixed: Gross body   No gross body 

Mixed: No precision   Precision* 

Performance on tasks that require gross body 

coordination (for accuracy-based performance 

measures) and precision/steadiness (for mixed 

performance measures) may be better retained 

over time, but the high and low base rates for task 

ability demands in the current dataset make it 

difficult to draw conclusions regarding the 

moderating effect of task ability demands.  

 

Performance opportunities 

Accuracy: No perf. opp.  Perf. opp* 

Speed: Perf. opp.   No perf. opp  

Mixed: No perf. opp.  Perf. opp.  

It appears that practice opportunities are a 

meaningful moderator of the relationship 

between retention interval and skill decline, at 

least for accuracy and mixed performance 

measures. Performance is better retained over 

time when infrequent performance opportunities 

are available during the retention interval. The 

results do not extend to speed-based performance. 
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Task instructions 

Accuracy: Not Aligned  Aligned* 

Speed: Not aligned  Aligned 

Mixed: Not aligned Aligned 

The overall pattern of results suggests that task 

instructions do meaningfully moderate the 

relationship between retention interval and skill 

decline, such that performance is better retained 

when instructions are aligned with the 

performance measures. 

Note. = more rapid skill decline than,  = little or no difference in skill decline patterns, * = statistically significant. perf. opp. = 

performance opportunities during retention interval, gross body = gross body coordination, precision = precision/steadiness. 
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5.4 RQ 9: Loss of Skill Acquisition Gains  

 Thus far, I have reported results related to several dimensions of research on procedural 

skill retention. First, I began with a replication of the Arthur et al. (1998) skill retention meta-

analysis using inclusion criteria of the current study to determine how the results would compare 

to their original findings. The results corroborated a trend of increasing decay over time, 

particularly at retention intervals longer than six months, but revealed lower levels of decay at 

shorter retention intervals. Second, meta-regression was used to quantify the level of procedural 

skill decay that can be expected per month for accuracy (a decline of 0.08 standard deviation units), 

speed (a decline of 0.06 standard deviation units), and mixed (a decline of 0.06 standard deviation 

units) performance. Third, a variety of task-related and study design moderators were explored, 

and laboratory/artificial vs. real-world task, task complexity, performance opportunities, and task 

instructions were identified as potentially meaningful moderators of skill decline rates. I now turn 

my attention to a vital component of the scope of this research that I have not yet addressed: Skill 

acquisition. The analysis presented in this section is designed to answer the fundamental applied 

question of how much of initial skill acquisition gains are retained over time.  

 To this point, skill retention has been quantified using meta-analytic methods. In order to 

answer the question of interest in this section, it was necessary to quantify skill acquisition using 

meta-analytic methods as well. Accordingly, a random-effects meta-analysis was computed using 

the effect sizes that capture differences in performance between initial acquisition and final 

acquisition. The primary difference between the two meta-analytic estimates was the absence of 

time, which only applied to research questions related to retention. A random effects meta-analysis 

rather than a meta-regression equation was computed because of the absence of the continuous 
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variable of retention interval in the analysis. Each performance measure type (i.e., accuracy, speed, 

mixed) was analyzed as a subgroup in the meta-analysis.  

 In total, 793 effect sizes were included in the skill acquisition meta-analysis (560 accuracy-

based performance measures, 188 speed-based performance measures, and 115 mixed 

performance measures). The results of the meta-analysis are presented in Table 12. The meta-

analytic estimate for the skill acquisition effect size for accuracy-based performance measures was 

δ = 1.49 [1.38, 1.59], for speed-based performance measures was δ = 1.89 [1.67, 2.10], and for 

mixed performance measures was δ = 2.47 [2.17, 2.77]. The lack of overlapping confidence 

intervals between the three estimates indicates that these estimates were significantly different 

from one another. That is, skill acquisition gains for mixed performance measures were 

significantly larger than skill acquisition gains for speed-based performance measures, which were 

in turn significantly larger than skill acquisition gains for accuracy-based performance measures.  

Table 12 – Skill Acquisition Meta-Analysis 

 k δ SE t 95% CI  2    

Accuracy 560 1.49 0.06 26.78** [1.38, 1.59] 1.02 88.44% 

Speed 188 1.89 0.11 17.33** [1.67, 2.10] 1.55 89.38% 

Mixed 115 2.47 0.15 16.18** [2.17, 2.77] 1.95 92.47% 

Note. k = number of effect sizes, SE = standard error, CI = confidence interval.  

 In order to determine how much of initial skill acquisition gains are lost over time with 

infrequent use, the intercept and the absolute value of the predicted Cohen’s D at various retention 

intervals yielded by the skill retention meta-regression were subtracted from the effect size yielded 

by the skill acquisition meta-analysis (see Table 13). This made it possible to estimate the 

percentage of initial skill acquisition gains that could be expected at different retention interval 
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lengths and the amount of time it would take to lose all initial gains if skills are not used (i.e., when 

the difference between initial acquisition gains and the absolute value of predicted retention 

Cohen’s D approached zero). The results of this analysis are plotted in Figure 14.  

 The results suggest that skill acquisition gains for accuracy-based performance are lost 

more rapidly than skill acquisition gains for speed and mixed performance. For accuracy-based 

performance measures, one can expect about half of initial skill acquisition gains to be lost after 

between 6 and 9 months of infrequent use and all of initial skill acquisition gains to be lost just 

after approximately 15 months of infrequent use. For speed-based performance measures, one can 

expect about half of initial skill acquisition gains to be lost after between 12 and 15 months of 

infrequent use and all of initial skill acquisition gains to be lost just after approximately 27 months 

of non-use. For mixed performance measures, one can expect about half of initial skill acquisition 

gains to be lost after between 9 and 12 months of infrequent use and all of initial skill acquisition 

gains to be lost just after approximately 30 months of infrequent use. It is worth noting that mixed 

performance measures consisted largely of medical/dental tasks and as a result, the acquisition 

statistics for mixed performance may not be directly comparable to the accuracy or speed-based 

performance measures because of substantial differences in the tasks associated with each 

category. These results provide a clear answer to Research Question 9 based on the data available 

in the skill retention literature. 
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Figure 14 - Skill Retention in the Context of Initial Skill Acquisition Gains 

Note. This figure shows the rise and decline of skills through stages of acquisition and retention. 

Acquisition and retention stages are separated by the blue dashed-vertical line. The effect sizes on 

the Y-axis are meant to represent the difference between skill levels prior to acquisition and skill 

levels at a given point in time.
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Table 13 – Skill Retention in the Context of Initial Acquisition Gains 

 Accuracy Speed Mixed 

Time Point Cohen’s D % of  

Acquisition 

Cohen’s D % of  

Acquisition 

Cohen’s D % of 

Acquisition 

Initial Acquisition 0.00 0.00 0.00 0.00 0.00 0.00 

Final Acquisition 1.49 100.00 1.89 100.00 2.47 100.00 

3 months 1.01 67.79 1.56 82.54 1.70 68.83 

6 months 0.77 51.68 1.37 72.49 1.51 61.13 

9 months 0.54 36.24 1.18 62.43 1.33 53.85 

12 months 0.30 20.13 0.99 52.38 1.14 46.15 

15 months 0.07 4.70 0.80 42.33 0.96 38.87 

18 months   0.61 32.38 0.77 31.17 

21 months   0.42 22.22 0.58 23.48 

24 months   0.23 12.17 0.40 16.19 

27 months   0.04 2.12 0.21 8.50 

30 months      0.02 0.81 

Note. This table shows the rise and decline of skills through stages of acquisition and retention. Effect sizes indicate differences in 

performance prior to acquisition and at a given point in time.  
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5.5 RQ 10: Comparison of Effect Sizes Computed with Different Formulas  

 The results presented to this point included only the effect sizes that were computed 

using the effect size formula that is typically used for independent samples because this is 

the form in which most data were reported, the approach allowed for isolation of retention 

from relearning effects when possible, and the approach is consistent with previous meta-

analyses of skill retention (Arthur et al., 1998; Wang et al., 2013). However, there was 

another set of effect sizes coded that were not computed using the independent samples 

effect size formula. These effect sizes were either reported by the source authors as Cohen’s 

D statistics, or they were reported by authors as paired-samples t-values or repeated 

measures ANOVA main effects (i.e., F-values) that were then converted to Cohen’s D 

statistics. These effect sizes were analyzed separately because the differences in how they 

were computed warranted separate treatment based on the results of the Monte Carlo 

simulations.   

 A total of 71 effect sizes (61 converted from paired-sample t-values and 10 reported 

as D statistics) across 33 studies was analyzed. Effect sizes were once again analyzed 

separately for each performance measure category. There were 39 effect sizes representing 

accuracy-based performance measures, 12 effect sizes representing speed-based 

performance measures, and 20 effect sizes representing mixed performance measures. 

Moderator analyses were not conducted with this pool of studies because of the modest 

number of sources that reported effect sizes using paired-samples formulas. However, the 

meta-regression approach from the previous section was replicated in order to compare the 

overall strength of the effect sizes to those computed by the independent samples formula 

and to compare trends over time between the two groups of effect sizes. Specifically, a 
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random-effects meta-regression equation was computed with retention interval predicting 

effect size.  

 Results of each meta-regression are presented in Table 14 (accuracy), Table 15 

(Speed), and Table 16 (mixed). Results indicate that the relationship between retention 

interval and effect size strength is not substantially different between the two methods of 

effect size calculation for accuracy-based and mixed performance measures (ß Independent, 

Accuracy = -0.08, [-0.10, -0.06] vs. ß Paired, Accuracy = -0.07, [-0.16, 0.02]; ß Independent, Mixed =            

-0.06, [-0.09, -0.04] vs. ß Paired, Mixed = -0.05, [-0.13, 0.02]). While the results were not 

statistically significant, the difference between beta-coefficients for speed-based 

performance measures in the two different pools of effect sizes was noticeably larger (ß 

Independent, Speed = -0.06, [-0.11, -0.02] vs. ß Paired, Speed = -0.02, [-0.17, 0.13]). However, given 

that there were only 12 effect sizes computed with paired samples formulas for speed-based 

performance measures, these results should be interpreted with caution.  

 There was, however, a meaningful difference between the meta-regressions for the 

two pools of effect sizes that should be noted. The beta-coefficients associated with the 

intercept for the meta-regressions of effect sizes computed with the independent samples 

formula were smaller (i.e., stronger in magnitude) than to the beta-coefficients associated 

with the intercept for the meta-regressions of effect sizes computed with paired samples 

formulas across all three categories of performance measures (ß Independent, Accuracy = -0.25    

[-0.31, -0.19] vs. ß Paired, Accuracy = -0.07 [-0.28, 0.15]; ß Independent, Speed = -0.14 [-0.24, -0.03] 

vs. ß Paired, Speed = 0.00, [-0.44, 0.44]; ß Independent, Mixed = -0.58, [-0.73, -0.44] vs. ß Paired, Mixed= 

-0.06, [-0.38, 0.26]). This suggests that the overall magnitude of the effect sizes computed 

with the independent samples formula was larger than the magnitude of the effect sizes 
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computed with paired samples formulas when the retention interval was zero. While this 

result does address Research Question 10, it is surprising because it conflicts with 

expectations based on the Monte Carlo simulation reported earlier and is explored further 

in the Discussion chapter. 

Table 14 – Meta-Regression of Paired Samples Effect Sizes for Accuracy 

Accuracy (k = 39) 

Model ß SE t 95% CI 

Intercept -0.07 0.11 -0.65 [-0.28, 0.15] 

Retention 

Interval 

-0.07 0.04 -1.67 [-0.16, 0.02] 

Tests     

Heterogeneity  Moderators 

Q (37) = 104.55**.     F (1, 37) = 2.77 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.15 0.38 71.72% 3.54 7.10% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   

Table 15 – Meta-Regression of Paired Samples Effect Sizes for Speed 

Speed (k = 12) 

 ß SE t 95% CI 

Intercept 0.00 0.20 -0.02 [-0.44, 0.44] 

Retention 

Interval 

-0.02 0.07 -0.26 [-0.17, 0.13] 

Tests     

Heterogeneity  Moderators 

Q (10) = 32.73**.     F (1, 10) = 0.07 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.18 0.42 69.06% 3.23 0.00% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 
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test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   

Table 16 – Meta-Regression of Paired Samples Effect Sizes for Mixed 

Mixed (k = 20) 

Model ß SE t 95% CI 

Intercept -0.06 0.15 -0.40 [-0.38, 0.26] 

Retention 

Interval 

-0.05 0.04 -1.48 [-0.13, 0.02] 

Tests     

Heterogeneity  Moderators 

Q (18) = 47.93**.     F (1, 18) = 2.02 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.11 0.33 64.40% 2.81 0.00% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   

5.6 Publication Bias  

As previously mentioned, it is critical in any meta-analysis to account for the extent 

to which publication bias may have contributed to the observed results, and publication 

bias was evaluated in the current study using a two-pronged approach. The publication bias 

assessment results associated with each performance measure are therefore presented in 

two parts. Results for meta-analyses/meta-regressions with literature type (published vs. 

grey literature) as a moderator are presented, followed by plots of effect size magnitude by 

precision and results for PET-PEESE tests. All results are reported for effect sizes 

representing each of the three performance measure types.  

 The inclusion of grey literature in the literature review strategy itself was designed 

to mitigate the likelihood of publication bias. However, to assess publication bias directly 
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in the studies included, literature type was tested as a moderator of effect size strength and 

assessed using sub-group analyses separately for accuracy-based, speed-based, and mixed 

performance measures using the studies included in the primary analyses (i.e., the effect 

sizes computed using independent samples, excluding the two studies with outlier retention 

intervals). Results are reported in Table 17. While the results suggest that differences in 

effect size strength are not statistically significant (confidence intervals for published vs. 

grey literature overlap for all three performance measure categories), interestingly, the 

results reveal a trend of stronger effect sizes for grey literature in comparison to published 

literature for accuracy-based and speed-based performance measures (Accuracy: δ Published 

= -0.35 [-0.41, -0.29], δ Grey = -0.53 [-0.71, -0.36]; Speed: δ Published = -0.19 [-0.29, -0.09],  

δ Grey = -0.53 [-0.71, -0.36]), but in the opposite direction for mixed performance measures 

(Mixed: δ Published = -0.83 [-0.97, -0.70], δ Grey = -0.58 [-0.81, -0.35]). In the case of mixed 

performance measures, the differences may be attributed to the fact that the average 

retention interval for published studies was nearly two months longer than the average 

retention interval for grey literature (M Published = 3.78, M Grey = 1.85, t (50.85) = 2.86, p < 

0.01). However, the same cannot be said of accuracy or speed-based performance measures 

as the average retention interval lengths for accuracy were similar (M Published = 1.52, M Grey 

= 1.51, t (219.37) = 0.04, ns) and average retention intervals for speed-based performance 

measures were longer for published literature than they were for grey literature (M Published 

= 1.32, M Grey = 0.79, t (138.26) = 2.45, p < 0.05), even though grey literature retention 

effect sizes were larger.  

 The influence of publication bias on estimates of skill decay over time in studies 

included in the meta-analysis was directly assessed by testing literature type as a moderator 
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in the meta-regression equations previously reported in which retention interval was used 

to predict effect size magnitude. Published literature was chosen as the reference group for 

publication type, meaning that the beta-coefficient for the interaction term represented a 

change in the slope of the regression line representing the relationship between retention 

interval and Cohen’s D when a study was unpublished compared to when it was published. 

Literature type was found to be a significant moderator of the relationship between 

retention interval for accuracy-based performance measures (ß = 0.09 [0.04, 0.15]), but not 

for speed-based (ß = -0.01 [-0.21, 0.20]) or mixed performance measures (ß = 0.01 [-0.12, 

0.13]). The positive beta coefficient associated with the significant effect for accuracy 

suggests that skills were better retained over time in grey literature than they were in 

published literature. Results for accuracy-based performance measures are plotted in 

Figure 15.  
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Figure 15 - Retention Trends for Accuracy Published vs. Grey Literature 

Note. Scatterplot of effect sizes by retention interval for accuracy-based performance 

measures color-coded by literature type. Red = grey literature, blue = published literature. 

Dotted lines indicate the linear relationship between retention interval and effect size for 

each task type. The two outlier retention intervals of 60 and 120 months are separated in 

these graphs by blue vertical-dotted lines and were not included in meta-regression 

analyses, but are included here to ensure all eligible data are reported.  

 

−6

−4

−2

0

2

0 2 4 6 8 10 12 14 16 18 20 22 60 120

Retention Interval (Months)

C
o
h

e
n

's
 D Publication Type

Grey literature

Published

Accuracy − Gray Literature vs. Published Literature



 116 

Table 17 – Moderating Effect of Publication Types on Effect Size Strength 

 Accuracy Speed Mixed 

 Published Grey Published Grey Published Grey 

k 698 131 222 45 155 25 

δ -0.35 -0.53 -0.19 -0.34 -0.83 -0.58 

 CI [-0.41, -0.29] [-0.71, -0.36] [-0.29, -0.09] [-0.58, -0.10] [-0.97, -0.70] [-0.81, -0.35] 

 2  0.47 0.62 0.37 0.37 0.57 0.08 

I 2 84.96% 87.13% 73.56% 73.50% 89.81% 33.17% 

H2 6.65 7.77 3.78 3.77 9.82 1.50 

Note. k = number of effect sizes, CI = confidence interval.
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 While these analyses speak to the direct presence of publication bias in the studies 

included in the meta-analysis, they do not speak to studies that may not have been included. 

The relationship between precision and effect-size magnitude was evaluated to determine 

the likelihood that publication bias may have prevented some results from being included. 

The relationship was assessed via PET-PEESE tests, which involve a meta-regression of 

the effect sizes predicted by an index of precision associated with each effect size (in this 

case, the square root of the retention sample size for PET and the retention sample size for 

PEESE tests). The results of the PET-PEESE tests are reported as regression coefficients 

and significance tests and are also included on plots of effect size strength by the square 

root of the sample size in Figure 16.  

The plots suggest that there may in fact be some evidence of publication bias, as 

there are a number of data points in the bottom left-hand corner of both the accuracy and 

mixed performance measure plots that indicate that the particularly large effect sizes come 

from studies with small samples. However, PET-PEESE results suggest that on the whole, 

this potential bias may not be a large concern. The PET-PEESE tests for speed-based and 

mixed measures were not significant (PET Speed: t (265) = -1.94, ns; PEESE Speed = t (265) 

= -1.89, ns; PET Mixed: t (178) = 0.06, ns; PEESE Mixed = t (178) = -0.14, ns. PET results for 

accuracy were significant, but the results for the PEESE test were not (PET Accuracy: t (827) 

= -2.81, p < 0.05; PEESE Accuracy: t (827) = -1.81, ns). On one hand, the significant PET 

test along with the visible tail on the left side of the distribution of the plot of effect size by 

precision may indicate some publication bias. But, on the other hand, the non-significant 

PEESE test tends to give more accurate estimates at higher levels of heterogeneity and the 

accuracy meta-regression was characterized by substantial heterogeneity (I 2 = 83.21%).  
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 In sum, there is some evidence of publication bias indicated in these analyses. There 

was a non-trivial difference in skill decay effect-size magnitude between published and 

grey literature, literature type moderated the relationship between retention interval and 

skill decay for accuracy-based performance measures, and interpretation of plots of 

precision by effect size and PET-PEESE test results suggested the possibility of publication 

bias, particularly for accuracy-based performance measures. However, the degree of 

publication bias is not substantial, and it is unlikely to have substantially influenced the 

results for three primary reasons: First, while one would normally expect effect sizes to be 

stronger in published studies than in grey literature, to the extent that publication bias is 

indicated by the published and grey literature included, the opposite pattern is observed. 

Grey literature effect sizes were stronger than published literature effect sizes for accuracy 

and speed-based performance measures.  

It may be the case that publishing bias worked in the opposite direction from what 

is typically expected, at least for accuracy and speed-based performance measures, because 

many of the effect sizes were from training studies for which reporting that skills are 

retained over time is more advantageous to publication than reporting that skills decline 

over time is. Therefore, while it is possible that there was a bias toward larger effect sizes 

at smaller sample sizes as the accuracy PET results and plot indicate, it is also possible that 

a bias toward small decay effect sizes in the training literature either balanced out this bias 

or even led to an underestimate of skill decay estimates. It is, however, worth noting that 

the more traditional publication bias trend was observed for the significant results for 

retention over time – effect sizes from published literature grew larger in magnitude over 

time than effect sizes from grey literature for accuracy-based performance measures.  
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Second, it may be that differences in observations between grey literature and 

published literature were a reflection of study quality. If, for example, grey literature 

consisted of more study-design flaws than published literature, then publication bias would 

have eliminated noise from the estimation of the true effect. Finally, while some 

publication bias likely exists to some degree in most meta-analyses, that bias is often 

relatively small and unlikely to confound reported results in most circumstances. 

Statistically significant results in the expected direction are only 1.17 times more likely to 

be published than results that are non-significant or significant in the opposite direction 

(Mathur & VanderWeele, 2021) and effect size magnitude and significance often do not 

differ strongly between published and unpublished literature or between journals of 

disparate quality (Dalton et al., 2012).  
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CHAPTER 6. DISCUSSION 

 I have now presented the findings of all analyses and discussed the extent to which 

they answer each of the 10 research questions that guided the current study. In the 

Discussion chapter, I provide a narrative review of each component of the results and its 

implications and propose explanations for what was found or not found. I step through each 

research question just as I did in prior chapters. However, several of the research questions 

are grouped together in this chapter because the results lend themselves to conceptually 

similar discussions. After stepping through the implications of the results for each research 

question, I conclude the chapter by highlighting limitations of the current study that lend 

themselves toward opportunities for future research. 

6.1 Research Question 1: Replication of Arthur et al. (1998)  

 I began by replicating Arthur et al.’s (1998) meta-analytic approach using all 

eligible studies published 1998 or earlier in order to determine how their findings would 

have compared had they focused on procedural skills and searched the same databases. 

Ultimately, the replication yielded a similar overall conclusion that the original study did 

with respect to skill decay over time. That is, there is evidence of notable skill decay over 

time, particularly at retention intervals of six months or longer. There were, however, two 

notable differences worthy of discussion. 

 First, effect sizes were more modest at shorter retention intervals in the replication 

that focused only on procedural skills. In other words, procedural skills showed less decay 

within a week or two of final acquisition than Arthur et al.’s (1998) finding suggested. It 
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is possible that the discrepancy in effect size strength at shorter retention intervals largely 

reflects differences between the tasks that were included in each meta-analysis (i.e., 

procedural skills vs. all skills). For example, several studies included in the Arthur et al. 

(1998) meta-analysis involved the memorization of nonsense syllables. Given the artificial 

nature of such tasks, it is plausible that performance may decline more substantially over a 

shorter period of time than performance on a task with real-world relevance such as CPR, 

for example, would. These results are also consistent with Arthur et al.’s (1998) finding 

that performance on cognitive tasks decayed more than performance on physical tasks did. 

The difference between decay trends illustrates the difference between procedural skills 

and skills that do not require a significant motor component, and therefore the novel scope 

of this study. Given that procedural skills are at times needed in high-stakes situations with 

high degrees of time pressure (e.g., CPR, intubation, combat skills), the findings of the 

current study are particularly relevant to applied researchers or organizations interested in 

maintaining critical skills over intervals of infrequent use. 

Second, there were 63 more effect sizes included in the replication than were 

included in the original study. Given the current study’s more narrow focus on procedural 

skills rather than all skills, it may come as somewhat of a surprise that the current study 

included more data points within the same time period. However, there are several feasible 

explanations for this discrepancy. It may be that the current study’s literature review 

yielded more relevant results because of a broader search including databases such as 

PubMed and Web of Science that were not included in Arthur et al. (1998) or because 

modern databases are more robust. It is also plausible that the decision to include multiple 

retention intervals or tasks from the same study led to a slight increase in the number of 
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available data points. Finally, it may be that I went to greater lengths to estimate effect 

sizes rather than exclude studies (e.g., estimation of standard deviations from error bars on 

graphs) than the original study authors did.  

6.2 Research Questions 2 & 9: Skill Loss Estimates  

 The most fundamental questions that I sought to answer in this project involved 

quantitative estimates of skill. In Research Question 1, I asked about the level of skill decay 

that can be expected over time, and in Research Question 9, I considered these losses in 

the context of skill acquisition by asking what amount of skill acquisition gains would be 

lost over different intervals of time. Results indicated that: (1) On average, Cohen’s D 

statistics declined by 0.08 SD units per month for accuracy-based performance measures 

and by 0.06 SD units per month for speed-based and mixed performance measures, and (2) 

on average, initial acquisition gains were lost for accuracy-based measures after 15 months 

of infrequent use, for speed-based performance measures after 27 months of infrequent 

use, and for mixed performance measures after 30 months of non-use, respectively.  

The skill acquisition loss results should be taken with somewhat of a grain of salt 

because there were relatively large differences in initial acquisition gains across the three 

performance measures, which are likely related to the differences in tasks assessed within 

the three performance measure categories. For example, greater gains may have been 

observed for mixed performance measure tasks which were mostly medical/dental tasks 

because medical tasks were more difficult than many laboratory tasks. Participants may 

have had lower levels of initial performance prior to acquisition as a result. However, the 

results do suggest that skill proficiency levels gained during training are likely lost 
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somewhere between one year and two and half years after they are acquired, if they are not 

used consistently. These estimates can be used by those interested in maintaining skill 

proficiency to project how much skill decay can be expected within a particular period of 

time, and therefore when refresher training should be required or recommended.  

 The estimates of skill decay indicate substantial loss over longer periods of time 

(i.e., mean skill declines of a standard deviation unit after nine to 12 months for accuracy-

based skills, 12 to 15 months for speed-based skills, and six to nine months for skills that 

require both speed and accuracy). However, based on some of the individual effect sizes 

observed, it is possible that these may even be underestimates. Surprisingly, 378 of the 

1,352 retention effect sizes coded (including those calculated by the independent samples 

formula, converted from paired t-values, and reported by authors) were greater than zero, 

indicating that performance increased from final acquisition to retention. Many of the 

positive retention effect sizes may be explained by relatively short retention intervals where 

the retention test actually represented further acquisition rather than retention – 256 of the 

effect sizes came from studies with a retention interval of a week or less. However, this 

still leaves 122 retention effect sizes greater than zero from studies with retention intervals 

longer than one week. One generally would not expect performance of skills to increase 

after a week or more of non-use. The existence of positive effect sizes suggests that even 

if effect sizes indicated lower skill levels at retention in comparison to acquisition (i.e., 

negative effect sizes), it is possible the differences were underestimated. From my 

perspective, there are three potential explanations for the underestimation of skill retention 

effect sizes, each of which is described below.  
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First, skill retention effect sizes may have been underestimated because retention 

was confounded with relearning effects. The earliest studies of skill retention found that 

although motor skills decay over intervals of non-use, it takes substantially fewer trials to 

reach prior performance levels than it did initially (Hill, 1934, 1957; Hill et al., 1913; Swift, 

1905, 1906, 1910). These findings suggest that the colloquial phrase “skills come back like 

riding a bicycle” more accurately captures the essence of relearning rather than retention. 

If an adult were to attempt riding a bicycle after years without doing so, they may wobble 

at first, but they will be able to ride the bike smoothly in a relatively short period of time. 

For a task where performance is relatively low stakes such as riding a bicycle, the initial 

wobbling is unlikely to cause adverse consequences. But, the consequences may be more 

severe if an individual needs to perform CPR and there is an early performance decrement. 

The quality of early compressions and ventilations may determine whether or not the 

recipient survives. It is therefore critical that skill retention studies isolate retention 

performance from relearning as much as possible. 

Retention tests often consist of multiple trials or multiple blocks. For example, a 

retention test may consist of putting a golf ball 10 times or of three blocks of 10 putts. I 

attempted to isolate retention performance from relearning by only coding the first trial or 

first block for which adequate retention data were reported. However, this was not always 

possible. Authors often reported a single retention test score or scores for blocks rather than 

trials. If, for example, an individual missed their first putt of the retention test by over two 

feet but each of their remaining putts landed within six inches of the hole and the authors 

only reported a single retention test score or retention scores by block, superior 

performance on the later trials in which relearning occurred would confound the measure 
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of performance on the first putt. It may not always be possible to isolate retention from 

relearning effects, which presents a significant challenge for skill retention researchers. For 

example, many tasks may allow for relearning even within a single trial (e.g., open-looped 

tasks). But, relearning effects within a trial, within a block, or across blocks of a retention 

test likely led to an underestimate of the extent to which skills decline between acquisition 

and retention.  

 A second explanation for the possible underestimation of skill retention estimates 

is that estimates were confounded by speed-accuracy-tradeoff decisions. A notable 

challenge for skill retention researchers is making sense of two performance measures that 

are both practically important but are unlikely to be theoretically comparable – accuracy 

and speed. Skill retention researchers have three options when it comes to reporting 

performance data: (1) Aggregate speed and accuracy into a single composite measure of 

performance, (2) report only speed or accuracy data and risk neglecting some component 

of performance, and (3) report performance data separately for speed and accuracy. All 

three choices were represented in the literature. The first option, which the authors of 180 

studies in the meta-analysis chose, is inherently problematic because increased accuracy 

often comes at the expense of decreased speed. There are some circumstances where the 

second option is plausible if it can be justified that one component of performance is far 

more crucial than the other, but in many circumstances performing a skill quickly and 

accurately can provide substantial benefits. However, given that speed and accuracy are 

not positively correlated at the individual level, it can be difficult to interpret changes in 

speed or accuracy over time. For example, perhaps an individual progressed faster through 

a task during retention than they did during acquisition, but made more errors. Their speed-
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based performance measure would indicate improvement from final acquisition to 

retention, even though that does not reflect the reality of how skills have changed over 

time. Interpretation of these results is difficult because it is not possible to determine 

whether skill levels have declined, individuals have altered their speed-accuracy-trade-off 

decisions, or both.  

Of the studies included in the meta-analysis, 69 reported effect sizes for both speed 

and accuracy-based performance measures, 41 of which involved retention intervals longer 

than one week. Of the 122 retention effect sizes greater than zero (i.e., skill improvement 

was observed after the retention period), 16 of them came from these 41 studies and were 

accompanied by a negative retention effect size for the opposite performance measure type. 

In other words, more accurate performance was accompanied by slower speed, or vice 

versa. While 16 effect sizes represent a small number of the overall results, these instances 

do illustrate the challenges associated with making sense of speed and accuracy 

simultaneously. It is also possible that some skill retention effect sizes were underestimated 

because greater performance decrements occurred for other performance measures (e.g., 

accuracy rather than speed) even if the effect sizes were not positive. The correlation 

between accuracy and speed-based effect sizes for all studies that reported both accuracy 

and speed-based performance measures was only r = 0.16 (a relatively small correlation), 

which further indicates that different performance measures may not have been 

equivalently reflective of skill levels. While more careful attention to these issues (e.g., 

analyzing speed and accuracy separately) may lead to more precise measurement of 

performance decrements, the fact that speed and accuracy are not conceptually similar but 
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both represent meaningful aspects of performance will likely remain a challenge in this 

area of research.  

A final explanation for the potential underestimation of retention effect sizes is the 

possibility of performance opportunities or task exposure during the retention interval. 

Moderator analyses indicated that infrequent performance opportunities were a significant 

moderator of the relationship between retention interval and skill decay, such that skills 

were better retained when infrequent performance opportunities were available. Similar 

trends were observed for mixed performance measures (though they were not statistically 

significant). These results suggest that infrequent performance opportunities (either earlier 

retention tests or exposure to practice opportunities such as access to simulators, 

internships/rotations, etc.) may go a long way toward maintaining accuracy-based 

performance even if skills are not frequently used. It is quite possible that had researchers 

chosen to use separate samples in studies with multiple retention intervals (e.g., one sample 

tested for retention one month after training, another sample tested for retention six months 

after training), skill decay effect sizes would have been stronger. Additionally, while I 

attempted to code any circumstance in which performance opportunities were possible, it 

is highly likely that some authors did not report the possibility of exposure to performance 

opportunities during the retention interval.  

6.3 Research Questions 3-8: Moderators of Skill Loss Trends  

 I also sought to explore both task-related and study-design moderators of the 

relationship between retention interval and skill decline. In these analyses, I investigated 

whether moderators previously identified in the skill retention literature applied 
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specifically to procedural skills and considered a broader set of moderators than previously 

investigated. Prior meta-analyses of skill retention assessed moderators through subgroup 

analyses that allowed for the determination of whether effect sizes differed across levels of 

moderators regardless of retention interval. However, my approach went a step further by 

considering whether trends of skill decline differ over time between levels of moderators. 

The results from moderator analyses were far from definitive, as many of the trends lacked 

consistency across all performance measures. Even when moderating trends were 

observed, results often lacked statistical significance for performance measures other than 

accuracy likely due to insufficient power resulting from fewer studies with longer retention 

intervals. Yet, the overall pattern of results suggests that the following variables are 

potentially meaningful moderators: (1) Task type, (2) task complexity, (3) performance 

opportunities during the retention interval, and (4) task instructions.  

Based on the results, it appears that whether a task is a laboratory/artificial task or 

a real-world task is a meaningful moderator of the relationship between retention interval 

and skill retention. Performance on real-world tasks was better retained over time than 

performance on laboratory/artificial tasks for accuracy-based performance measures. 

Although the results were not statistically significant, likely due to a lack of power, the 

same trend was observed for speed-based performance measures. This extends Arthur et 

al.’s (1998) finding that performance on artificial tasks displays more decay generally than 

performance on natural tasks does by providing evidence that performance on artificial 

tasks also decays faster over time than performance on natural tasks does. The finding also 

clarifies uncertainty based on the small magnitude of differences reported in the prior meta-

analysis. A plausible explanation may be that real-world tasks are more representative of 
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the environments that individuals are likely to practice and use their skills outside of an 

evaluation setting and participant motivation to perform well is therefore higher.  

Results related to task complexity were also consistent with prior research on skill 

retention. Component complexity was a significant moderator of the relationship between 

retention interval and skill decay for accuracy-based performance measures and all three 

complexity dimensions (component, coordinative, and dynamic) were significant 

moderators of the relationship for mixed performance measures. In all complexity analyses, 

results suggested a general trend toward better retention over time for performance on high-

complexity tasks than for low-complexity tasks. These results are consistent with Wang et 

al.’s (2013) findings that performance declined less for high-complexity tasks than for low-

complexity tasks. A possible explanation for this trend may be that high-complexity tasks 

require more attention and effort to reach proficiency during acquisition and the investment 

of attention and effort leads to better retention. However, task type and complexity are 

inherently related. Real-world tasks had significantly higher task complexity ratings across 

all three dimensions than laboratory/artificial tasks did (Component: M Real = 1.78, M Lab = 

1.10, t (83.23) = 6.45, p < 0.01; Coordinative: M Real = 2.29, M Lab = 1.50, t (43.76) = 5.28, 

p < 0.01; Dynamic: M Real = 1.75, M Lab = 1.21, t (52.31) = 3.63, p < 0.01). It may be that 

laboratory/artificial tasks are shortened for logistic reasons and are therefore less complex 

and not as well retained, or it may be that low complexity tasks are generally artificial and 

therefore not as well retained. The direction of the relationship remains unclear. 

Performance opportunities were not investigated in prior research, but it appears 

that they may influence skill decay trends. When performance opportunities were available 

during the retention interval, either through earlier retention tests or task exposure, 
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accuracy-based performance was better retained over time than when performance 

opportunities were not available or not reported. The same trend was observed for mixed 

performance measures, although it was not statistically significant. These results are 

consistent with Wang et al.’s (2013) predictions, although the authors did not have 

sufficient data to test the relationship. Implications may be significant for organizations 

interested in avoiding employee skill decay, as there may be substantial benefits to having 

their employees engage in occasional retention tests. The benefits of retention tests seem 

to stretch beyond identifying at-risk individuals, as less rapid skill decline was observed on 

second retention tests, at least for accuracy-based and mixed performance measures. It was, 

however, surprising to find that skill decay patterns were similar for speed-based 

performance measures when performance opportunities were and were not available during 

the retention interval. It is possible that infrequent opportunities do more to maintain 

accuracy-based performance than they do speed, but there is no theoretical explanation or 

corroborating empirical evidence to support this. It may be that there weren’t enough 

speed-based studies with performance opportunities to detect an effect or that authors who 

reported speed-based performance measures did not sufficiently report the possibility of 

performance opportunities.  

The significant moderating effect of task instructions might not necessarily 

underscore genuine differences in skill decay trends. Instead, it could primarily illustrate 

how study design can influence speed-accuracy tradeoff decisions. Trends for all three 

performance measures were in the direction of better skill retention over time when task 

instructions aligned with the performance measure (i.e., accuracy-based instructions for 

accuracy-based performance measures, speed-based instructions for speed-based 
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performance measures, and both speed and accuracy-based instructions for mixed 

performance measures). In other words, the differences observed with respect to 

performance at final acquisition and retention became even more disparate over time when 

instructions were not aligned with how performance was measured. It is somewhat unlikely 

that the more rapid decay of skills for tasks with instructions that did not align with 

performance measures reflects true differences in skill levels because one would not expect 

instructions themselves to influence a participant’s skills. It may be that differences in 

performance that grow over time are a result of differences in calculations that individuals 

are making with respect to speed-accuracy tradeoffs at acquisition vs. retention (e.g., being 

more careful, but proceeding slower, on a real-world task if one suspects a performance 

decay).  

The results for the following moderators were, unfortunately, less illuminating: 

Open vs. closed-loop tasks, task ability demands, and real-world task category. Results for 

open vs. closed-looped tasks were inconsistent across performance measures and difficult 

to make sense of. Performance on open-looped tasks was significantly better retained than 

performance on closed-looped tasks only for mixed performance measures, and not for 

accuracy or speed. Trends indicated that performance on open-looped may have been 

slightly better retained for speed-based measures as well, but there was no difference in 

skill retention trends between open and closed-looped tasks for accuracy-based tasks. This 

is particularly perplexing because many tasks in classic skill acquisition and retention 

research that would be classified as open-looped are accuracy-based tasks (e.g., tracking 

tasks, pursuit rotor).  
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Given that most effect sizes for mixed performance measures were from 

medical/dental tasks, it may be that there is something about medical/dental tasks that 

allows open vs. closed-looped tasks to play a larger role in determining skill retention 

trends. However, it is more likely that these results in combination with contradictory 

results related to open vs. closed-looped tasks in the two primary meta-analyses on skill 

retention suggest limitations in the extent to which the classification of open vs. closed-

looped tasks accounts for skill retention. The basic laboratory tasks used in early skill 

retention studies could be relatively easily classified as open or closed-looped. For 

example, it is relatively straightforward to classify a tracking task as an open-looped task 

or a finger-tapping task as a closed-looped task. However, many occupational skills consist 

of both open and closed-looped components. For example, some steps of performing a 

surgical procedure may require a surgeon to continuously monitor changing conditions and 

make adjustments accordingly (indicative of an open-looped task) while some steps may 

be carried out quickly and efficiently with a discrete beginning and end (indicative of a 

closed-loop task). It may also be difficult to isolate retention from relearning for open-

looped tasks because open-looped tasks require continuous adjustment that may result in 

relearning even within a single trial. For these reasons, despite its prominence in early skill 

retention literature, the distinction between open vs. closed-loop tasks may not be as 

meaningful of a moderator of procedural skill retention as once thought.  

Finally, one of the objectives of this research was to use a more narrow, fine-

grained classification of task types and characteristics than those that have been used in 

previous meta-analyses in hopes of providing answers to the question of what tasks are 

more or less susceptible to decay. Real-world tasks were split into categories based on the 
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occupations that the tasks were most relevant to (medical/dental, military, sports, 

transportation, miscellaneous) and tasks were classified based on their physical and 

psychomotor abilities (dexterity, gross-body coordination, precision/steadiness). 

Unfortunately, the findings were not particularly illuminating. The only category that had 

a notable influence on skill decay patterns was laboratory/artificial and moderator analyses 

for task ability demands were limited in their utility because there were high/low base rates 

associated with the ability demands of tasks that were measured within each performance 

measure category. The task ability demands findings suggest that perhaps tasks that involve 

gross body coordination and precision/steadiness are better retained over time than tasks 

that do not. But, given the low base rates for gross body coordination tasks in the retention 

literature, the lack of consistent findings across performance measure categories, and the 

lack of theoretical explanation for these findings, the results should be further investigated 

with follow-up studies before they are given substantial weight. Therefore, the question of 

which types of tasks are most susceptible to decay, other than laboratory/artificial tasks 

and less complex tasks, remains relatively unresolved.   

6.4 Research Questions 10: Comparison of Different Effect Size Formulas  

 Based on the results of the Monte Carlo simulations, I decided to separate the effect 

sizes calculated using the independent samples formula from the other effect sizes and 

compare the effect sizes and skill retention trends to one another. The overall skill retention 

trends did not differ substantially between the independent samples formula effect sizes 

and the paired-samples formula/converted t-value effect sizes, which suggests that the 

decision to remove the effect sizes not calculated using the independent samples effect size 

formula likely did not influence the estimation of skill decline per month.  
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However, it was somewhat surprising that the overall magnitude of effect sizes not 

computed using the independent samples formula was lower after accounting for retention 

interval length in comparison to the overall magnitude of effect sizes computed using the 

independent samples formula because the Monte Carlo simulation findings suggested that 

they would likely be stronger. The smaller number of effect sizes not computed using the 

independent samples formula may partially account for this finding. But, it might also be 

that the paired t-values and Cohen’s D statistics reported by authors represented multiple 

retention trials or multiple retention blocks, whereas I coded the means and SDs used in 

the independent samples formulas as only the first retention trial performance whenever 

possible. It is possible that the paired-samples formula/converted t-values were therefore 

more confounded by relearning effects than the independent samples formula effect sizes 

were, which may have led to an attenuation of the effect sizes reported by authors.  

Another plausible explanation is that the paired t-values and Cohen’s D statistics 

reported did not account for the correlation between acquisition and retention. As the 

Monte Carlo results suggested, the largest differences would be expected at high levels of 

correlation between measures. The effect sizes converted from paired samples t-tests (61 

out of the 71 effect sizes not computed using the independent samples formula) did not 

account for the correlation between measures because it was rarely reported. It’s possible 

that if the correlation between acquisition and retention had been more frequently reported 

and therefore used in the calculation of paired-sample effect sizes, the differences would 

have been more aligned with the simulation results.   

6.5 Limitations and Future Research Directions 
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 As is the case with any meta-analysis, the findings and the conclusions that can be 

drawn are limited by the nature of the literature in question. Recommendations for future 

research on the topic of skill retention naturally go hand in hand with the limitations of the 

literature. Both are discussed in this final section of the Discussion chapter in hopes that 

the discussion will stimulate work that addresses the primary gaps in the literature. One of 

the primary justifications for the need for this meta-analysis of skill retention was that 

previous meta-analyses lacked retention intervals of lengths that are reflective of skill 

retention in the real world (e.g., months and years). While there were more retention 

intervals of longer lengths to include, the literature still consists primarily of short retention 

intervals. Over one quarter of the retention intervals included in the primary analyses 

(meta-regression equations for effect sizes calculated using the independent samples 

formula) were two days or shorter and nearly half of them were one week or shorter. As a 

result, estimations of the extent to which skills decline at longer retention intervals are less 

robust than they would be if there were a larger number of eligible studies with longer 

retention intervals in the literature. While conducting longitudinal studies over months or 

years and finding participants that can refrain from using relevant skills present challenges, 

a larger number of methodologically sound studies with long retention intervals that report 

statistics that can be used to calculate effect sizes remains perhaps the skill retention 

literature’s greatest need.  

 This research was also limited by the data reported in primary studies. The skill 

retention literature is interdisciplinary and different disciplines have different norms and 

protocols for data reporting. As a result, many studies did not include basic statistics needed 

for computing effect sizes (e.g., means, standard deviations/standard errors/confidence 
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intervals). It was not uncommon to come across studies that fit all other eligibility 

requirements, except the data consisted only of the number or proportion of participants 

who maintained performance over some proficiency level (i.e., pass/fail rates). While such 

statistics may be of practical use, they do not provide sufficient information to quantify the 

decrement that occurs when skills are not frequently used, because they may collapse 

across individuals with very different skill levels (e.g., an individual who barely passed the 

assessment and an individual with near expert performance). It was also not uncommon to 

see no descriptive statistics reported or to see central tendency data reported without 

variability data.  

Even when relevant statistics were provided, they were often reported in a manner 

that made estimation of effect sizes difficult. Authors frequently reported variation data 

only as error bars on graphs, which can be used to visualize standard deviation, standard 

error of the mean, or confidence intervals – each of which can be used to calculate effect 

sizes. But because the numerical data were often not reported, rulers were required to 

measure and compute an estimation, which likely lowers reliability, especially when either 

the error bars or the performance metrics were small. Many studies were excluded because 

a confident estimation could not be obtained from error bars. Further, many sources 

provided such error bars or denoted variation as “+/-” some numeric value but did not 

indicate what metric of variation was reported. Inferences were made when possible, but 

many sources were excluded because it was not possible to determine whether the metrics 

represented standard deviations, standard errors, or confidence intervals. Future 

researchers should note that regardless of whether statistics are used to directly answer 
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their research questions, it is advantageous to report central tendency and variation data 

that represent performance at acquisition and performance at retention in numeric form.  

Another limitation of the current study involved the lack of independence of 

observations in the analyses, which often was also a result of the data reported in primary 

studies. The proper computation of effect sizes for paired samples has been debated and 

there is not a single agreed-upon formula, but contemporary work suggests that dependency 

should be accounted for in effect size calculations by using a formula that includes the 

correlation between measures and the paired t-value (which relies on the standard deviation 

between difference scores) (Dunlap et al., 1996). As the Monte Carlo simulations presented 

in this dissertation suggest, the effect sizes yielded from this formula compared to the 

formula that does not account for the dependency of measures in skill retention studies can 

be quite different, especially when the correlations between acquisition and retention 

performance are high (which one would expect in most cases) and mean differences 

between acquisition and retention are large. Unfortunately, most studies did not report 

correlations between acquisition and retention or paired t-tests, which limited the ability of 

primary analyses to account for the dependence of measures. The field would greatly 

benefit if authors were to consistently report correlations between acquisition and retention 

paired t-statistics for all skill retention studies and account for them in their own effect size 

calculations as well.  

The final set of recommendations is related to moderator results and potential 

confounding variables previously discussed that lend themselves to methodological 

considerations that future researchers should account for. Retention effect sizes in the meta-

analysis were likely confounded by complex interactions between speed and accuracy 
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components of performance, as well as relearning effects. Future skill retention researchers 

should be mindful that speed and accuracy are not positively correlated within individuals 

and therefore should not be combined into a single measure of performance or investigated 

as the same level of a single moderator in future meta-analyses.  

Additionally, task instructions should be tailored to the specific task and 

participants should be informed of what the primary goals are and how performance will 

be measured. If goals and performance measurement are not specified or if both speed and 

accuracy are emphasized, researchers may be inviting speed-accuracy-tradeoff confounds. 

Information on the instructions that were given to participants should also be explicitly 

reported. Whenever possible, trial-by-trial data should be reported in order to isolate 

relearning effects from retention estimates. Additionally, infrequent opportunities for 

performance during retention intervals should be either accounted for in the study design 

or transparently reported. If skill retention researchers are interested in reporting an 

estimate of skill retention, using multiple retention tests or participants who may have had 

access to performance opportunities through their work and/or education may not be ideal 

approaches. More appropriate approaches might involve using separate samples when 

using multiple retention intervals or using samples unlikely to encounter exposure to tasks 

that would require the skill in question. At the very least, the field would benefit if skill 

retention researchers were to consider the likelihood that their participants may have 

encountered performance opportunities through their education/work, measure the 

frequency of their exposure when possible, and report this information.  

A final limitation relates to the mostly null moderator findings of real-world task 

types and task ability demands. The question of for which types of tasks performance is 
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most susceptible to decay, other than laboratory/artificial and low-complexity tasks, 

remains unknown. The field would greatly benefit from the development of a validated 

taxonomy of procedural skills because the dimensions of the taxonomy may lead to the 

identifications of task-related moderators that suggest which tasks are most susceptible and 

resistant to decay over intervals of non-use.  
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CHAPTER 7. CONCLUSIONS 

 The purpose of this research was to build upon prior empirical findings related to 

skill retention and to capitalize on the recent growth of the skill retention literature to 

conduct a meta-analysis focused specifically on the retention of procedural skills with a 

significant motor component. Conclusions that can be  drawn from the findings of the meta-

analysis are offered below:  

7.1 State of the Skill Retention Literature  

1. Experts on the topic of skill retention once noted that it was a not a particularly 

popular research topic (Adams, 1964; Farr 1987). The volume of this meta-

analysis (457 sources), over 400 more than the Arthur et al. (1998) meta-analysis 

despite the narrower scope of only skills with a significant motor component, 

indicates that the field has come a long way not only since those authors’ 

statements but even just within the most recent 20 years. Increased attention to the 

topic from areas outside of applied and experimental psychology (e.g., medicine, 

sports psychology, neuroscience) allowed for the increase in volume of studies 

included in this meta-analysis. 

2. While the growth in literature has been substantial, there is still a need for more 

studies that use longer retention intervals (i.e., months and years rather than days 

or weeks). The majority of the studies in this meta-analysis used shorter retention 

intervals than would be typical of intervals of non-use in many occupations. 

7.2 Skill Decay Function 
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3. Procedural skills decline as a linear function of retention interval length. This 

conclusion could not be drawn from prior meta-analyses because retention 

interval was treated as a categorical variable consisting of asymmetric categories 

of retention interval length. The use of meta-regression allowed for the treatment 

of retention interval as a continuous predictor, which allowed for the 

identification of a linear skill decay function.  

4.  On average, procedural skills declined at a rate of 0.08 SD units per month for 

accuracy-based performance and 0.06 per month for speed-based performance 

and performance that requires a mixture of accuracy and speed. Individuals in the 

90th and 50th percentile of skill proficiency after initial acquisition experienced 

skill declines with infrequent use that placed them in the 61st and 16th percentiles, 

respectively, after 9 to 12 months for accuracy-based skills, 12 to 15 months for 

speed-based skills, and 6 to 9 months for mixed skills. 

5. Initial skill acquisition gains were typically lost between one year and two and a 

half years after initial acquisition, if the skills were not used consistently.  

7.3 Moderators of Skill Decline  

 Task-related and study-design variables not only moderate differences in 

performance between skill acquisition and skill retention as prior research suggests, but 

also moderate the rate at which skills decline over time.  

6. Task type and complexity may be meaningful moderators of the rate of skill 

decline. Performance is better retained over time on real-world tasks and high-
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complexity tasks than on laboratory/artificial and low-complexity tasks, 

respectively.  

7. Performance opportunities and task instructions may be meaningful moderators of 

the rate of skill decline. Performance was better retained over time when 

infrequent performance opportunities were available during the retention interval 

and when task instructions were aligned with how performance was measured, 

respectively.  

7.4 Potential Confounds of Skill Retention Estimates  

8. Skill retention estimates may be substantially confounded by relearning effects. 

Prior research suggests that after periods of non-use, initial performance is low 

but improves rapidly. An accurate measure of retention performance consists of 

only the first retention trial. The fact that retention performance is often reported 

aggregated across retention trials or blocks may mean that skill decay effect sizes 

were underestimated.  

9. Skill retention estimates may be confounded by Speed-Accuracy-Tradeoff 

functions. Speed and accuracy are not conceptually comparable in the context of 

skill acquisition because speed and accuracy are negatively related at the 

individual level. If an individual’s accuracy-based performance declines over 

time, it is difficult to determine whether the performance decrement can be 

attributed to skill decline vs. a change in the individual’s speed-accuracy tradeoff 

decision. Estimates may have been further confounded because researchers often 

combine speed and accuracy performance into a single aggregate measure of 

performance.  
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10. Skill retention estimates may been confounded by the lack of reporting or 

accounting for the correlation between acquisition and retention. Previous 

research and the results of the Monte Carlo simulations presented in this 

dissertation suggest that effect size estimates for paired samples are stronger when 

they account for the correlation between measures. The infrequency with which 

the correlations between acquisition and retention were reported may therefore 

have led to an underestimate of skill decay effect sizes.  

 In sum, the research presented in this dissertation advances skill retention research 

by focusing exclusively on procedural skills with a significant non-verbal motor 

component and by developing more precise estimates of skill decline after months or years 

of infrequent use than were possible in previous skill retention meta-analyses. A more 

comprehensive set of moderators than has previously been considered was tested and 

several potentially meaningful moderators were identified for future skill retention 

researchers to consider. Yet, opportunities remain ripe for future research. The types of 

real-world tasks that are more or less susceptible to decay remain unknown and there are 

opportunities to improve estimates of retention by isolating retention from relearning and 

by more carefully attending to complex interactions between speed and accuracy. It is my 

hope that this research draws attention to these issues, and perhaps a subsequent meta-

analysis of procedural skill retention will develop even more accurate skill retention 

estimates as a result.
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APPENDIX A. SEARCH TERMS FOR EACH DATABASE 

When possible, nested Boolean logic was used. However, several databases did not handle nested Boolean logic well and separate 

searches were required. Search terms in several databases were further broadened or narrowed based on the volume of relevant results 

that initial searches yielded. A broader set of Boolean search terms (e.g., skill AND retention as well as retention AND procedural, 

rather than skill retention AND procedural) was entered into PsycINFO because the database generated a higher proportion of relevant 

studies than other databases. NOT terms were added to initial search terms in several databases in order to minimize the number of 

results returned that would not have fit the study’s eligibility criteria (e.g., child, dementia).  

Scopus 

ALL ( skill  AND  ( retention  OR  decay  OR  maintenance  OR  deterioration  OR  perishabili

ty  OR  degradation )  AND  ( procedural  OR  psychomotor  OR  perceptual )  AND 

NOT  ( ethanol  OR  dementia  OR  alzheimer*  OR  child*  OR  alcohol  OR  smoking  OR  t

herap*  OR  depress*  OR  synapse  OR  "social 

skills"  OR  animal* ) )  AND  ( EXCLUDE ( SRCTYPE ,  "k" )  OR  EXCLUDE ( SRCTYP

E ,  "b" ) )  AND  ( EXCLUDE ( DOCTYPE ,  "re" )  OR  EXCLUDE ( DOCTYPE ,  "bk" )  

OR  EXCLUDE ( DOCTYPE ,  "no" )  OR  EXCLUDE ( DOCTYPE ,  "ed" )  OR  EXCLUD

E ( DOCTYPE ,  "sh" )  OR  EXCLUDE ( DOCTYPE ,  "le" )  OR  EXCLUDE ( DOCTYPE ,

  "tb" )  OR  EXCLUDE ( DOCTYPE ,  "dp" )  OR   EXCLUDE ( DOCTYPE ,  "er" ) )  

Google Scholar & ProQuest 

("skill retention" OR "skill decay" OR "skill deterioration" OR "skill perishability" or "skill 

maintenance" OR "skill degradation") AND ("procedural" OR "psychomotor" OR 

"perceptual") 
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PubMed 

skill and (retention or decay or deterioration or perishability or degradation) AND (procedural 

or psychomotor or perceptual) NOT (schizophrenia or animal* OR child* OR alzheimer* OR 

dementia OR ethanol OR alcohol OR smoking OR therap* OR depress* OR synapse OR 

"social skills") 

PsycINFO 

skill AND retention 

skill AND decay 

skill AND deterioration 

skill AND maintenance 

skill AND perishability 

skill AND degradation 

procedural AND retention 

procedural AND decay 

procedural AND deterioration 

procedural AND maintenance 

procedural AND degradation 

perceptual AND retention 

perceptual AND decay 

perceptual AND deterioration 

perceptual AND maintenance 

perceptual AND degradation 

psychomotor AND retention 

psychomotor AND decay 

psychomotor AND deterioration 

psychomotor AND maintenance 

psychomotor AND degradation 

Web of Science 

skill retention AND procedural 

skill retention AND perceptual 

skill retention AND psychomotor 

skill decay AND procedural 

skill decay AND perceptual 

skill decay AND psychomotor 

skill deterioration AND procedural 

skill deterioration AND perceptual 

skill deterioration AND psychomotor 

skill perishability AND procedural 

skill perishability AND perceptual 

skill perishability AND psychomotor 

skill maintenance AND procedural 

skill maintenance and perceptual 

skill maintenance AND psychomotor 

skill degradation AND procedural 

skill degradation AND perceptual 

skill degradation AND psychomotor 

National Technical Reports Library "procedural skill" and (retention or decay) "procedural knowledge" and (retention or decay) 
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APPENDIX B. TASK LIST 

Medical/Dental Tasks Laboratory/Artificial Tasks 

Cardiopulmonary resuscitation 

Surgical procedures 

Tasks representing surgical skills (e.g., peg 

transfer) 

Cather insertion/central line placement 

Ultrasound 

Donning/removing PPE, other medical 

equipment 

Intubation 

Airway management 

Basic life support skills 

Dental procedures 

Lumbar puncture 

Hand washing 

Anesthesia skills 

Neonatal resuscitation 

Spinal manipulation/chiropractic procedure 

Intravenous cannulation 

Advanced life support skills 

Placement of intrauterine contraception 

Otoscopy clinical skills 

Sopharyngeal swab taking 

First aid 

Treating status epilepticus  

Head and skill examination 

Cervical examination 

Simulated baby delivery with shoulder 

dystocia 

Electrocardiography 

Bellocq’s tamponade 

Targeted temperature management 

Compounding capsule for prescription 

Colonoscopy 

Patient log roll and recovery position 

Emergency triage assessment and treatment 

Tracking task 

Balancing task 

Lever task 

Key/keypad pressing  

Finger tapping 

Barrier knockdown 

Rotary pursuit/pursuit rotor 

Reaching task 

Flexion/extension task 

Isometric force task 

Microswitch task 

Bimanual coordination 

Timing task involving moving apparatus 

Mirror training  

Tracing without a mirror 

Ladder climbing  

Serial aiming task 

Speed cup stacking  

Three segment timing task 

Light-based hand-eye coordination task 

Blindfolded drawing 

Dynamometer task 

Timing task using stylus 

Precision walking  

Thumb abduction/acceleration 

Index finger abductions 

Bilateral transfer task 

Movement distance recall task  

Grooved pegboard task 

Moving a mouse-operated cursor through 

arrays 

Typing task 

Military Tasks Sports Tasks 

Flying a military aircraft  Golf  
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Gunner operation 

Using a gunner’s quadrant 

Marksmanship/shooting a firearm 

Assembling/loading a firearm  

Launching/guiding a missile 

Individual field artillery tasks 

Advanced field artillery tasks 

M551 tank target engagement   

Start/stop tank engine 

Precision fire 

Ground guiding 

Target data display set up, use, and 

maintenance  

Use of tank inter-vehicular information 

system 

Diagnosing and troubleshooting turret 

malfunction 

Use of command post system 

Use of squad radio 

Underwater helicopter escape 

Simulated fire escape 

Egress skills 

Tennis 

Darts 

Toss/throw ball 

Basketball Badminton 

Dance 

Volleyball 

Baseball/softball 

Bowling/cricket bowling  

Judo/martial arts 

Gymnastics 

Soccer/European football 

Australian rules football 

Hockey/field hockey 

Swimming 

Table tennis/ping pong 

Skiing/snowboarding 

Juggling 

Fencing  

Gaelic football 

Archery 

Cycling 

Rowing 

Weight lifting  

Lasso 

Transportation Tasks Miscellaneous Tasks 

Flying a non-military aircraft  

Driving an automobile 

Manual destination entry task 

Simulated hydraulic excavator 

 

Wheelchair operation 

Using a prosthetic 

Assembly task 

Video/computer games 

Menu-based computer task 

Basic computer skills 

Engine maintenance task 

Measurement task 

Tactile vernier task 
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APPENDIX C. LAB/ARTIFICIAL VS. REAL-WORLD TASK 

MODERATOR ANALYSIS MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.13 0.05 -2.48* [-0.22, -0.03] 

Retention Interval -0.16 0.02 -7.56** [-0.21, -0.12] 

Real-World Task -0.20 0.06 -3.13** [-0.32, -0.07] 

Interaction 0.11 0.02 4.52** [0.06, 0.15] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 34.03** Q (825) = 4070.26** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.40 0.63 82.49% 5.71 17.91% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. Laboratory/artificial was used as the reference group.  

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept 0.06 0.09 0.70 [-0.11, 0.23] 

Retention Interval -0.11 0.05 -2.16* [-0.21, -0.01] 

Real-World Task -0.32 0.11 -2.90** [-0.53, -0.10] 

Interaction 0.07 0.06 1.30 [-0.04, 0.19] 

Tests     

Residual Heterogeneity Moderators 

F (3, 263) = 5.67** Q (263) = 882.49** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.34 0.58 71.79% 3.54 7.82% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. Laboratory/artificial was used as the reference group. 
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APPENDIX D. ALL TASK TYPES MODERATOR ANALYSIS 

MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.12 0.05 -2.50* [-0.22, -0.03] 

Retention Interval -0.16 0.02 -7.70** [-0.21, -0.12] 

Task Type      

    Medical/Dental -0.41 0.08 -5.06** [-0.56, -0.25] 

    M/T -0.10 0.13 -0.70 [-0.35, 0.17] 

    Miscellaneous 0.07 0.16 0.41 [-0.25, 0.38] 

    Sports -0.12 0.07 -1.57 [-0.26, 0.03] 

Interaction Terms     

    RI*Med/Den 0.12 0.02 4.88** [0.07, 0.17] 

    RI*M/T 0.16 0.05 3.41** [0.07, 0.24] 

    RI*Misc 0.13 0.04 3.47** [0.06, 0.21] 

    RI*Sports 0.18 0.05 3.80** [0.09, 0.27] 

Tests     

Residual Heterogeneity Moderators 

F (9, 819) = 15.26** Q (825) = 4015.93** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.38 0.62 81.62% 5.44 21.49% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. Laboratory/artificial was used as the reference group. 

M/T = military and transportation, Med/Den = medical/dental, Misc = miscellaneous.  
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Speed (k = 267) 

Model ß SE t 95% CI 

Intercept 0.06 0.08 0.70 [-0.11, 0.23] 

Retention Interval -0.11 0.05 -2.18* [-0.21, -0.01] 

Task Type      

    Medical/Dental -0.40 0.12 -3.25** [-0.64, -0.16] 

    M/R -0.07 0.26 -0.26 [-0.57, 0.43] 

    Miscellaneous -0.37 0.16 -2.31* [-0.68, -0.06] 

    Sports 0.67 1.33 0.50 [-1.95, 3.28] 

Interaction Terms     

    RI*Med/Den 0.08 0.06 1.42 [-0.03, 0.20] 

    RI*M/T -0.03 0.11 -0.21 [-0.24, 0.17] 

    RI*Misc 0.42 0.14 2.96** [0.14, 0.70] 

    RI*Sports -2.05 3.01 -0.68 [-7.97, 3.87] 

Tests     

Residual Heterogeneity Moderators 

F (9, 257) = 3.19** Q (257) = 851.94** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

  70.91% 3.44 10.37% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. Laboratory/artificial was used as the reference group. 

M/T = military and transportation, Med/Den = medical/dental, Misc = miscellaneous.  

  



 151 

APPENDIX E. OPEN VS. CLOSED-LOOPED TASK MODERATOR 

ANALYSIS MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.29 0.04 -7.04** [-0.37, -0.21] 

Retention Interval -0.08 0.01 -7.08** [-0.10, -0.06] 

Open-Looped 0.09 0.06 1.50 [-0.03, 0.22] 

Interaction 0.01 0.02 0.45 [-0.03, 0.04] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 26.80** Q (825) = 4230.11** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.42 0.65 82.03% 5.89 14.41% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. Closed-looped was used as the reference group.  

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept -0.22 0.08 -2.84** [-0.38, -0.07] 

Retention Interval -0.09 0.03 -2.80** [-0.16, -0.03] 

Open-Looped 0.18 0.11 1.70 [-0.03, 0.39] 

Interaction 0.06 0.04 1.30 [-0.03, 0.14] 

Tests     

Residual Heterogeneity Moderators 

F (3, 263) = 6.07** Q (263) = 885.78** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.34 0.58 71.65% 3.53 8.40% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. Closed-looped was used as the reference group.  
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Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept -0.14 0.12 -1.24 [-0.38, 0.09] 

Retention Interval -0.14 0.02 -5.75** [-0.19, -0.09] 

Open-Looped -0.66 0.15 -4.53** [-0.95, -0.38] 

Interaction 0.11 0.03 3.80** [0.05, 0.16] 

Tests     

Residual Heterogeneity Moderators 

F (3, 176) = 16.04** Q (176) = 877.95** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.34 0.58 71.65% 3.53 8.40% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. Closed-looped was used as the reference group.  
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APPENDIX F. COMPONENT COMPLEXITY TASK MODERATOR 

ANLAYSIS MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.11 0.08 -1.44 [-0.27, 0.04] 

Retention Interval -0.13 0.02 -6.37** [-0.17, -0.09] 

Component  -0.08 0.04 -1.87 [-0.17, 0.00] 

Interaction 0.03 0.01 2.92** [0.01, 0.05] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 28.66** Q (825) = 4193.17** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.41 0.64 82.85% 5.83 15.31% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept 0.14 0.12 1.19 [-0.09, 0.37] 

Retention Interval -0.10 0.06 -1.72 [-0.22, 0.01] 

Component  -0.16 0.06 -2.68** [-0.28, -0.04] 

Interaction 0.02 0.02 0.91 [-0.03, 0.07] 

Tests     

Residual Heterogeneity Moderators 

F (3, 263) = 5.31** Q (263) = 879.24** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.34 0.58 71.82% 3.55 7.63% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.    
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Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept 0.31 0.19 1.66 [-0.06, 0.68] 

Retention Interval -0.21 0.04 -5.66** [-0.29, -0.14] 

Component  -0.40 0.08 -5.04** [-0.55, -0.24] 

Interaction 0.06 0.02 4.28** [0.03, 0.09] 

Tests     

Residual Heterogeneity Moderators 

F (3, 176) = 18.16** Q (176) = 844.75** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.35 0.59 81.55% 5.42 32.95% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   
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APPENDIX G. COORDINATIVE COMPLEXITY TASK 

MODERATOR ANLAYSIS MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.23 0.09 -2.60** [-0.40, -0.06] 

Retention Interval -0.12 0.03 -4.05** [-0.17, -0.06] 

Coordinative -0.01 0.04 -0.22 [-0.09, 0.07] 

Interaction 0.02 0.01 1.43 [-0.01, 0.04] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 26.20** Q (825) = 4230.65** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.42 0.65 83.07% 5.91 13.97% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept -0.02 0.16 -0.11 [-0.32, 0.29] 

Retention Interval 0.08 0.07 -1.18 [-0.22, 0.06] 

Coordinative 0.06 0.07 -0.81 [-0.19, 0.08] 

Interaction 0.01 0.03 0.32 [-0.05, 0.06] 

Tests     

Residual Heterogeneity Moderators 

F (3, 263) = 2.99* Q (263) = 893.93** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.35 0.60 72.51% 3.64 4.25% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   
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Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept 0.38 0.23 1.68 [-0.07, 0.83] 

Retention 

Interval 

-0.24 0.06 -4.05** [-0.36, -0.12] 

Coordinative -0.38 0.09 -4.41** [-0.56, -0.21] 

Interaction 0.07 0.02 3.17** [0.03, 0.11] 

Tests     

Residual 

Heterogeneity 

Moderators 

F (3, 176) = 15.43** 

Q (176) = 901.00** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.37 0.61 83.22% 5.96 27.76% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   
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APPENDIX H. DYMNAMIC COMPLEXITY TASK MODERATOR 

ANLAYSIS MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.16 0.07 -2.23* [-0.30, -0.02] 

Retention Interval -0.12 0.02 -5.30** [-0.16, -0.07] 

Dynamic -0.06 0.04 -1.39 [-0.14, 0.02] 

Interaction 0.02 0.01 1.91 [0.00, 0.05] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 26.86** Q (825) = 4216.33** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.42 0.65 83.03% 5.89 14.39% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept 0.11 0.12 0.89 [-0.13, 0.35] 

Retention Interval -0.15 0.06 -2.30* [-0.27, -0.02] 

Dynamic -0.14 0.06 -2.21* [-0.26, -0.02] 

Interaction 0.04 0.03 1.53 [-0.01, 0.09] 

Tests     

Residual Heterogeneity Moderators 

F (3, 263) = 4.57* Q (263) = 892.44** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.35 0.59 72.02% 3.57 6.64% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.    
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Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept 0.35 0.19 1.80 [-0.03, 0.73] 

Retention Interval -0.21 0.04 -4.82** [-0.29, -0.12] 

Dynamic -0.41 0.08 -5.09** [-0.57, -0.25] 

Interaction 0.06 0.02 3.64** [0.03, 0.09] 

Tests     

Residual Heterogeneity Moderators 

F (3, 176) = 17.85** Q (176) = 858.77** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.35 0.60 82.66% 5.77 31.66% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.   
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APPENDIX I. DEXTERITY MODERATOR ANLAYSIS MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.37 0.09 -4.05** [-0.55, -0.19] 

Retention Interval -0.18 0.09 -1.96 [-0.35, 0.00] 

Dexterity (Y) 0.15 0.10 1.54 [-0.04, 0.34] 

Interaction 0.10 0.09 1.07 [-0.08, 0.27] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 28.07** Q (825) = 4232.89** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.42 0.65 83.11% 5.92 13.78% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. “No” dexterity was chosen as the reference group. 

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept 0.07 0.16 0.44 [-0.24, 0.38] 

Retention Interval 0.02 0.09 0.21 [-0.16, 0.20] 

Dexterity (Y) -0.24 0.17 -1.43 [-0.57, 0.09] 

Interaction -0.08 0.10 -0.89 [-0.27, 0.10] 

Tests     

Residual Heterogeneity Moderators 

F (3, 263) = 4.87* Q (263) = 891.52** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.35 0.59 71.96% 3.57 6.57% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. “No” dexterity was chosen as the reference group. 

 

Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept -1.88 0.74 -3.34* [-3.34, -0.42] 
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Retention 

Interval 

0.19 0.12 -0.05 [-0.05, 0.42] 

Dexterity (Y) 1.31 0.74 -0.16 [-0.16, 2.78] 

Interaction -0.25 0.12 -0.49* [-0.49, -0.02] 

Tests     

Residual Heterogeneity Moderators 

F (3, 176) = 9.41** Q (176) = 1023.14** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.43 0.66 85.55% 6.92 17.22% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. “No” dexterity was chosen as the reference group. 
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APPENDIX J. GROSS BODY COORDINATION MODERATOR 

ANLAYSIS MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.28 0.04 -7.31** [-0.35, -0.20] 

Retention Interval -0.08 0.01 -8.30** [-0.10, -0.06] 

Gross Body (Y) 0.07 0.07 1.03 [-0.06, 0.20] 

Interaction 0.09 0.04 0.04* [0.01, 0.18] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 28.11** Q (825) = 4233.76** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.42 0.64 83.05% 5.90 14.51% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.  “No” gross body coordination was used as the 

reference group.  

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept -0.22 0.06 -3.90** [-0.33, -0.11] 

Retention Interval -0.06 0.02 -2.62** [-0.20, -0.01] 

Gross Body (Y) 0.56 0.15 3.62** [0.25, 0.86] 

Interaction 0.02 0.09 0.24 [-0.16, 0.20] 

Tests     

Residual Heterogeneity Moderators 

F (3, 263) = 9.30* Q (263) = 861.72** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.32 0.57 70.67% 3.41 12.29% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.  “No” gross body coordination was used as the 

reference group.  
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Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept -0.59 0.08 -7.86** [-0.74, -0.44] 

Retention 

Interval 

-0.06 0.01 -4.81** [-0.09, -0.04] 

Gross Body (Y) 0.29 0.50 0.58 [-0.70, 1.29] 

Interaction 0.02 0.09 0.17 [-0.16, 0.19] 

Tests     

Residual Heterogeneity Moderators 

F (3, 176) = 8.07** Q (176) = 1039.76** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.44 0.66 85.90% 7.09 14.81% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size.  “No” gross body coordination was used as the 

reference group.  
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APPENDIX K. PRECISION/STEADINESS MODERATOR 

ANLAYSIS MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.19 0.06 -3.33** [-0.31, -0.08] 

Retention Interval -0.08 0.01 -5.81** [-0.11, -0.06] 

Precision (Y) -0.08 0.07 -1.18 [-0.22, 0.05] 

Interaction 0.01 0.02 0.35 [-0.09, 0.04] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 25.92** Q (825) = 4232.18** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.42 0.65 83.08% 5.91 13.70% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. “No” precision/steadiness was used as the reference 

group.  

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept 0.02 0.08 0.19 [-0.15, 0.18] 

Retention Interval -0.07 0.04 -1.79 [-0.14, 0.01] 

Precision (Y) -0.26 0.11 -2.43* [-0.48, -0.05] 

Interaction 0.01 0.05 0.20 [-0.08, 0.10] 

Tests     

Residual Heterogeneity Moderators 

F (3, 263) = 9.30* Q (263) = 861.72** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.32 0.57 70.67% 3.41 12.29% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. “No” precision/steadiness was used as the reference 

group.  
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Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept -0.14 0.17 -0.82 [-0.47, 0.19] 

Retention Interval -0.14 0.03 -4.89** [-0.20, -0.08] 

Precision (Y) -0.53 0.19 -2.86** [-0.90, -0.16] 

Interaction 0.10 0.03 3.01** [0.03, 0.16] 

Tests     

Residual Heterogeneity Moderators 

F (3, 176) = 11.52** Q (176) = 902.25** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.40 0.63 83.22% 5.96 22.96% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes. The test of residual heterogeneity is Cochran’s Q test, which is a test of whether there 

is significant heterogeneity remaining after model predictors have been accounted for. The 

test of moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. “No” precision/steadiness was used as the reference 

group.  
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APPENDIX L. PERFORMANCE OPPORTUNITY MODERATOR 

ANALYSIS MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.21 0.03 -6.53** [-0.27, -0.14] 

Retention Interval -0.08 0.01 -8.28** [-0.10, -0.06] 

Perf. Opp. (Y) -0.59 0.12 -5.00** [-0.82, -0.36] 

Interaction 0.06 0.02 2.91** [0.02, 0.11] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 34.53** Q (825) = 4155.40** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.41 0.64 82.69% 5.78 15.24% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes, Perf. Opp. = performance opportunity. The test of residual heterogeneity is 

Cochran’s Q test, which is a test of whether there is significant heterogeneity remaining 

after model predictors have been accounted for. The test of moderators is a Wald test of 

whether the moderators in the model (i.e., all predictors) significantly predict the effect 

size.  “No” performance opportunity was used as the reference group.  

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept -0.14 0.06 -2.56* [-0.25, -0.03] 

Retention Interval -0.08 0.03 -3.00** [-0.13, -0.03] 

Perf. Opp. (Y) 0.19 0.20 0.91 [-0.22, 0.59] 

Interaction 0.02 0.05 0.42 [-0.08, 0.13] 

Tests     

Residual Heterogeneity Moderators 

F (3, 263) = 3.66** Q (263) = 901.37** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.35 0.59 72.48% 3.43 4.79% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes, Perf. Opp. = performance opportunity. The test of residual heterogeneity is 

Cochran’s Q test, which is a test of whether there is significant heterogeneity remaining 

after model predictors have been accounted for. The test of moderators is a Wald test of 

whether the moderators in the model (i.e., all predictors) significantly predict the effect 

size.  “No” performance opportunity was used as the reference group.  



 166 

Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept -0.55 0.08 -7.21*** [-0.71, -0.40] 

Retention 

Interval 

-0.08 0.02 -5.24** [-0.12, -0.05] 

Perf. Opp. (Y) -0.19 0.27 -0.70 [-0.71, 0.34] 

Interaction 0.06 0.03 1.88 [0.00, 0.13] 

Tests     

Residual 

Heterogeneity 

Moderators 

F (3, 176) = 19.62** 

Q (176) = 947.91** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.42 0.65 84.42% 6.42 18.24% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes, Perf. Opp. = performance opportunity. The test of residual heterogeneity is 

Cochran’s Q test, which is a test of whether there is significant heterogeneity remaining 

after model predictors have been accounted for. The test of moderators is a Wald test of 

whether the moderators in the model (i.e., all predictors) significantly predict the effect 

size.  “No” performance opportunity was used as the reference group.  
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APPENDIX M. TASK INSTRUCTIONS MODERATOR ANALYSIS 

MODELS 

Accuracy (k = 829) 

Model ß SE t 95% CI 

Intercept -0.20 0.04 -5.48** [-0.28, -0.13] 

Retention Interval -0.08 0.01 -6.05** [-0.11, -0.05] 

Instructions     

   Speed/Mixed 0.19 0.10 1.96* [0.00, 0.38] 

   Not Clear -0.31 0.08 -4.07** [-0.46, -0.16] 

Interaction     

   RI*Speed/Mix -0.08 0.04 -2.12* [-0.16, -0.01] 

   RI*Not Clear 0.04 0.02 2.09* [0.00, 0.08] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 20.93** Q (825) = 4136.87** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.40 0.63 82.48% 5.71 17.46% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes, RI = retention interval, Speed/Mixed = Speed or mixed . The test of residual 

heterogeneity is Cochran’s Q test, which is a test of whether there is significant 

heterogeneity remaining after model predictors have been accounted for. The test of 

moderators is a Wald test of whether the moderators in the model (i.e., all predictors) 

significantly predict the effect size. Accuracy instructions was chosen as the reference 

group.  

  



 168 

Speed (k = 267) 

Model ß SE t 95% CI 

Intercept -0.10 0.14 -0.70 [-0.37, 0.17] 

Retention Interval 0.01 0.07 0.09 [-0.14, 0.15] 

Instructions     

   Speed or Mixed 0.05 0.16 0.34 [-0.26, 0.37] 

   Not Clear -0.17 0.16 -1.04 [-0.49, 0.15] 

Interaction     

   RI*Acc or Mix -0.11 0.08 -1.37 [-0.26, 0.05] 

   RI*Not Clear -0.04 0.08 -0.45 [-0.19, 0.12] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 2.83* Q (825) = 880.94** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.35 0.60 72.07% 3.58 5.90% 

Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence interval, k = number of effect 

sizes, RI = retention interval. The test of residual heterogeneity is Cochran’s Q test, which 

is a test of whether there is significant heterogeneity remaining after model predictors have 

been accounted for. The test of moderators is a Wald test of whether the moderators in the 

model (i.e., all predictors) significantly predict the effect size. Accuracy instructions was 

chosen as the reference group.  
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Mixed (k = 180) 

Model ß SE t 95% CI 

Intercept -0.39 0.13 -3.01 [-0.65, -0.14] 

Retention Interval -0.04 0.05 -0.81 [-0.13, 0.05] 

Instructions     

   Just Acc or 

Speed 

0.53 0.36 1.48 [-0.18, 1.25] 

   Not Clear -0.37 0.16 -2.36 [-0.69, -0.06] 

Interaction     

   RI* Acc/Spe -0.22 0.14 -1.61 [-0.50, 0.05] 

   RI*Not Clear -0.01 0.05 -0.25 [-0.10, 0.08] 

Tests     

Residual Heterogeneity Moderators 

F (3, 825) = 7.69** Q (825) = 1000.36** 

Heterogeneity Statistics 

 2   I 2 H 2 R 2 

0.41 0.64 84.57% 6.44 20.47% 

Note. * < 0.05, ** < 0.01. Note. * < 0.05, ** < 0.01. SE = standard error, CI = confidence 

interval, k = number of effect sizes, RI = retention interval, Acc= accuracy, Acc/spe = Just 

accuracy or speed. The test of residual heterogeneity is Cochran’s Q test, which is a test of 

whether there is significant heterogeneity remaining after model predictors have been 

accounted for. The test of moderators is a Wald test of whether the moderators in the model 

(i.e., all predictors) significantly predict the effect size. Accuracy instructions was chosen 

as the reference group.  
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