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Abstract 

This dissertation describes a research program focused on investigating learning strategies 

that could prevent individuals from showing inferior motor performance when performing under 

psychological pressure, a phenomenon known as choking under pressure. Choking has been 

studied from the perspective of different theories. Each theory attempts to explain the choking 

phenomenon by different mechanisms, such as distraction, self-focus, and perceived threat. 

Collectively, this dissertation investigates strategies based on these mechanisms that could 

potentially prevent choking. The first two chapters focus on the reinvestment theory, which 

suggests that anxiety leads to the disruption of the skill’s performance due to the individual 

reinvesting attentional resources in skill execution by using declarative knowledge acquired 

earlier during practice, which reduces movement automaticity and hinders performance. 

Theoretically, by limiting the amount of declarative knowledge acquired during skill acquisition 

(e.g., implicit learning), individuals may be able to maintain performance under pressure. In the 

first chapter, a meta-analytic approach was used to investigate whether employing an implicit 

learning strategy, as opposed to explicit learning, during the practice of a motor skill would 

prevent choking under pressure on subsequent low- and high-pressure post-tests. Results showed 

that participants who learned a motor skill implicitly performed better under a high-pressure 

condition than a low-pressure post-test, whereas participants in the comparison group performed 

similarly between conditions.  

The second chapter is an attempt to test whether the benefits of practicing a motor skill 

with the expectation of teaching it to another person are preserved when the skill is performed 

under pressure if the skill is also practiced with an implicit learning strategy. This research 

follows prior findings that expecting to teach enhances skill learning, but also leads to choking 
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under pressure. My results revealed that participants who practiced with the expectation of 

teaching and used an implicit learning technique (i.e., analogy instructions) did not choke under 

pressure from low- to high-pressure post-test, whereas those who had the expectation of teaching 

and learned through a set of explicit instructions choked from low- to high-pressure.  

 The third chapter investigates the effect of anxiety training (AT; i.e., practicing a skill 

under enhanced anxiety levels) on subsequent performance during low-, mild- and high-pressure 

post-test. This chapter was based on three different theories of choking, namely the reinvestment 

theory, attentional control theory, and biopsychosocial mode challenge and threat. All of them 

are speculated to explain the benefit of AT to performance under pressure. Accordingly, I 

measured mechanistic variables related to each theory (i.e., movement reinvestment, mental 

effort, and perceived challenge/threat). Participants were assigned to either an AT or control 

group. The former practiced a motor skill under mild levels of pressure, whereas the latter 

practiced the same motor skill but with no pressure. Results showed that the AT group preserved 

performance across the post-tests, whereas the control group choked from low- to mild-, and 

from mild- to high-pressure post-tests. However, I did not find evidence that the mechanistic 

variables explained the relationship between AT and choking.  

 Taken together, the studies described in this dissertation show two potential interventions 

to prevent choking under pressure. First, as shown in the first two chapters, implicit learning 

seems to be an effective intervention to prevent choking (chapter 1) and to maintain the benefits 

of expecting to teach when performing under pressure (chapter 2). Second, practicing a motor 

skill under mild levels of anxiety is advantageous not only during a post-test with similar anxiety 

levels as the practice phase but also under a post-test with enhanced levels of anxiety, suggesting 

that the benefits of AT are transferrable to higher-stakes environments (chapter 3). 

 



4 
 

Acknowledgments 

 

I would like to start by thanking my committee for their support and suggestions to 

improve my dissertation project. I would like to thank Dr. Miller for being an outstanding 

mentor, supervisor, and friend. I have no words to thank you enough. You can make sure I will 

do my best to be like you when mentoring my students in the future. You are an inspiration for 

how to treat students and how to extract the best of them. Not only that, but the way you taught 

us to do science will be with me for as long as I conduct research. Thank you! I would like to 

thank Dr. Rudisill for always having my back when I needed it (you know what I am talking 

about). Also, I want to say that I will miss our pre-pandemic lunches in the break room. Thank 

you for everything, Dr. Rudisill.  

To my research assistants, thank you for helping me with tons and tons of data processing 

throughout the years, and thank you for the opportunity of mentoring you and I hope I have 

taught you something that will be useful in the future. To my labmates, thank you for making me 

a better researcher. I certainly learned a lot from you. To the whole Kinesiology family, students, 

faculty, and staff thank you for making my journey so pleasurable and much easier than what I 

was expecting when I first got to Auburn.  

To my Brazilian friends, Paulo Mesquita and Juliana Parma, thank you for going through 

this journey with me. It was not easy, but you guys made it more smooth and more fun! To 

Powei and Young, the first friends I made in Auburn, thank you for all the moments we spent 

together playing basketball, watching movies, and hanging out. I will miss you guys. To Brady 

Rush, and the whole Rush family, I don’t think I have words to thank you enough. You have 

token me under your wing and made me feel like part of the family. I hope we meet again 

someday. 



5 
 

Now, going overseas, I would like to thank my parents, Aparecida and Junior. First, 

thank you for enrolling me in English classes when I was a kid. It totally paid off and I will 

surely do the same for my kids one day. Second, thank you for your amazing support throughout 

the years. I could not have done this without your help and you know that. Now I can see how 

hard you both worked in the past 30 years to give me the best education you could afford. I know 

that was a huge sacrifice and I know you do not regret doing it. You can be sure I did my best, so 

thank you and I love you! 

To my best friend and brother, Matheus, I cannot thank you enough for your emotional 

support in the past years. Thank you for calling me several times per week; that meant a lot to 

me. Also, thank you for coming all the way from Northeast Brazil to Alabama to spend some 

time with me earlier this year. It was revitalizing and we had a lot of fun together. Love you, bro! 

Finally, I would like to thank my wife, Malu, for her unconditional love and support, 

especially when we were separated during the pandemic. Only we know how hard it was, but we 

managed to stay together no matter what. Thank you for always having my back, making sure I 

was okay, and supporting me during this whole process. I know it was as hard on you as it was 

on me, but now we leave this chapter of our life stronger as a family and unbreakable as a 

couple. I hope to do the same for you in your new adventure as a graduate student. We have 

always been proud of how we push each other toward important accomplishments, rather than 

staying comfortable where we are. We have always pushed each other to pursue new challenges 

and new adventures, so I will never be able to thank you enough and I dedicate this victory to 

you. I love you! 

 

 

 



6 
 

Table of Contents 

Abstract ........................................................................................................................................... 2 

Acknowledgments........................................................................................................................... 4 

List of Tables .................................................................................................................................. 7 

List of Figures ................................................................................................................................. 8 

Chapter 1 ......................................................................................................................................... 9 

Introduction ..................................................................................................................................... 9 

Methods......................................................................................................................................... 12 

Discussion ..................................................................................................................................... 30 

Conclusion .................................................................................................................................... 36 

Chapter 2 ....................................................................................................................................... 38 

Introduction ................................................................................................................................... 38 

Methods......................................................................................................................................... 42 

Results ........................................................................................................................................... 54 

Discussion ..................................................................................................................................... 60 

Conclusion .................................................................................................................................... 66 

Chapter 3 ....................................................................................................................................... 67 

Introduction ................................................................................................................................... 67 

Methods......................................................................................................................................... 71 

Results ........................................................................................................................................... 86 

Discussion ..................................................................................................................................... 96 

Conclusion .................................................................................................................................. 100 

References ................................................................................................................................... 101 

 



7 
 

List of Tables 

 

Chapter 1 

Table 1 Summary of Studies in the Main and Exploratory Analyses. .............................. 20 

Table 2 Risk of Bias Assessment Results. ........................................................................ 21 

Chapter 2 

Table 1 Age, Sex, and Putting Experience by Group ....................................................... 55 

Table 2 Self-Reported Anxiety by Post-Test and Group. ................................................. 59 

Table 3 Declarative Knowledge Use in High-Pressure Post-Test by Group. ................... 59 

Chapter 3 

Table 1 Age, Sex, and Putting Experience by Group. ...................................................... 86 

Table 2 Cronbach’s Alpha for Applicable Self-Reported Measures as a Function of Study 

Phase. ................................................................................................................................ 86 

 

 

 

 

 

 

 

 

 

 

 



8 
 

List of Figures 

 

Chapter 1 

Figure 1. PRISMA Flow Chart. ........................................................................................ 18 

Figure 2 Univariate Random-Effects Meta-Analyses. ...................................................... 25 

Figure 3 Funnel and Forest Plots for the Implicit Learning Group Performance During 

Low- vs. High-Pressur. ..................................................................................................... 26 

Figure 4 Funnel and Forest Plots for the Comparison Group Performance During Low- 

vs. High-Pressure. ............................................................................................................. 28 

Chapter 2 

Figure 1 Putting Accuracy as a Function of Group and Phase. ........................................ 57 

Chapter 3 

Figure 1 Timeline of the Study for Both Groups. ............................................................. 77 

Figure 2 Mediation Model With Group as the Independent Variable, Changes in the 

Mechanistic Variables as the Mediator, and Choking as the Dependent Variable. .......... 85 

Figure 3 Putting Accuracy for Each Group as a Function of the Study Phase. ................ 89 

Figure 4 Mechanistic Variables for Each Group as a Function of the Study Phase. ........ 93 

 

 

 

 

 

 

 



9 
 

Chapter 1: The effect of implicit learning on motor performance under psychological 

pressure: A systematic review and meta-analysis 

Introduction 

Imagine your basketball team is down by one point with one second left in the game and 

you must shoot two free throws. Now imagine having to kick a penalty in a soccer match with 

your team down by one goal. Certainly, the ability to perform a motor skill under psychological 

pressure is crucial, yet people often choke under pressure, which has been defined as “the 

occurrence of inferior performance despite individual striving and situational demands for 

superior performance” [Baumeister, 1984, p. 610]). Choking occurs due to increased anxiety 

caused by individuals’ perception that their capacity to perform the task falls short of the 

demands for superior performance (Baumeister, 1984; Baumeister & Showers, 1986; Mesagno & 

Hill, 2013). This increased anxiety triggers a chain of psychobiological responses that negatively 

impact performance, especially when the consequences of failing are believed to be large (Vine 

et al., 2016). Since almost all motor skills learned could be performed under pressure, it is 

important to search for learning strategies that maintain training benefits when the skill is 

performed under pressure.  

Traditionally, motor skill learning begins with a verbal-cognitive stage, wherein the 

learner acquires a substantial amount of declarative knowledge about the skill and uses this 

knowledge to consciously control movement (Janacsek & Nemeth, 2013). Only after this phase 

would the learner be able to move to an autonomous stage and perform the skill with 

automaticity, largely reducing the use of declarative knowledge and conscious control. This two-

stage process is known as explicit learning and reflects how motor skills are often taught. For 

example, an instructor may give a learner detailed step-by-step instructions about how to control 

their movements to perform a skill. Conversely, a person could learn a motor skill such that they 
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bypass the verbal-cognitive stage, limiting the accrual of declarative knowledge and its use in 

conscious control of motor skills (Masters, 1992; Maxwell, Masters, & Eves, 2000). This type of 

learning is known as implicit learning, and an example is when an instructor uses an analogy to 

teach a learner how to perform a skill. For example, a basketball coach could instruct a learner to 

shoot a free throw as though they are trying to put cookies into a jar on a high shelf (Lam, 

Maxwell, & Masters, 2009). In this case, learners would accrue less declarative knowledge 

because the multiple task-related instructions would be reduced to a single comprehensive rule. 

Importantly, studies suggest that when a skill is learned implicitly, participants are less likely to 

choke under pressure compared to participants who learned the skill explicitly (Hardy, Mullen, 

& Jones, 1996; Liao & Masters, 2001; Masters, 1992; Vine, Moore, Cooke, Ring, & Wilson, 

2013).  

There are at least two explanations for why implicit learning has been shown to decrease 

the probability of choking under pressure. First, implicitly learned skills cause performers to lack 

declarative knowledge to reinvest in conscious control of movement when executing the skill, 

thus maintaining performance under pressure. This explanation is a direct corollary of 

reinvestment theory, which is related to a broader class of explicit monitoring theories (DeCaro 

et al., 2011). Reinvestment theory contends that dispositional and situational factors, such as 

psychological pressure, encourage individuals to use declarative knowledge acquired earlier in 

learning to attempt to consciously monitor and control practiced movements (Masters & 

Maxwell, 2008). This internal focus of attention paradoxically hinders movement execution due 

to inefficient muscle activation as well as rigid and uncorrelated effector movement (Lohse et al., 

2011, 2014; Lohse & Sherwood, 2012). Second, implicitly learned skills may be performed with 

greater automaticity (fewer attentional resources) (Kal, Prosée, Winters, & van der Kamp, 2018), 

thereby allowing performance to be maintained when pressure causes attentional resources to be 
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misallocated to irrelevant external stimuli (e.g., fans) and/or internal cues (e.g., worries about the 

task outcome), as predicted by distraction theories of choking under pressure (e.g., attentional 

control theory) (Eysenck et al., 2007; Jackson et al., 2006; Mesagno et al., 2015; Oudejans et al., 

2011).  

Studies have attempted to test the benefits of learning a skill implicitly vs. explicitly on 

high-pressure performance. However, results are inconsistent, thereby making conclusions hard 

to draw. For instance, Lam, Maxwell, and Masters (2009) had participants learn a free-throw 

basketball shot implicitly by an analogy instruction or explicitly by following a list of eight 

specific rules related to the biomechanics of the shot. The authors reported participants who 

practiced in the implicit group performed similarly in low-pressure and high-pressure post-test, 

whereas participants who practiced in the explicit group performed worse in the high-pressure 

compared to the low-pressure post-test (i.e., choked under pressure). Importantly, Lam et al. 

(2009) found participants in the explicit group reported more task-relevant rules than participants 

in the implicit group, thus revealing an association between declarative knowledge and choking 

under pressure. Conversely, Schücker, Hagemann, and Strauss (2013) had participants learn how 

to perform a golf putt either implicitly by an analogy instruction or explicitly by following a list 

of six specific putting rules. After the acquisition phase, participants performed the learned skill 

in a low-pressure post-test, followed by a high-pressure post-test and second low-pressure post-

test. The authors reported no differences between the groups that learned implicitly vs. explicitly 

on the post-test, despite the explicit group reporting more task-relevant rules, thus failing to 

reveal an association between declarative knowledge and choking under pressure. This is in line 

with a recent systematic review that investigated possible strategies to prevent choking under 

pressure in sports, where the authors found inconsistent effects of implicit learning on choking 

under pressure (Gröpel & Mesagno, 2019).  
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Given these inconsistent findings, we conducted a systematic review and meta-analyses. 

Our systematic review and meta-analyses expand upon the systematic review by Gröpel and 

Mesagno (2019) in several ways. First, we provide a quantitative synthesis (meta-analyses) that 

estimates the magnitude of the effect of implicit learning to performance under pressure. Second, 

we explore the nature of the effect (e.g., whether it is due to explicit groups choking under 

pressure and/or implicit groups choking less, maintaining performance, or improving under 

pressure). Third, we statistically test for bias in the effect size estimate (e.g., using Egger et al. 

(1997)’s test). Finally, we focused on studies that verified implicit learning and psychological 

pressure occurred. We used random-effects models to estimate the magnitude of the effects of 

performing a motor skill under a low-pressure vs. high-pressure condition when the skill was 

learned either implicitly or more explicitly. We searched for articles that had human subjects 

learn a motor skill implicitly or explicitly and perform the skill under low- and high-pressure 

conditions. Consistent with theories of choking under pressure, particularly reinvestment theory, 

we predicted participants who learned a motor skill implicitly would demonstrate a change in 

skill performance from a low-pressure to a high-pressure condition that is less negative/more 

positive in comparison to participants who learn a skill more explicitly. 

Methods 

 This study followed the Preferred Reporting Items for Systematic Reviews and Meta-

Analysis (PRISMA) guidelines (Moher et al., 2009). The meta-analysis pre-registration, data, 

code and supplementary material are publicly available at https: https://osf.io/q8v6m/. 

Study Eligibility 

 Studies using human subjects were included with no restrictions regarding 

participants/population. Since there is no consensus on what interventions promote implicit 
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learning, interventions were those the study authors referred to as “implicit” learning strategies 

and comparison groups were those not designated as being given “implicit” learning strategies 

(Kleynen et al., 2014). However, the authors were required to verify that the implicit learning 

group did indeed learn more implicitly than the comparison group. Specifically, authors needed 

to report the implicit learning group accrued significantly (p ≤ .05) less declarative knowledge 

than the comparison group (e.g., in a free recall test of skill techniques). If a study had more than 

one implicit learning or comparison group, we used the implicit learning group showing the least 

amount of declarative knowledge accrual and the comparison group showing the most. We 

adopted this strategy to select intervention and comparison groups because implicit and explicit 

learning strategies are believed to occur along a continuum, with certain strategies leading to less 

or more accrual of declarative knowledge (Kleynen et al., 2015). The intervention and 

comparison groups must have practiced a task requiring movement to accomplish a goal that is 

increasingly likely to be achieved with practice (Schmidt & Lee, 2020). Outcomes were 

objective behavioral performance under low-pressure (these could include the last practice 

blocks and/or post-test) and high-pressure conditions, and the authors were required to 

demonstrate significantly (p ≤ .05) increased pressure (e.g., self-reported anxiety, heart rate) in 

the high-pressure condition. If a study had multiple low- or high-pressure conditions, the first 

low- and high-pressure conditions were used. This was done to make the low- and high-pressure 

conditions more homogenous between studies, since most had only one low- and high-pressure 

condition. If multiple behavioral measures of performance were reported, the one most closely 

associated with accuracy (e.g., radial error as opposed to bivariate variable error [Hancock et al., 

1995]) was used, since accuracy is most reflective of meeting the objective of a task (e.g., hitting 

a target). 

Search Strategy  
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The search was conducted on (1) MEDLINE, (2) Web of Science, and (3) PsycINFO. 

The search strategy can be found in the supplementary material. In addition to these databases, 

we searched EBSCO open dissertations for unpublished research.1 We only considered articles 

published in English. We also manually searched citations of the retrieved articles. The search 

was conducted until 29 June 2020. We did not specify a date range. 

Risk of Bias Assessment 

To assess risk of bias, we used the Cochrane's risk of bias tool 2.0 (Sterne et al., 2019, p. 

2). Two authors (DARC and MWM) independently assessed five main categories of bias: 

randomization process, deviations from intended interventions, missing outcome data, 

measurements of the outcome, and selections of reported results. Each item was classified as 

high, low, or unclear risk of bias according to the Cochrane suggested algorithm for each 

individual study. However, we did not score one question of the deviations from intended 

interventions. Specifically, question 2.1 (“Were participants aware of their assigned group during 

the experiment?”) is not particularly useful when it comes to the interventions often seen in the 

motor learning field because participants from different groups receive group-specific 

instructions from the experimenters, which makes participants aware of their group assignment 

and is an inherent risk of bias. Additionally, it was expected that most studies would be classified 

as having an unclear or high risk of bias in multiple categories due to standard practices in motor 

learning studies. For example, it is rare for studies to report detailed randomization procedures or 

the blinding of researchers from participants’ group assignment, which would be necessary for a 

study to be considered low risk in the randomization process and deviations from intended 

interventions categories, respectively. Thus, the risk of bias assessment aimed to compare the 

 
1 We planned to only include studies that had been published in a peer-review journal, and we ended up doing so 

after not returning any unpublished studies that met our criteria. 
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studies with each other, rather than classify each study as having an overall high, low, or unclear 

risk of bias. Specifically, we were interested in identifying any bias that could categorize studies 

within the review and serve as a moderator variable in the meta-analyses. For example, if 

approximately half the studies were considered low risk in the selections of reported results 

category due to pre-registering their analyses, we could examine whether being low risk in this 

category moderated meta-analytic results. This strategy was inspired by a recent meta-analysis 

examining the effect of training with enhanced anxiety levels for performance under pressure 

(Low et al., 2021).  

Data Extraction 

Data were extracted and organized into an Excel sheet. To characterize each study, we 

extracted sample size, population (e.g., healthy adults, athletes), participant mean age, gender, 

the motor skill used, implicit (e.g., errorless, analogy, dual-task) and comparison (e.g., rule-based 

or biomechanical instructions, internal focus of attention, errorful learning) group learning 

interventions, pressure manipulation (e.g., monetary incentive, video recording, social 

evaluation), number of trials and blocks in the pretest (if the article reported it), number of trials 

and blocks in the acquisition phase, if the high-pressure condition was ≥24h after the training 

phase or if it was in the same day as the acquisition phase, performance variables (e.g., radial 

error, accuracy, distance, time), and variables related to the pressure manipulation (e.g., heart 

rate, anxiety levels). For the meta-analyses, we extracted means and standard deviations of motor 

performance, and sample size. If data were missing, we contacted authors to obtain it. If authors 

were unable to provide data, they were extracted from figures using ImageJ (Rueden et al., 

2017). When an experiment failed to show data necessary to determine standard deviations, we 

used the function “impute_SD” from the R package “metagear” (Lajeunesse, 2016), with the 

“Bracken1992” method  (Bracken, 1992). This method fills missing information using the 
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coefficient of variation from all studies with complete information (Bracken, 1992). We used this 

method for three studies (Hardy et al., 1996; Liao & Masters, 2001; Masters, 1992).  

Data Synthesis and Analysis 

 To calculate effect sizes, we used the sample sizes of the implicit and comparison groups 

as well as their means and standard deviations for the low- and high-pressure conditions. 

Consistent with Lakens (2013), we calculated Cohen’s ds, Hedges’ gav, and Hedges’ grm, to 

measure the change in performance from the low- to high-pressure condition for the implicit 

learning groups and comparison groups and chose to use Hedges’ gav because it was closer to 

Cohen’s ds than Hedges’ grm was.2 

 Three main meta-analyses were conducted. First, we performed a multivariate random-

effects meta-analysis (Berkey, Hoaglin, Antczak-Bouckoms, Mosteller, & Colditz, 1998) with 

group (implicit vs. comparison) serving as a moderator, study serving as a random effect, and 

Hedges’ gav serving as the outcome variable. Comparison group Hedges’ gav was set as the 

intercept. (As sensitivity analyses, we repeated this meta-analysis with four additional studies 

that partially met our inclusion criteria [see supplementary material; Table S2]). We followed 

this meta-analysis with two univariate (traditional) random-effects meta-analyses, one for the 

implicit learning group and one for the comparison group, with Hedges’ gav serving as the 

outcome variable in both analyses. For each meta-analysis, the Q-test was used to assess 

heterogeneity across studies (Cochran, 1954). For the univariate random-effects meta-analyses, 

H2 and I2 was used to assess consistency across studies (Cochran, 1954), and bias was assessed 

 
2 In the pre-registration, we mistakenly implied that correlation coefficients between low- and high-pressure post-

test are needed to calculate Hedges’ gav, but they are only needed to calculate Hedges’ grm. We also departed from 

our pre-registration by using Lakens (2013)’s strategy to determine whether to use Hedges’ gav or Hedges’ grm. (Our 

method for determining correlation coefficients to calculate Hedges’grm is described in the pre-registration.) This 

strategy led us to choose Hedges’ gav, which is what we had pre-registered 



17 
 

by visually inspecting funnel plots of effect sizes and standard errors as well as conducting 

Egger’s regressions, where the standard error serves as a predictor of the effect size across 

studies (Egger et al., 1997). An asymmetrical funnel plot and significant association between 

standard error and effect size in Egger’s regression suggests that there is bias, whereas a 

symmetrical plot and a non-significant relationship suggests that there is no bias. To check for 

outliers and influential cases, we examined Cook’s distances (Di). Specifically, if Di of a given 

study was ≥ .5 and visually distinguished from the Di of the other studies, it was considered an 

influential case (Glen, 2016). If any influential cases were detected, we removed them from 

analyses and reported sensitivity analyses with the case(s) included in supplementary material. 

Analyses were conducted using the “metafor” package for R (Viechtbauer, 2010). The alpha 

level was set at .05. 

Results 

Ten studies met the criteria to be included in the primary meta-analyses. Figure 1 shows 

the process of article screening. Eighty-nine articles were identified through the systematic 

search and hand searching citations. After duplicates were removed, 78 articles were screened, 

and 58 of those were excluded because they were not related to the research question or were 

review articles, leaving a total of 20 articles. From those, five were excluded for not involving a 

motor skill, one for not involving implicit learning, and four for not confirming implicit learning 

and/or changes in psychological pressure (see Figure 1 for detail). Table 1 depicts the descriptive 

statistics and other relevant information, such as whether the study reported a significant Group 

(implicit learning vs. comparison) x Condition (low-pressure vs. high-pressure) interaction (6 of 

10 studies reported a significant interaction and all significant interactions were large [Cohen, 

1962]). Of the 10 studies meeting the criteria to be included in the primary meta-analyses, one 

(Bright & Freedman, 1998) was identified as an influential case (Di = 0.56 in the univariate 
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random-effects meta-analysis for the implicit learning group; see Figures S1 and S3 in 

supplementary materials) and was removed from further analyses. All meta-analyses were 

repeated with this study included, and results from these analyses can be found in supplementary 

materials. 

Figure 1. PRISMA Flow Chart. 

 

Risk of Bias 

 Table 1 provides an overview of risk of bias for each included study in the main and 

exploratory analyses. All studies had an unclear risk of bias in the randomization domain due to 

an absence of providing detailed descriptions of randomization procedures. Similarly, an unclear 

risk of bias was attributed to all studies in the deviations from intended intervention domain due 

to not indicating whether experimenters were aware of participants’ group assignment. Lastly, 

nine of ten studies were classified as having an unclear risk of bias (one had a high risk of bias) 
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in the selection of reported result domain due to not reporting the presence of pre-specified 

analysis plans. Overall, studies had low concerns in the missing outcome data and measurement 

of the outcome domains due to no indications of missing data and the use of objective outcome 

measures, respectively. Since the studies had similar risk of bias in each domain, we did not 

create any risk of bias factors to serve as moderating variables in the meta-analyses.
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Table 1.  

Summary of Studies in the Main and Exploratory Analyses 
  

Studies included in the main analysis 

Study Motor skill Comparison of 

motor learning 

strategies 

Number of trials in 

acquisition phase 

Population Sample size per 

group 

Age (years) Number of trials and blocks in 

the low-pressure and high-

pressure conditions 

Pressure manipulation in the 

high-pressure post-tes 

Reported a statistically significant 

Group (implicit and comparison) x 

condition (low- and high-pressure) 

interaction (Y/N) 

Effect size of Group x 

condition interaction 

Masters (1992) Golf putting Dual task vs. 

technical 

instructions 

3 sessions of 100 

trials 

Novice 8 27.22 (18-46) High-pressure - 2 blocks of 50 

trials; low pressure - 2 blocks of 

50 trials* 

Chance to win or lose money and 

evaluation by a golf expert 

Y Not reported 

Hardy et al. 

(1996) 

Golf putting Dual task vs. 

technical 

instructions 

3 sessions of 100 

trials  

College 

students 

8 21.13 High-pressure - 2 blocks of 50 

trials; low-pressure - 2 blocks of 

50 trials* 

Chance to win or lose money and 

evaluation by a golf expert 

Y Not reported 

Bright & 

Freedman 

(1998) 

Golf putting Dual-task vs. 

technical 

instructions 

3 sessions of 40 trials Novice 

College 

students 

16 Not reported High pressure - 1 block of 40 

trials; low-pressure: 1 block of 

40 trials* 

Performance evaluation by a 

professional golfer; video recording 

Y Not reported 

Liao & Masters 

(2001) 

Table tennis Analogy vs. 

technical 

instructions 

5 blocks of 50 trials Novice 

College 

students 

9 21.5±4.1 High-pressure - 1 block of 50 

trials; low-pressure – 1 block of 

50 trials 

Ego-treatment feedback N η2
p = .43 

Koedijker et al. 

(2007) 

Table tennis Analogy vs. 

technical 

instructions 

9 blocks of 50 trials Novice 8 21.80±3.58 High-pressure - 1 block of 50 

trials; low-pressure – 1 block of 

50 trials 

Video recording and chance to win 

a prize 

Y f = .56 

Koedijker et al. 

(2008) 

Table tennis Analogy vs. 

technical 

instructions 

14 blocks of 100 

trials 

Novice Implicit (n = 7); 

comparison (n = 

8) 

19.6±3.4 High-pressure - 1 block of 50 

trials; low-pressure – 1 block of 

50 trials 

Chance to win a prize, experimenter 

counted score out loud and video 

recording 

N f = .43 

Lam et al. 

(2009) 

Basketball shots Analogy vs. 

technical 

instructions 

2 days – 6 blocks of 

30 trials per day 

Novice 

College 

students 

12 Implicit (21.08±1.16); 

comparison 

(21.92±1,73) 

High-pressure - 1 block of 40 

trials; low-pressure – 1 block of 

40 trials 

Performance evaluation by a 

basketball expert;  chance to win 

money based on performance 

Y η2
p = .16 

Zhu et al. (2011) Golf putting Errorless vs. 

errorful 

6 blocks of 50 trials Novice 

College 

students 

9 22.05±2.26 High-pressure - 1 block of 10 

trials; low-pressure – 1 block of 

10 trials 

Video recording  N Not reported 

Vine et al. 

(2013) 

Golf putting Analogy vs. 

technical 

instructions 

8 blocks of 40 trials 

in three sessions 

during a 7-day period 

(two blocks in 

session 1, and 3 

blocks in sessions 2 

and 3) 

Novice 

College 

students 

15 21.22±4.41 High-pressure - 1 block of 20 

trials; low-pressure – 1 block of 

20 trials 

Chance to win money; comparison 

to other participants 

Y η2
p = .14 

Schücker et al. 

(2013) 

Golf putting Analogy vs. 

technical 

instructions 

6 blocks of 50 trials Novice 

College 

students 

Implicit (n = 20); 

comparison (n = 

21) 

21.44±2.98 High-pressure - 1 block of 20 

trials; low-pressure – 1 block of 

20 trials 

Chance to win money N Not reported 

Note: *Low-pressure was considered as the last block of the acquisition phase.     
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Descriptive Synthesis 

Sample Characteristics 

The sample size of the 10 included studies was 226 (112 individuals in the implicit group 

and 114 in the comparison group).  Seven studies reported that the sample was composed of 

college students (Bright & Freedman, 1998; Hardy et al., 1996; Lam et al., 2009; Liao & Masters, 

2001; Schücker et al., 2013; Vine et al., 2013; Zhu et al., 2011), whereas the remaining three did 

not report any particular characteristic of their sample besides age (Koedijker et al., 2007, 2008; 

Masters, 1992) (see Table 2). The study samples were fairly similar regarding age, with the 

lowest mean age (19.6±3.4) reported by Koedijker et al. (2008), and the highest (27.22; min = 18; 

max = 46) reported by Masters (1992). The majority of participants was female (n = 157, relative 

to n = 81 males), although three studies did not report participants’ gender (Masters, 1992; Vine 

et al., 2013; Zhu et al., 2011). As far as participants’ prior experience with the skill, only one 

study did not report participants’ skill level prior to the acquisition phase (Hardy et al., 1996), 

although the authors checked for performance differences in the first five putts of the practice 

phase between groups and did not find any, thus suggesting the groups were at the same skill 

level prior to practice. One study conducted the same analysis, although it stated that participants 

had no prior experience with the skill (Masters, 1992). Despite the remaining eight studies 

reporting that participants were novice to the motor skill, only two tested whether performance 

prior to the acquisition phase was different between groups (Lam et al., 2009; Vine et al., 2013), 

and both found no differences in baseline performance.  

Table 2.  

Risk of Bias Assessment Results 
Studies Randomization Deviations 

from intended 

interventions 

Missing 

data 

Outcome 

measurement 

Selection of 

reported results 

Masters, 1992 Unclear Unclear Low Low Unclear 
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Hardy, 1996 Unclear Unclear Low Low Unclear 

Bright & Freedman, 1998 Unclear Unclear Low Low Unclear 

Liao & Masters, 2001 Unclear Unclear Low Low Unclear 

Koedjiker et al., 2007 Unclear Unclear Low Low High 

Koedjiker et al., 2008 Unclear Unclear Low Low Unclear 

Lam et al., 2009 Unclear Unclear Low Unclear Unclear 

Zhu et al., 2011 Unclear Unclear Low Low Unclear 

Schucker et al., 2013 Unclear Unclear Low Low Unclear 

Vine et al., 2013 Unclear Unclear Low Low Unclear 

 

Studies Characteristics 

 Across the included studies, three motor skills were used, namely golf (k = 6) (Bright & 

Freedman, 1998; Hardy et al., 1996; Masters, 1992; Schücker et al., 2013; Vine et al., 2013; Zhu 

et al., 2011), table tennis (k = 3) (Koedijker et al., 2007, 2008; Liao & Masters, 2001), and 

basketball free throws (k = 1) (Lam et al., 2009).  

Eight studies analyzed the number of reported explicit rules as a measure of declarative 

knowledge (Bright & Freedman, 1998; Hardy et al., 1996; Lam et al., 2009; Liao & Masters, 

2001; Masters, 1992; Schücker et al., 2013; Vine et al., 2013; Zhu et al., 2011), and two analyzed 

participants’ detailed written description of how they executed the skill. In particular, the authors 

scored the description as internal (e.g., related to the movement) or external (e.g., related to the 

environment) acquired rules (Koedijker et al., 2007, 2008). While both rule types reflect explicit 

knowledge, studies have found that an external focus of attention increases skill automaticity, 

whereas an internal focus of attention is associated with greater explicit processing and conscious 
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control of movement (Kal, van der Kamp, & Houdijk, 2013; Poolton, Maxwell, Masters, & Raab,  

2006). 

As far as pressure manipulation, studies induced pressure through reward contingency (k 

= 7) (Hardy et al., 1996; Koedijker et al., 2007, 2008; Lam et al., 2009; Masters, 1992; Schücker 

et al., 2013), videotaping (k = 5) (Bright & Freedman, 1998; Koedijker et al., 2007, 2008; Lam et 

al., 2009; Zhu et al., 2011), social comparison (k = 2) (Schücker et al., 2013; Vine et al., 2013), 

performance evaluation (k = 4) (Bright & Freedman, 1998; Hardy et al., 1996; Masters, 1992; 

Zhu et al., 2011), and/or ego-threating feedback (k = 2) (Liao & Masters, 2001; Vine et al., 

2013). (Note that some studies used multiple manipulations.) To check effectiveness of the 

pressure manipulation, studies relied on a combination of heart rate and self-reported anxiety (k = 

5) (Bright & Freedman, 1998; Hardy et al., 1996; Lam et al., 2009; Masters, 1992; Zhu et al., 

2011) or only self-reported anxiety (k = 5) (Koedijker et al., 2007, 2008; Liao & Masters, 2001; 

Schücker et al., 2013; Vine et al., 2013). 

Performance Outcome 

As far as performance outcome under low- and high-pressure conditions, four studies 

revealed that the implicit group maintained performance from low- to high-pressure, whereas the 

comparison group reduced performance (Lam et al., 2009; Liao & Masters, 2001; Masters, 1992; 

Vine et al., 2013); two reported that the implicit group improved from low- to high-pressure, 

while the comparison group maintained performance (Bright & Freedman, 1998; Hardy et al., 

1996); one revealed that the implicit group performance increased from low- to high-pressure, 

while the comparison group decreased (Koedijker et al., 2007); one showed that the implicit 

group had superior performance in both low- and high-pressure, relative to the comparison group, 

but neither group’s performance changed from low- to high-pressure (Zhu et al., 2011); and two 

revealed that both groups performed equally in both conditions, with neither changing from low- 
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to high-pressure (Koedijker et al., 2007; Schücker et al., 2013). Overall, seven of ten studies 

showed that learning implicitly is beneficial for performance under pressure, whereas three 

studies revealed no performance changes from low- to high-pressure for the implicit or 

comparison group. 

Multivariate Random-Effects Meta-Analysis 

Since Hedges' gav was calculated as low-pressure performance minus high-pressure 

performance, negative values indicate better performance under high-pressure. Results revealed 

that group was a significant moderator (QM(1) = 27.98, p < .001), with the implicit group 

demonstrating improved performance from low- to high-pressure (Hedges’ gav = -1.17, 95% 

lower CI = -1.61, upper CI = -0.74, p < .001) relative to the comparison group which did not 

significantly change from low- to high-pressure (Hedges’ gav = 0.19, 95% lower CI = -0.33, upper 

CI = 0.71, p = .483) (see Figure 2). Results also revealed the presence of heterogeneity (QE (16) 

= 68.92, p < .001). 

It is worth considering whether the implicit group’s significantly greater improvement 

from the low- to high-pressure condition relative to the comparison group is driven by the 

implicit group being significantly worse under low-pressure than the comparison group (the case 

in four of nine studies), which would give the implicit group significantly more room for 

improvement under high-pressure. To address this question, we conducted a sensitivity analysis 

with the five studies that did not show a significant group difference.3 Results demonstrated that 

group remained a significant moderator (QM(1) = 5.15, p = .023), with the implicit group still 

exhibiting improved performance from low- to high-pressure (Hedges’ gav = -0.70, 95% lower CI 

= -1.30, upper CI = -0.10, p = .023) relative to the comparison group which did not significantly 

 
3 We thank an anonymous reviewer for suggesting this sensitivity analysis. See Figure S2 for a forest plot depicting 

the results of a meta-analysis on low-pressure performance as a function of group. 
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change from low- to high-pressure (Hedges’ gav = 0.11, 95% lower CI = -0.32, upper CI = 0.53, p 

= .624). Results also revealed the presence of heterogeneity (QE (8) = 15.80, p = .045). For 

comparison, we repeated this analysis with studies that did show a significant group difference. 

Results demonstrated that group was a significant moderator (QM(1) = 28.19, p < .001), with the 

implicit group exhibiting improved performance from low- to high-pressure (Hedges’ gav = -1.69, 

95% lower CI = -2.32, upper CI = -1.07, p < .001) relative to the comparison group which did not 

significantly change from low- to high-pressure (Hedges’ gav = 0.28, 95% lower CI = -0.84, upper 

CI = 1.40, p = .624). Results also revealed the presence of significant heterogeneity (QE (6) = 

48.51, p < .001).  

Figure 2.  

Univariate Random-Effects Meta-Analyses 

 
Note: Plot contrasting implicit and comparison group effect sizes (Hedges’ gav) across studies. Negative values on 

the y-axis indicate better performance under high- vs. low-pressure, and positive values indicate better performance 

under low- vs. high-pressure. The square markers represent the average effect size for each group. The circles are 

colored by study and weighted by standard error with larger circles depicting greater standard error.   

 

Implicit Learning Group 
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Figure 3 shows the forest and funnel plots for the implicit group univariate random-

effects meta-analysis. Consistent with the multivariate model, the univariate model revealed that 

participants who learned a motor skill implicitly performed better in a high-pressure condition 

compared to a low-pressure condition (Hedges’ gav = -0.97, 95% lower CI = -1.60, upper CI = -

0.33, p = .003). In addition, results revealed the presence of high heterogeneity (H2 = 6.69, I2 = 

85.06%; test for heterogeneity (Q(8) = 46.00, p < .001). The funnel plot (Figure 3A) suggests an 

asymmetrical distribution, and the Egger’s regression test was significant (Z = -3.13, p = .002), 

indicating bias.  

Figure 3.  

Funnel and Forest Plots for the Implicit Learning Group Performance During Low- vs. High-

Pressure 
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Note: (A) Funnel plot for the implicit learning group performance during low- vs. high-pressure conditions relating 

effect size with the standard error in each study. A negative effect size (left side) means that the implicit group 

performed better under the high-pressure condition, whereas a positive effect size (right side) means that the implicit 

group performed better in a low-pressure condition. (B) Forest plot showing the effect sizes and 95% confidence 

intervals for each study and the summary effect size from the univariate random-effects model. The data markers are 

weighted by standard error and the percentages represent the weight of each study in the model. 

 

Comparison Group 

Figure 4 shows the forest and funnel plots for the comparison group univariate random-

effects meta-analysis. Consistent with the multivariate model, the univariate model revealed that 

participants who learned a motor skill more explicitly performed similar in low- and high-

pressure conditions (Hedges’ gav = 0.18, 95% lower CI = -0.40, upper CI = 0.75, p = .546). In 

addition, results revealed the presence of high heterogeneity (H2 = 6.63, I2 = 84.92%; test for 
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heterogeneity (Q(8) = 53.66, p < .001). The funnel plot (Figure 3A) suggests a symmetrical 

distribution, and the Egger’s regression test was not significant (Z = 1.07, p = .284), indicating no 

evidence bias.  

Figure 4.  

Funnel and Forest Plots for the Comparison Group Performance During Low- vs. High-Pressure 

 

 

Note: (A) Funnel plot for the comparison group performance during low- vs. high-pressure conditions relating 

effect size with the standard error in each study. A negative effect size (left side) means that the comparison group 

performed better under the high-pressure condition, whereas a positive effect size (right side) means that the 

comparison group performed better in a low-pressure condition. (B) Forest plot showing the effect sizes and 95% 

confidence intervals for each study and the summary effect size from the univariate random-effects model. The data 

markers are weighted by standard error and the percentages represent the weight of each study in the model. 
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Multivariate Random-Effects Meta-Analysis with Number of Trials During Practice as a 

Moderator 

Finally, we conducted another multivariate, random-effects meta-analysis with group, 

number of trials during the practice phase of each study, and the interaction of these two variables 

serving as moderators, study serving as a random effect, and Hedges’ gav serving as the outcome 

variable. Comparison group Hedges’ gav was set as the intercept. We included number of trials 

during practice because it is possible that more practice trials could lead to greater accrual of 

declarative knowledge, particularly in the comparison groups, due to participants having more 

opportunities to test hypotheses about errors. In this case, comparison groups with more practice 

trials should exhibit greater performance decrement under high-pressure, consequently increasing 

the benefit of implicit learning. Conversely, it is possible more practice trials could lead to a 

greater accrual of declarative knowledge in the implicit group, as evident when comparing 

Masters (1992) with Maxwell, Masters, and Eves (2000). Both studies had participants practice 

golf putting in an implicit learning condition wherein they performed a secondary task, but 

Masters had participants practice 400 putts whereas Maxwell et al. had participants practice 3000 

putts. Maxwell et al.’s implicit learning participants acquired two explicit rules, whereas Masters’ 

acquired one, suggesting that more practice trials may cause implicitly trained participants to 

accrue more explicit knowledge.  

The test of the moderators was significant (QM(3) = 36.69, p < .001, with the implicit 

group exhibiting improved performance from low- to high-pressure (Hedges’ gav = -2.08 95% 

lower CI = -2.84, upper CI = -1.33, p < .001) relative to the comparison group which did not 

significantly change from low- to high-pressure (Hedges’ gav = 0.60 95% lower CI = -0.36upper 

CI = 1.54, p = .169). Importantly, the Group x Number of Trials During Practice interaction was 

significant (Hedges’ gav = 0.002, 95% lower CI = 0.001, upper CI = 0.004, p = .003, indicating 
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the benefit of implicit learning relative to the comparison group was significantly smaller in 

studies with more practice trials. Results also revealed the presence of heterogeneity (QE (14) = 

61.67, p < .001).  

Discussion 

 

The aim of the present systematic review and meta-analysis was to investigate the 

prediction that individuals learning a motor skill implicitly demonstrate a change in skill 

performance from a low-pressure to a high-pressure condition that is less negative/more positive 

in comparison to individuals who learn a skill more explicitly. Results from the systematic 

review revealed an advantage of learning a motor skill implicitly when performing under 

psychological pressure for seven of ten studies. In general, the studies had unclear risks of bias in 

the randomization process, deviations from intended interventions, and selection of reported 

results domains, and low risks of bias in the missing outcome data and measurements of the 

outcome domains. Importantly, the unclear risks of bias may be due to authors not reporting 

procedures rather than not undertaking them (The Cochrane Collaboration, 2013). For example, 

authors may have conducted the randomization process consistent with a low risk of bias, but 

only reported that participants were 'randomly assigned' to different groups, which is not enough 

information for the process to be considered low risk. Such brief reporting may be due to factors 

such as limited word space or unawareness of the value of reporting detailed information. The 

increased opportunities to share methodological details such as randomization procedures and 

pre-registered analysis plans as online supplements and calls for researchers to do so (Lohse et 

al., 2016) may encourage them to report procedures in more detail moving forward. However, 

other aspects of motor learning research are inherent to the discipline and unlikely to change, 

including participant awareness of group assignment, which increases risk, and using objective 

outcome measures, which lowers risk. 
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Results from the multivariate random-effects meta-analysis revealed that participants who 

learned a motor skill implicitly improve their skill performance from a low-pressure to a high-

pressure condition relative to participants who learned a skill more explicitly and perform 

similarly under low- and high-pressure (Figure 2). These effects are robust to sensitivity analyses 

when an outlying/influential study is included or four studies that failed to meet some of the 

inclusion criteria are added (Bellomo et al., 2018; Bobrownicki et al., 2015; Lam et al., 2009; 

Schücker et al., 2010) supplementary material). Additionally, these effects are moderated by the 

number of practice trials such that the implicit learning group advantage is significantly 

attenuated in studies with more practice trials.  

It is worth noting the meta-analyses reveal the implicit learning group benefit is due to 

their improvement under pressure, not the comparison groups choking under pressure, and the 

systematic review shows that five of ten studies report the implicit learning group 

maintained/improved performance under pressure while the comparison group choked. The result 

makes sense considering the methods used to investigate the implicit learning advantage. 

Specifically, most studies (Bright & Freedman, 1998; Koedijker et al., 2007, 2008; Lam et al., 

2009; Liao & Masters, 2001; Masters et al., 2020; Schücker et al., 2013; Zhu et al., 2011) used 

novices and had them complete a few hundred practice trials (median = 300), probably leaving 

them ample room for improvement during low- and high-pressure conditions totaling nearly 100 

trials on average (median = 90). As the low-pressure condition preceded the high-pressure 

condition in all studies, implicit group participants would be expected to improve from the low- 

to high-pressure condition, as they continued to increase their performance while being shielded 

from the negative effects of psychological pressure. Conversely, comparison group participants 

should have this improvement thwarted by psychological pressure, thus showing little change in 

performance. Interestingly, the implicit group improvement from low- to high-pressure is 
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descriptively stronger in studies where the implicit group was significantly worse than the 

comparison group during low-pressure, suggesting the implicit groups in these studies may have 

had their learning constrained, thereby affording them even more room for improvement in the 

high-pressure condition. Notably, the study wherein the implicit group exhibited the largest 

improvement (Hardy et al., 1996) had a low-pressure condition wherein participants were 

practicing a skill while performing a secondary task, which is thought to restrict learning 

(Masters & Poolton, 2012). 

The implicit learning group’s attenuated advantage in studies with more practice trials 

may be due to increased practice trials providing them more opportunities to make errors and test 

hypotheses about how to correct errors, resulting in accrual of declarative knowledge and, thus, 

the attenuation of their performance advantage under pressure. This explanation is consistent with 

the comparison between Maxwell et al. (2000) and Masters (1992), which shows that implicitly 

trained participants who had more practice trials accrued more declarative knowledge (Maxwell 

et al.) relative to participants who had fewer trials (Masters). Alternatively, the implicit group’s 

fading benefit as a function of practice trials may be due to the comparison group achieving 

greater automaticity with more trials (Kal et al., 2018). It is also worth noting that, with more 

practice trials, participants may become better able to report declarative knowledge use while not 

necessarily using this knowledge for motor control. Irrespective of the explanation for the 

moderating effect of practice trials on implicit learning’s benefit under high-pressure, there is a 

need for more studies with varying numbers of practice trials to determine whether it is indeed 

the case that the implicit learning advantage under pressure is attenuated when skills are acquired 

with many practice trials, as is the case in real-world training settings. 

Although systematic review and meta-analysis results confirm implicit learning’s 

advantage for pressurized performance, meta-analysis results indicate bias with respect to the 
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implicit learning groups. Specifically, a funnel plot reveals an asymmetrical distribution of the 

effect of performing a skill in low- vs. high-pressure conditions (Figure 3A) and a significant 

negative relationship between effect size and precision for the implicit learning groups. The 

funnel plot’s asymmetry seems to be due to an absence of studies with low precision that fail to 

show a benefit for high- vs. low-pressure (i.e., a lack of studies in the lower-right corner of Figure 

3A), which suggests reporting bias (e.g., publication bias, selective outcome and/or analysis 

reporting) (Sterne et al., 2011). For the explicit groups, the funnel plot is symmetrical, resembling 

a horizontal cylinder (Figure 4A) reflecting large heterogeneity (Sterne et al., 2011), and does not 

show a significant relationship between effect size and precision. Taken together, meta-analysis 

results suggest findings from relatively imprecise studies where the implicit group exhibits large 

performance improvement under high-pressure are preferentially reported.  

Results also reveal median sample size per group for studies included in the systematic 

review and meta-analysis is 9, which is below the median sample size per group (11) reported in 

a recent meta-analysis of motor learning studies (Lohse, Buchanan, & Miller, 2016) where the 

authors critiqued the sample sizes as being small and, thus, the studies as being underpowered. 

Small sample sizes are associated with poor study quality and large effect sizes (Sterne et al., 

2011), and underpowered studies have a lower probability of finding a real effect, lower positive 

predictive value (i.e., lower probability that a positive result is real), and a high likelihood of 

overestimating the magnitude of a real effect (Ioannidis, 2005). Thus, future studies should 

improve power by increasing sample size. (Notably, power can also be increased by 

strengthening experimental manipulations, thus providing an incentive to bolster pressure 

manipulations.) To estimate the sample size required to test the implicit learning advantage under 

pressure, we used G*Power 3.1.9.4 (Faul et al., 2009) to conduct an a priori power analysis for a 

hypothetical experiment where researchers want to test for a Group (implicit learning vs. 
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comparison) x Condition (low- vs. high-pressure) interaction. Specifically, we selected the 

ANOVA: Repeated measures, within-between interaction test; assumed common alpha (.05) and 

beta (.20) values; set number of groups and measurements equal to 2 (2 groups measured under 

low- and high-pressure); set the correlation among repeated measures to .50; and set the 

nonsphericity epsilon to 1 (since sphericity cannot be violated in the case of two repeated 

measures). Assuming a medium effect size (f = .25), using f as in Cohen (1988) as recommended 

by G*Power 3.1.9.4., the required sample size per group is 64, more than seven times the median 

sample size used in the studies included in the primary meta-analysis. Thus, studies in the present 

meta-analysis are underpowered, unless the real Group x Condition interaction effect is large (f  ≥ 

.71) (Cohen, 1962). Although the present meta-analysis indicates a large effect (a large 

improvement from low- to high-pressure for the implicit learning group and a negligible decrease 

for the comparison group), results also suggest preferential reporting of findings from studies 

demonstrating large improvements for the implicit group. Therefore, it may be more reasonable 

to assume a medium effect, and, of course, the real effect size may be f < .25, so researchers may 

want to power their studies to detect smaller effects. Since the calculated sample size will be a 

large increase for most researchers, they are encouraged to consider ways to make their data 

collections more efficient, for example by using sequential analyses (Lakens, 2014) . 

The evidence of bias and underpowered studies found in the implicit learning-

performance under pressure literature reflects these problems in the broader motor learning 

literature (Lohse et al., 2016), where some hypotheses from highly cited theories have not been 

confirmed by pre-registered and well-powered studies (Grand et al., 2017; McKay & Ste-Marie, 

2020). Like these hypotheses, the prediction that implicit learning is advantageous for 

performance under pressure requires more rigorous testing before implicit learning should be 

recommended to practitioners (e.g., athletes, coaches). To this point, a recent systematic review 
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found inconsistent evidence that analogy and other implicit learning strategies prevent choking 

under pressure (Gröpel & Mesagno, 2019). Thus, the hypothesis that implicit learning is 

beneficial for performance under pressure requires more thorough testing. Specifically, we 

recommend the hypothesis be tested with well-powered studies and pre-registered experiments or 

registered reports containing a priori hypotheses specifying outcome variables and analysis plans, 

which will reduce reporting bias (Caldwell et al., 2020).  

Besides the evidence suggesting the reviewed studies were underpowered and may have 

been selectively reported, some had other limitations. Specifically, a few studies did not indicate 

participants’ skill level (Masters, 1992), did not use a criterion to define it (Hardy et al., 1996), or 

determined it based on a lax criterion (Bright & Freedman, 1998). Since the nature of the implicit 

learning benefit under pressure may be shaped by participants’ skill level (see earlier discussion), 

it is important to specify it. The fact that no studies counterbalanced the order of the pressure 

conditions is also relevant to the nature of the implicit learning advantage, because always having 

the low-pressure condition precede the high-pressure condition may have allowed the implicit 

learning group participants to improve performance under the latter. Counterbalancing the order 

of conditions would have avoided this issue, but it could have raised others, such as having 

participants’ anxiety in a high-pressure condition carry over to the low-pressure condition.  

The present study had some limitations. First, it included a small number of studies (k = 

10), partially due to the exclusion of those that did not report successfully manipulating 

psychological pressure and/or declarative knowledge. Notably, the addition of these studies did 

not substantially influence the effect of pressure condition on performance of the implicit 

learning or comparison groups. Nonetheless, the small k limits the precision with which we can 

estimate group differences in the effect of pressure condition on performance. Additionally, the 

small k precludes examining between-study factors that may moderate the effect of implicit 
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learning on performance under pressure or explain variance in performance under pressure 

unexplained by group assignment. For example, we were unable to investigate whether effects 

were moderated by the percentage of males/females in a study, which would have been valuable 

to assess given that gender affects performance under pressure (Englert & Seiler, 2020). More 

generally, the individual zones of optimal functioning model predicts that some athletes perform 

worse under pressure, but some perform better, meaning that there are potential individual 

differences that may moderate the effect of implicit learning on performance under pressure and 

that these differences should be considered in future research (Hanin & Syrjä, 1995a, 1995b). The 

small k also means the asymmetrical funnel plot and negative relationship between effect size and 

precision for the implicit learning groups could be due to chance rather than bias (Sterne et al., 

2011). The second limitation is that we had to impute missing data for some of the studies. 

Specifically, 3 of 10 studies did not report performance standard deviations (Hardy et al., 1996; 

Liao & Masters, 2001; Masters, 1992), so we imputed this data with the coefficient of variation 

from the other 7 studies. This technique assumes the standard deviation is associated with the 

other studies’ coefficients of variation (Bracken, 1992). We do acknowledge, though, that all 

studies in the primary analysis were more than 5 years old and the authors may have discarded 

study data. Nonetheless, we highlight the need for future studies to provide their data set and/or 

correlation matrix in open platforms to facilitate future meta-analyses. Taking the present study’s 

limitations together, meta-analyses’ effect size and evidence of bias results are limited by the 

small k, but we believe assumptions about standard deviations coefficients used to calculate 

individual study effect sizes are reasonable and unlikely to have been very influential in the meta-

analyses’ results. 

Conclusion 
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 In conclusion, results confirm the prediction that implicit motor learning benefits 

performance under pressure, with the benefit due to implicit learning improving performance 

under pressure. Crucially, sample size assessment suggests studies are likely underpowered, and 

bias evaluation indicates findings from relatively imprecise studies where the implicit group 

exhibits large performance improvement under high-pressure are preferentially reported. Taken 

together, the present study’s findings reveal some evidence for the prediction that implicit 

learning benefits performance under pressure. To provide stronger evidence, researchers are 

encouraged to conduct more rigorous pre-registered studies with larger sample sizes and stronger 

pressure manipulations as well as report all data needed for future meta-analyses. 
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Chapter 2: Does learning a skill with the expectation of teaching it impair the skill’s 

execution under psychological pressure if the skill is learned with analogy instructions? 

Introduction 

 Determining practice conditions that enhance motor learning is important to facilitate 

motor behavior. The value of practice conditions that enhance motor learning depends on 

whether the learning benefits are transferred to novel contexts (Schmidt & Lee, 2019), 

particularly those likely to be encountered while performing the skill and those with high 

importance. For example, a practice condition may improve a learner’s encoding and 

consolidation of a skill, however the practice condition’s efficacy is limited if the skill cannot be 

successfully retrieved and performed in high-stakes environments, under psychological pressure. 

As many skills must be performed in high-stakes environments, such as sports competition, it is 

crucial to determine practice conditions that enhance learning and preserve learning benefits 

under psychological pressure. Recently, Daou, Hutchison et al. (2019) revealed that practicing a 

motor skill with the expectation of teaching it to another person loses its benefit when the learned 

skill is performed under psychological pressure. Therefore, the purpose of the present study was 

to determine whether the expecting to teach approach can be modified to preserve its learning 

advantage, and, in so doing, shed light on the mechanisms underlying the loss of the benefit 

under psychological pressure. 

 Some initial research of the expecting to teach approach showed that when participants 

study academic information with the expectation of teaching it, they exhibit augmented learning 

(Bargh & Schul, 1980; Benware & Deci, 1984; Nestojko, Bui, Kornell, & Bjork; 2014). 

However, other studies failed to reveal this effect (Renkl, 1995; Ross & Di Vesta, 1976) or 

demonstrated ambiguous learning effects (enhancements on short-term, but not long-term, test 

performance; Fiorella & Mayer, 2013; Fiorella & Mayer, 2014). Daou, Buchanan, Lindsey, 
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Lohse, and Miller (2016) conducted the first investigation into whether expecting to teach 

enhances learning of motor skills, which rely more heavily on procedural knowledge than 

academic information does (Rosenbaum, Carlson, & Gilmore, 2001). Daou, Buchanan et al. 

observed having learners practice and study a motor skill with the expectation of teaching it to 

another person enhanced skill learning in comparison to having learners practice and study a skill 

with the expectation of being tested, and this effect has been replicated several times (Daou, 

Hutchison et al., 2019; Daou, Lohse, & Miller, 2016; Daou, Lohse, & Miller, 2018; Daou, 

Rhoads, Jacobs, Lohse, & Miller, 2019). Although research has failed to reveal the mechanisms 

underlying the learning benefit of expecting to teach, studies have consistently shown that the 

learning advantage occurs concomitant to large gains in declarative knowledge about the learned 

skill (Daou et al., 2018; Daou, Buchanan et al., 2016; Daou, Hutchison et al., 2019; Daou, Lohse 

et al., 2016; Daou, Rhoads et al., 2019). As motor skills acquired with large gains in declarative 

knowledge are highly susceptible to decrement under psychological pressure (Hardy, Mullen, & 

Jones, 1996; Koedijker, Oudejans, & Beek, 2007; Lam, Maxwell, & Masters, 2009a, 2009b; Liao 

& Masters, 2001; Masters, 1992), it was unsurprising that Daou, Hutchison et al. (2019) revealed 

that the expecting to teach benefit vanished under psychological pressure, due to participants who 

practiced with the expectation of teaching ‘choking’ in a high-pressure post-tes. Daou, Hutchison 

et al. concluded that participants who practiced with the expectation of teaching choked likely 

due to their accrual of declarative knowledge while practicing, however the authors were unable 

to provide evidence to support this conclusion. Nonetheless, their conclusion is consistent with 

reinvestment theory (Masters & Maxwell, 2008), which contends that dispositional and 

situational factors, such as psychological pressure, trigger individuals to use declarative 

knowledge acquired earlier in learning to attempt to consciously monitor and control practiced 

movements. This focus of attention on movement, ironically, impairs performance (Wulf, 2013). 
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Critically, learners who accrue more declarative knowledge during skill practice are more likely 

to exhibit performance decrement under pressure, because they have more declarative knowledge 

to ‘reinvest’ in motor control.  

A corollary of reinvestment theory is that motor skills learned relatively implicitly, with 

minimal gains in declarative knowledge, should be resilient to psychological pressure (Maxwell 

& Masters, 2008), and research generally supports this proposition (Hardy et al., 1996; Koedijker 

et al., 2007; Lam et al., 2009a, 2009b; Liao & Masters, 2001; Masters, 1992). An effective 

strategy to encourage implicit motor learning is to provide learners with an analogy about how to 

perform the skill rather than explicit rules, strategies, and techniques regarding skill performance 

(Lam et al., 2009a, 2009b; Liao & Masters, 2001). With an analogy, declarative knowledge about 

multiple rules is reduced into a single, comprehensive rule. For example, Lam et al. (2009a) 

instructed participants in an analogy practice condition to “shoot as if you are trying to put 

cookies into a cookie jar on a high shelf” (p.344) while practicing a basketball free throw, 

whereas participants in an explicit practice condition group were instructed to follow a list of 

eight specific rules while practicing. Participants in both conditions performed low- and high-

pressure post-test and were asked to recall free-throw shooting rules. Participants who practiced 

in the analogy condition reported fewer rules, indicative of more implicit learning, and performed 

equally well under low- and high-pressure post-test, whereas the explicit condition group 

performed worse under the high-pressure than the low-pressure post-test (i.e., they choked under 

pressure). 

Since the expecting to teach approach is a practical way to enhance motor learning, it 

would be beneficial to determine a way to maintain the learning advantage under psychological 

pressure. As Daou, Hutchison et al. (2019) attributed the choking effect exhibited by participants 

who practiced with the expectation of teaching to the accrual of declarative knowledge, a 
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promising means to prevent the choking effect is to promote implicit learning by instructing 

learners to use an analogy to practice a motor skill rather than a list of rules. Indeed, Daou, 

Hutchison et al. asked participants to study an instruction booklet containing a list of rules to 

follow while practicing the skill, likely prompting learners who expected to teach to attend to the 

rules so that they could disseminate them to another person; an analogy instruction would reduce 

this attention to rules. Importantly, it is unlikely that minimizing the accrual of declarative 

knowledge by learners who expect to teach will reduce their learning advantage, as declarative 

knowledge has been found to not significantly relate to motor learning in an expecting to teach 

paradigm (Daou, Buchanan et al., 2016). Even with analogy instructions, it is possible that 

learners who expect to teach could accrue greater declarative knowledge by engaging in more 

learning activities, such as discovery learning and hypothesis testing, than those who expect to 

test. Nonetheless, the practical question of whether the choking effect associated with the 

expecting to teach approach is prevented by using analogy instructions can still be answered.  

The present study investigated whether having learners practice a motor skill with the 

expectation of teaching it and using an analogy to practice it preserves the learning advantage of 

expecting to teach under psychological pressure. Specifically, participants were assigned to four 

groups. One group practiced with the expectation of teaching a motor skill and received an 

analogy instruction (teach/analogy); one group practiced with the expectation of teaching the skill 

and received specific explicit rules related to the skill (teach/explicit); one group practiced with 

the expectation of being tested on the skill and received an analogy instruction (test/analogy); and 

one group practiced with the expectation of being tested on the skill and received explicit rules 

about the skill (test/explicit). One day after skill practice (6 blocks of 10 putts on a single day), all 

groups performed low- and high-pressure post-test. With this 2 (Expectation: teach/test) x 2 

(Instruction: analogy/explicit) x 2 (Post-test: low-pressure/high-pressure) design, we predicted a 
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3-way interaction. In particular, we predicted participants in the teach groups would exhibit 

superior post-test performance on the low-pressure post-test relative to their test group 

counterparts, but the effect of expecting to teach on performance in the high-pressure post-test 

would be moderated by instruction. Specifically, expecting to teach would be advantageous for 

participants who trained with analogy instructions, but not for participants who trained with 

explicit instructions. This result would indicate that practicing a motor skill with the expectation 

of teaching and an analogy imparts a learning advantage that can be manifested in a high-stakes 

environment. Crucially, this result would also strongly suggest that the reason learners who 

practice with the expectation of teaching choke under pressure is due to their accrual of 

declarative knowledge while practicing, thus addressing a shortcoming of Daou, Hutchison et al. 

(2019). However, if the choking effect associated with the expecting to teach approach is not 

prevented by employing analogy instructions, this would not eliminate the possibility that the 

choking effect is caused by the accrual of declarative knowledge. Specifically, learners who 

practice with the expectation of teaching may accrue a relatively large amount of declarative 

knowledge despite receiving analogy instructions and use this knowledge during the high-

pressure post-test. Importantly, we can use free recall tests of declarative knowledge use during 

the high-pressure post-test to shed light on this possibility. 

Methods 

The study’s data, code, questionnaires, putting instructions and supplementary material 

are publicly available at https://osf.io/vpr92/. 

Sample 

 Men and women between the ages of 18 and 30 years participated in the study and could 

receive course credit for participation. This demographic was convenient to the investigators and 
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has been used in similar past studies (e.g., Daou, Hutchison et al., 2019). Participants must had 

putted (anything from playing miniature golf to playing 18 holes on a standard golf course) 

between one and thirty times in their lifetime and not more than twenty times in the past year. 

Participants with this amount of experience were most sensitive to the expecting to teach and 

pressure manipulations in past experiments (Daou, Hutchison et al., 2019). Since these 

participants had at least minimal putting experience, the instructions and practice likely afforded 

them an opportunity to improve their skill by internalizing the analogy/explicit rules rather than 

guiding them through a completely novel movement, and participants who expected to teach may 

especially have taken advantage of this opportunity in preparation for their teaching episode. 

Participants must have been free from physical illness, injury, or disability that could make 

putting difficult. Participants were asked to refrain from alcohol/drug consumption within 24 hr 

of both days of the study, caffeine consumption within 3 hr of both days of the study, and to get a 

good amount of sleep the night before each day of the study while also trying to get the same 

amount of sleep each night. 

Sample Size Calculation 

Since our study was novel, we were unable to estimate the effect size for an Expectation x 

Instructions x Post-test interaction. Thus, we powered our study to detect an Expectation x Post-

test interaction, which we estimated to be medium (η2
p = .093) in our sample, based on the effect 

size observed in our past research among participants who met the inclusion and outlier criteria 

for the present study (Daou, Hutchison et al., 2019). We powered the study to detect this 

interaction because the given instructions to the participants should moderate it to a relatively 

large degree, based on past research investigating the effects of instructions on post-test 

performance (Lam et al., 2009a; Liao & Masters, 2001). To do the power analyses, we used 

G*Power 3.1.9.2 (Faul, Erdfelder, Lang, & Buchner, 2007) and entered the aforementioned effect 
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size (as in SPSS) along with the following parameters: α = .05, power = .9, number of groups = 4, 

number of measurements = 2, and nonsphericity correction ɛ = 1 into an ANOVA with repeated-

measures testing for a within-between interaction. The required sample size was determined to be 

148, but we decided to collect data from 164 participants to account for data loss (e.g., participant 

dropout, problems with data entry). We determined the final sample submitted to statistical 

analysis would include at least 148 participants, and we would ensure equal n in each group (by 

recruiting additional participants, if necessary). In terms of data exclusion, we decided to only 

exclude participants if there was a technical error in recording their putts at the post-test or if one 

of their average low- or high-pressure post-test radial error values had a z-score > 3.00. In the 

latter case, we decided to report the primary statistical results with and without the inclusion of 

the participant. 

Task 

 All participants used a standard (88.9 cm) golf putter to putt a standard golf ball from a 

starting position indicated by a 5 cm line painted in white washable paint on an artificial grass 

surface to a target cross (+) comprised of two 10.8 cm lines painted in white washable paint and 

located 300 cm away from the starting position (Daou, Hutchison et al., 2019). Participants’ 

objective was to make the ball stop as close to the center of the target as possible.  

Procedure 

All participants completed the experiment individually. After consenting to the 

experiment, participants completed a demographics questionnaire asking their sex, age, putting 

experience, any illness, injury, or disability that could make putting difficult, whether they 

consumed alcohol/drugs within the last 24 hr, whether they consumed caffeine within the last 3 

hr, and how long they slept the previous night. (All questionnaires can be found on the Open 

Science Framework (https://osf.io/vpr92/), see Questionnaires and Instructions component.) Once 
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the experimenter confirmed that the participants met the inclusion criteria (see Sample section), 

participants completed the Movement Specific Reinvestment Scale (Masters, Eves, & Maxwell, 

2005). The Movement Specific Reinvestment Scale is frequently used to examine individual 

tendencies to reinvest in motor control (Huffman, Horslen, Carpenter, & Adkin, 2009; Kal, van 

der Kamp, Houdijk, Groet, Bennekom, & Sherder, 2015; Klämpfl, Lobinger, & Raab, 2013; 

Malhorta, Poolton, Wilson, Ngo, & Masters, 2012; Vine, Moore, Cooke, Ring, & Wilson, 2013) 

and possesses good psychometric properties (Masters et al., 2005). The Movement Specific 

Reinvestment Scale consists of the conscious motor processing and movement self-consciousness 

subscales, which ask participants to indicate how strongly they agree with statements related to 

their tendency to attempt to control their movements and monitor their movements, respectively. 

Participants responded on a 6-point scale anchored by "strongly disagree" and "strongly agree". 

The Movement Specific Reinvestment Scale data were collected because it was possible that they 

would be used to explore whether individual tendencies toward reinvestment explained residual 

variance in the model, thus increasing the amount of variance explained by the other factors in 

the model, as was the case in Daou, Hutchison et al. (2019). Next, participants put a 

physiological monitoring device around their chest (BioHarness 3.0, Zephyr Technology, 

Annapolis, MD) to get used to wearing it, which they were asked to do the following day as well. 

Physiological data such as heart rate and heart rate variability were collected because it was 

possible that they would be extracted from the device for supplemental/exploratory analyses. 

Pretest 

After completing the demographics questionnaire, participants performed the pretest 

phase, which consisted of one block of ten putts. 

Practice 
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After pretest, participants were quasi-randomly assigned (based on sex) to the 

teach/analogy, teach/explicit, test/analogy, or test/explicit groups, and the corresponding 

expectation manipulation occurred. Participants in the teach groups were told, “Tomorrow you 

will teach another participant how to putt,” and participants in the test group were told, 

“Tomorrow you will be tested on your putting skills.” Next, the instruction manipulation 

occurred. Participants in the analogy groups read the following: “Keep your body still like a 

grandfather clock and use your arms the same way that the pendulum of the clock operates. (A 

pendulum is a weight hung from a fixed point so that it can swing freely backward and forward. 

[See diagram on the right].)” (Vine et al., 2013). Participants in the explicit groups read the 

following:  

"1. Take your stance with your legs shoulder-width apart. 

2. Set your position so that your head is directly above the ball looking down. 

3. Keep your clubhead square to the ball. 

4. Allow your arms and shoulders to remain loose. 

5. In the putting action, your arms should swing freely backward and forward 

from your body, which should be still. Make sure that you accelerate through the 

ball. 

6. After contact, follow through but keep your head still and facing down" 

(adapted from Vine et al., 2013). (For instruction sheets participants read, see 

https://osf.io/vpr92/, Questionnaires and Instructions.) 

Participants in all groups had 2 min to read and study the analogy or explicit instructions 

(Daou, Hutchison et al., 2019). Next, participants completed the practice phase by performing six 

blocks of ten putts, taking a 1 min break between each block (participants sat in a chair during the 

breaks). When participants stopped practicing, they completed the Intrinsic Motivation Inventory 
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(Ryan, 1982). Intrinsic Motivation Inventory data were collected because it was possible that they 

would be used for exploratory analyses. 

Post-test 

Twenty-two to twenty-six hours after completing pretest and practice, participants 

returned to complete the experiment. Participants responded to the demographics questionnaire 

questions about drug/alcohol use, caffeine use, and previous night sleep. Participants in the teach 

groups were told, “The participant who you were going to teach did not show up today, so you 

will actually be tested on your putting instead.” Then, participants put on the physiological 

recording device. Next, they completed low-pressure and high-pressure tests in counterbalanced 

order. For the low-pressure test, the experimenter told participants, “In this set of ten putts, your 

goal is to make the ball stop as close to the center of the target as possible. Please, try to do the 

best you can.” For the high-pressure test, the experimenter told participants, “In the next set of 

ten putts, you will be recorded and critically analyzed by a golf expert who will give you a 

grade.” The experimenter affixed an iPad to the edge of a table, approximately 45° to the right 

and 225 cm in front of participants. The iPad’s screen faced participants so that they could see 

themselves being recorded. After the iPad was set-up, the experimenter told participants, “The 

combination of the golf expert grade and your performance during this set will allow you to 

compete against the rest of the participants for the 1st prize of $50, 2nd prize of $40, 3rd prize of 

$30, 4th prize of $20, and 5th prize of $10. In summary, you will be putting for money.” As the 

experimenter explained the rewards, he took an envelope from a cabinet, pulled money from it, 

and displayed the potential monetary rewards to participants, after which he placed the money on 

a 91-cm high countertop, approximately 30° to the left and 100 cm in front of participants. Our 

pressure manipulation involved two types of pressure revealed to elicit choking in previous 

studies: performance-contingent outcomes and monitoring by others (e.g., DeCaro et al., 2011).  
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After each post-test, participants completed the Revised Competitive State Anxiety 

Inventory-2 (Cox, Martens, & Russell, 2003) to determine manipulation efficacy. The Revised 

Competitive State Anxiety Inventory-2 is frequently used to assess anxiety in motor skill studies 

(Allsop & Gray, 2014; Elliot, Polman, & Taylor, 2014; Kinrade, Jackson, & Ashford, 2015; 

Kuan, Morris, Kueh, & Terry, 2018; Mullen, Jones, Oliver, & Hardy, 2016) and possesses good 

psychometric properties (Cox et al., 2003). The cognitive and somatic anxiety subscales were of 

interest since the pressure manipulation was intended to modulate anxiety. (Nonetheless, 

participants completed the self-confidence subscale as well) (Jackson, Ashford, & Norsworthy, 

2006.) The cognitive and somatic anxiety subscale items ask participants to report how much 

they are currently feeling various indicators of anxiety. All responses were made by reporting a 

number between 0 and 100 on a scale with “not at all” corresponding to 0, followed by 

“somewhat”, then “moderately so”, and finally “very much so”, which corresponds to 100.  

After finishing post-test, participants completed a free recall test to measure declarative 

knowledge use. Specifically, participants were asked to report, in as much detail as possible, any 

rules, methods, or techniques they recall using to putt during the high-pressure post-tes. This type 

of free recall test is frequently used to assess declarative knowledge in motor skill studies (Daou, 

Buchanan et al., 2016; Daou, Lohse et al., 2016; Daou et al., 2018; Maxwell, Masters, & Eves, 

2000; Maxwell, Masters, Kerr, & Weedon, 2001; Zhu, Poolton, Wilson, Maxwell, & Masters, 

2011). 

Data Processing 

Putting 

Putts were recorded with an iPad mounted to the ceiling above the target cross. We 

measured the ball’s location relative to the target using a custom-developed program written in 

the National Instruments LabVIEW graphical programming language by Neumann and Thomas 
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(2008). Putting accuracy was indexed by recording radial error as recommended by Hancock, 

Butler, and Fischman (1995): , where x and y represent the 

magnitude of error along the respective axes (i.e., how far away from the target cross the ball 

stopped in the horizontal and vertical directions). Precision was indexed by recording bivariate 

variable error as recommended by Hancock et al.: 

, where k = trials in a 

block and c = centroid along the given axis (x or y) for that block. Radial error and bivariate 

variable error were calculated over pretest (10 putts) with the possibility that they could be used 

as covariates in exploratory analyses. Crucially, we did not plan to use either as an a priori 

covariate. Radial error and bivariate variable error were calculated for the first, third, and sixth 

blocks of the practice phase to get a glimpse into improvement during performance without 

overly slowing data processing. To assess motor learning and choking under pressure, radial error 

and bivariate variable error were calculated for the low- and high-pressure post-test. (For 

Neumann and Thomas’s LabVIEW program to measure the distance of the ball to the target, and 

our Python code to import these distances, calculate radial error and bivariate variable error, and 

create a data frame with the error scores, see https://osf.io/vpr92/, Code to Measure Putt Location 

and Calculate Error Scores.) 

Self-Reported Anxiety 

Cronbach’s α was calculated to determine the reliability of the Competitive State Anxiety 

Inventory-2 cognitive and somatic anxiety subscales for the low- and high-pressure post-test. If 

reliability was good (αs ≥ .700), then items would be averaged within the subscales. Next, a 

Pearson’s correlation coefficient was calculated between the cognitive and somatic anxiety 
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subscales for each post-test, and if r ≥ .500, the subscales would be averaged together for each 

post-test. Otherwise, the subscales would not be combined for statistical analysis.  

If the subscales did not exhibit good reliability, then physiological data would serve as the 

primary measure of anxiety. Specifically, Bioharness data would be extracted and analyzed using 

Omnisense software (Zephyr Technology, Annapolis, MD). Heart rate would be averaged from 

the time participants were read test instructions until they completed the test for the low- and 

high-pressure post-test. Heart rate variability (root mean square of successive differences and 

high frequency [0.150 – 0.400 Hz]) would also be assessed for these same periods.  

Free Recall 

Two indices of declarative knowledge use were extracted from participants’ responses on 

the free recall test. First, ‘all concepts’ referred to the number of statements about a concept (rule) 

(e.g., “I held my left hand over above my right”), ignoring statements irrelevant to technical 

performance (e.g., “I was told to putt ten times to the target”). Second, hypothesis testing referred 

to statements indicating that the participant had tested hypotheses related to their putting stroke 

(e.g., “I adjusted the swing path of the putter after each missed ball” or “I tried to keep my head 

still throughout my putting stroke”). That is, hypothesis testing statements were those that 

indicated the participant made a prediction about the relationship between their putting 

movement and putt outcome (Maxwell et al., 2001). We ignored retrospective statements (e.g., "I 

held my left hand above my right" or "My feet were shoulder-width apart") that may not have 

been used or thought about while putting, and we also ignored statements irrelevant to technical 

performance.  

Movement Specific Reinvestment Scale 

Cronbach’s α was calculated to determine the reliability of the Movement Specific 

Reinvestment Scale. Daou, Hutchison et al. (2019) found the Movement Specific Reinvestment 
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Scale had good reliability when all items were considered as one scale rather than dividing the 

Movement Specific Reinvestment Scale into its movement self-consciousness and conscious 

motor processing subscales. Further, we did not expect that either subscale should account for 

more residual variance in our data than the other subscale. Thus, we assessed the reliability across 

all items and summed them into a single scale if α ≥ .700. If the Movement Specific 

Reinvestment Scale had an α < .700, then we would not consider conducting exploratory analyses 

with it. 

Statistical Analysis 

 We conducted a 2 (Expectation) x 2 (Instructions) ANOVA with pretest radial error 

serving as the dependent variable. If the η2
ps of the main effects or interaction ≥ .0099 

(Richardson, 2011), then pretest putting performance would be included as a covariate in all 

subsequent analyses involving putting performance. 

Our primary analysis of interest was a 2 (Expectation) x 2 (Instructions) x 2 (Post-test) 

mixed-factor ANOVA with repeated-measures on the last factor, and radial error serving as the 

dependent variable. This follows because radial error (accuracy) was more sensitive to the 

Expectation x Post-test interaction observed by Daou, Hutchison et al. (2019) and reflects the 

objective of the putting task (accuracy with respect to target). Nonetheless, we conducted a 

secondary analysis using the same model with bivariate variable error serving as the dependent 

variable. We predicted an Expectation x Instructions x Post-test interaction, which would be 

followed up with separate 2 (Expectation) x 2 (Instructions) ANOVAs for the low- and high-

pressure post-test. For the low-pressure post-test, we predicted a main effect of expectation, such 

that the teach groups would exhibit lower radial error (greater accuracy) than the test groups. For 

the high-pressure post-test, we predicted an Expectation x Instructions interaction. We would 

follow up this interaction with separate one-tailed t-tests (expectation) for the analogy and 
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explicit groups. For the analogy groups, we predicted a significant effect of expectation, such that 

the teach/analogy group would exhibit lower radial error than the test/analogy group. For the 

explicit groups, we did not predict a significant effect of expectation. Movement Specific 

Reinvestment Scale score and/or pretest error scores would be considered for use as 

covariates/between-subjects factors in exploratory analyses of putting data. 

To assess practice performance, we conducted a 2 (Expectation) x 2 (Instructions) x 3 

(Block: 1/3/6) mixed-factor ANOVA with repeated-measures on the last factor separately for 

radial error and bivariate variable error. We predicted a main effect of block, such that 

participants would exhibit a linear decrease in radial error and bivariate variable error as a 

function of block (Daou, Hutchison et al., 2019). 

To assess anxiety, we conducted a 2 (Expectation) x 2 (Instructions) x 2 (Post-test) 

mixed-factor ANOVA, with repeated-measures on the last factor and the total Revised 

Competitive State Anxiety Inventory-2 score serving as the dependent variable. If cognitive and 

somatic anxiety were not strongly correlated (see Self-Reported Anxiety section), then we would 

conduct a MANOVA instead, with the Revised Competitive State Anxiety Inventory-2 cognitive 

and somatic anxiety subscales serving as dependent variables. We predicted a main effect of post-

test, with higher anxiety occurring on the high-pressure post-test. If heart rate and heart rate 

variability needed to be used to assess anxiety, they would be submitted to a 2 (Expectation) x 2 

(Instructions) x 2 (Post-test) MANOVA.  

 To assess declarative knowledge use during high-pressure post-test, a 2 (Expectation) x 2 

(Instructions) MANOVA was conducted with all concepts and hypothesis testing free recall 

scores serving as the dependent variables. We predicted an Expectation x Instructions interaction 

for all concepts (Daou, Hutchison et al., 2019). We would then conduct separate one-tailed t-tests 

(expectation) for the analogy and explicit groups. For the explicit groups, we predicted that teach 
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participants would recall using more concepts than test participants. We do not predict an effect 

for the analogy groups. 

 The mixed-factor ANOVAs should be robust to violations of homogeneity of variance 

since we ensured equal ns. For the practice performance ANOVA, which has three levels of the 

repeated-measure, we would apply the Greenhouse-Geisser correction if sphericity was violated. 

Although ANOVAs should be robust to violations of normality, the one-tailed t-tests that follow 

them may not be (Field, Miles, & Field, 2012). Thus, we tested for violations of normality using 

the Shapiro-Wilk test and Q-Q plots, both of which we would consider when determining 

whether the data were non-normal. Since data from similar past research (Daou, Hutchison et al., 

2019) suggests a positive skew is possible, a natural log transformation would be applied to data 

exhibiting a non-normal distribution. To test MANOVA assumptions, a Box test was used to 

assess homogeneity of covariance matrices, and a Shapiro test was used to determine multivariate 

normality. If these tests failed, then multiple ANOVAs would be conducted instead of 

MANOVAs. 

 We would conduct sensitivity analyses excluding participants who consumed 

alcohol/drugs within 24 hr of the first or second day of the experiment, caffeine within 3 hr of the 

first or second day of the experiment, or reported differences in sleep duration >2 hr between the 

night before the first and second day of the experiment. If the statistical significance of results of 

the primary analysis did not change when excluding these participants, then they would remain in 

the dataset. If the statistical significance of results of the primary analysis did change when 

excluding these participants, then they will be removed, and we would recruit additional 

participants to ensure N = 148 with equal ns per group. 
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The Auburn University Institutional Review Board approved the study (Protocol #20-519 

EP 2011) on December 12, 2020. Data collection began on March 8, 2021 and finished on April 

14, 2022. 

Results 

Descriptive Data 

 We collected data from 164 participants. However, 11 were excluded due to dropping out 

(n = 3), playing golf more than 30 times in their lifetime (n = 3), having missing post-test 

performance data (n = 1), showing up for post-test more than 26 hr after pretest and practice (n = 

2), or not being able to complete data collection (n = 2). We then collected data from 3 extra 

participants to ensure equal sample sizes per group, resulting in 39 participants per group and a 

total sample size of 156 participants. Data for statistical analysis and trial-by-trial putting data4 

can be found at https://osf.io/vpr92/, Data. R Markdown files showing all statistical analyses and 

results can be found at https://osf.io/vpr92/, R Markdown files for Statistical Analyses and 

Results. After computing z-scores for low- and high-pressure post-test, four participants were 

identified as outliers and excluded. Thus, our results are based on analyses of 152 participants. 

Results of the primary statistical analyses with the four outliers included can be found at 

https://osf.io/vpr92/, Supplemental Results. Table 1 shows age, sex, and putting experience data 

by group.  

 

 
4 Please note the following about missing data. For pretest, four participants (IDs 45, 74, 114, and 142) are missing a 

datapoint due to a missing photograph of a putt. One participant (ID 82) shot all putts in practice block 1 out of the 

frame of the iPad and we did not have time to measure the putts by hand, so all datapoints for this participant for this 

block are missing. For practice block 1, five participants (IDs 10, 76, 98, 135, and 157) are missing a datapoint due 

to a missing photograph of a putt. For practice block 6, seven participants (IDs 75, 76, 98, 111, 116, 134, and 144) 

are missing a datapoint due to a missing photograph of a putt. For high-pressure post-test, one participant (ID 11) is 

missing a datapoint due to a missing photograph of a putt. 
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Table 1 

Age, Sex, and Putting Experience by Group 
 Teach/Analogy Teach/Explicit Test/Analogy Test/Explicit 

 (n = 38; 21 females) (n = 39; 24 females) (n = 38; 21 females) (n = 37; 24 females) 

 M SD M SD M SD M SD 

Age (Years) 20.82 1.78 20.69 1.84 21.47 2.69 20.59 2.13 

Lifetime Putting Experiencea 1.55 0.76 1.62 0.75 1.63 0.75 1.43 0.65 

Past-Year Putting Experiencea 0.74 0.45 0.82 0.51 0.74 0.60 0.62 0.49 

Note: a0 = Never putted; 1 = Putted 1 – 10 times; 2 = Putted 11 – 20 times; 3 = Putted 21 – 30 times. 
 

Putting Accuracy 

Post-Test 

Although the Shapiro-Wilk tests for low- and high-pressure post-test radial error data 

were significant (low-pressure post-test: W(152) = .96, p < .001; high-pressure post-test: W(152) 

= .97, p = .006), the Q-Q plots were fairly linear (Figure S1). To further investigate normality, we 

considered skewness and kurtosis values, which were modest (low-pressure post-test: skewness = 

0.83, kurtosis = 0.88; high-pressure post-test: skewness = 0.63, kurtosis = 0.81). Thus, we 

concluded that data did not require a transformation to approximate normality. The 2 

(Expectation) x 2 (Instructions) ANOVA with pretest radial error serving as the dependent 

variable revealed the main effect of expectation to be η2
p = .02 (p = .141), the main effect of 

instructions to be η2
p < .01 (p = .327), and the Expectation x Instructions interaction to be η2

p < 

.01 (p = .961). Since the main effect of expectation was η2
p ≥ .0099, we included pretest radial 

error as a covariate in the analyses.5 

 
5 In hindsight, our pre-registered plan to include pretest radial error as a covariate if the size of the group main effects 

or interaction exceeded a particular value was not ideal because ANCOVA assumes the covariate is independent 

from the treatment effect (Field et al., 2012). However, we decided to follow our pre-registered plan since pretest 

radial error did not significantly differ as a function of treatment. Additionally, since our main statistical analyses 

were ANCOVAs, we tested the homogeneity of regression slopes assumption for each model to determine whether 

the covariate (pretest radial error) significantly interacted with any of the independent variables (expectation, 

instructions, and post-test) or their interaction terms. Specifically, for each ANCOVA with post-test radial error 

serving as the dependent variable, we added an interaction term for pretest radial error and each other independent 

variable, and, when applicable, an interaction term for pretest radial error and each interaction between the other 

independent variables, then reran the model. Importantly, results showed that pretest radial error did not significantly 
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The primary analysis, a 2 (Expectation) x 2 (Instructions) x 2 (Post-test) mixed-factor 

ANCOVA with repeated-measures on the last factor, post-test radial error serving as the 

dependent variable, and pretest radial error serving as the covariate showed main effects of 

expectation (F(1, 147) = 4.05, p = .046, η2
p = .03) and instructions (F(1, 147) = 6.87, p = .01, η2

p 

= .05) as well as an Instructions x Post-test interaction (F(1, 147) = 18.25, p < .001, η2
p = .11). As 

predicted, these effects were superseded by an Expectation x Instructions x Post-test interaction 

(F(1, 147) = 8.62, p = .004, η2
p = .06). There were no other significant effects for this ANCOVA 

(post-test: p = .493, η2
p < .01; Expectation x Post-test: p = .170, η2

p = .01; Expectation x 

Instructions: p = .377, η2
p < .01). The subsequent Expectation x Instructions ANCOVA for the 

low-pressure post-test revealed the predicted main effect of expectation (F(1, 147) = 5.72, p = 

.018, η2
p = .04), such that participants who practiced with the expectation of teaching exhibited 

lower radial error than those who practiced with the expectation of being tested (Figure 1). There 

were no other significant effects for this ANCOVA (instructions: p = .499, η2
p < .01; Expectation 

x Instructions: p = .247, η2
p < .01). The Expectation x Instructions ANCOVA for the high-

pressure post-test showed a main effect of instructions (F(1, 147) = 23.19, p < .001, η2
p = .14), 

which was superseded by the predicted Expectation x Instructions interaction (F(1, 147) = 6.71, p 

= .011, η2
p = .04). The main effect of expectation was not significant (p = .493, η2

p < .01). To 

continue using pretest radial error as a covariate, we employed univariate ANCOVAs 

(expectation), rather than the planned one-sided t-tests (expectation), for the analogy and explicit 

instructions groups. As predicted, results revealed that participants who practiced with the 

expectation of teaching and analogy instructions exhibited lower radial error than those who 

 
interact with any of the other independent variables or their interaction terms in any of the models (ps ≥ .066, η2

ps < 

.03). The analyses described above can be found in the R Markdown file (https://osf.io/vpr92/, R Markdown Files for 

Statistical Analyses and Results). 
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practiced with the expectation of being tested and analogy instructions (F(1, 73) = 6.98, p = .01, 

η2
p = .09), whereas participants who practiced with the expectation of teaching and explicit 

instructions did not have significantly lower radial error than those who practiced with the 

expectation of being tested and explicit instructions (p = .249, η2
p = .02) (Figure 1). 

Figure 1. 

Putting Accuracy as a Function of Group and Phase 

 

Note. Radial error (y-axis) represents putting accuracy, with lower values indicating greater accuracy. Study phase 

(x-axis) shows pretest, practice blocks 1, 3, and 6, as well as low-pressure (LP) and high-pressure (HP) post-test. 

Each rectangular box represents the interquartile range, and the horizontal line in the middle of each box identifies 

the median. The lines extending from each rectangular box are 1.5 x the interquartile range. Each dot represents an 

individual data point. 

Practice 

The 2 (Expectation) x 2 (Instructions) x 3 (Block) mixed-factor ANCOVA with repeated-

measures on the last factor, practice radial variable error serving as the dependent variable, and 
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pretest radial variable error serving as the covariate did not reveal significant effects (block: p = 

.102, η2
p = .02; expectation: p = .195, η2

p = .01; instructions: p = .764, η2
p < .01; Expectation x 

Block: p = .191, η2
p = .01; Instructions x Block: p = .714, η2

p < .01; Expectation x Instructions: p 

= .666, η2
p < .01; Expectation x Instructions x Block: p = .107, η2

p = .02).6 

Self-Reported Anxiety 

 Cronbach’s α for Competitive State Anxiety Inventory-2 cognitive and somatic anxiety 

subscales was .85 and .89 for low-pressure post-test, and .85 and .89 for the high-pressure post-

test, respectively. Thus, we averaged items within the subscales. The correlation coefficient 

between the cognitive and somatic anxiety subscales for low-pressure post-test was r = .63 and 

for high-pressure post-test it was r = .64, so we averaged the subscales together for each post-test. 

As predicted, the 2 (Expectation) x 2 (Instructions) x 2 (Post-test) mixed-factor ANOVA with 

repeated measures on the last factor and averaged self-reported anxiety serving as the dependent 

variable showed a main effect of post-test (F(1, 148) = 136.03, p < .001, η2
p = .48), such that 

participants reported more anxiety during the high-pressure post-test relative to the low-pressure 

post-test (Table 2). No other effects were significant (expectation: p = .589, η2
p < .01; 

instructions: p = .667, η2
p < .01; Expectation x Instructions: p = .983, η2

p < .01; Expectation x 

Post-test: p = .790, η2
p < .01; Instructions x Post-test: p = .650, η2

p < .01; Expectation x 

Instructions x Post-test: p = .372, η2
p < .01).  

 

 

 

 
6 We predicted a main effect of block on radial error during practice, but our ability to detect this effect was likely 

constrained by including a covariate of pretest radial error, which explained a substantial amount of variance in 

radial error during practice (p < .001, η2
p = .21), reducing the amount of variance that could be explained by block. 
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Table 2. 

Self-Reported Anxiety by Post-Test and Group 
 Teach/Analogy Teach/Explicit Test/Analogy Test/Explicit 

 M 95% CI M 95% CI M 95% CI M 95% CI 

Low-Pressure Anxiety 20.07 15.16 – 24.99 19.31 14.51 – 24.11 19.64 14.26 – 25.02 17.47 13.28 – 21.65 

High-Pressure Anxiety 30.52 23.85 – 37.19 29.01 24.67 – 33.34 28.12 21.89 – 34.35 28.23 22.19 – 34.27 

 

Free Recall 

 Data from one participant was illegible, so we removed it from the dataset. The 

multivariate Shapiro-Wilk test revealed that the multivariate normality assumption was violated 

(W(151) = .75, p < .001), and the Box test showed that covariance matrices were not homogenous 

(M(9) = 29.1, p < .001). Therefore, we proceeded with two separate 2 (Expectation) x 2 

(Instructions) ANOVAs with all concepts and hypothesis testing serving as dependent variables.  

 For all concepts, there was a main effect of instructions (F(1, 147) = 49.89, p < .001, η2
p = 

.25), such that participants who practiced with explicit instructions reported using more concepts 

during the high-pressure post-test than those who practiced with analogy instructions (Table 3). 

Contrary to predictions, no other effects were significant (expectation: p = .404, η2
p < .01; 

Expectation x Instructions: p = .794, η2
p < .01). For hypothesis testing, contrary to hypotheses, no 

effects were significant (expectation: p = .330, η2
p < .01; instructions: p = .200, η2

p = .01; 

Expectation x Instructions: p = .080, η2
p = .02). 

Table 3. 

Declarative Knowledge Use in High-Pressure Post-Test by Group 

 

Other Variables Collected 

 Secondary analyses for post-test and practice putting with bivariate variable error serving 

as the dependent variable can be found at https://osf.io/vpr92/, Supplemental Results. Movement 

 Teach/Analogy Teach/Explicit Test/Analogy Test/Explicit 

 M 95%CI M 95%CI M 95%CI M 95%CI 

Free Recall All Concepts 2.05 1.58 – 2.53 3.85 3.24 – 4.45 1.76 1.32 – 2.21 3.69 3.10 – 4.29 

Free Recall Hypothesis Testing 0.53 0.28 – 0.78 0.59 0.30 – 0.88 0.63 0.29 – 0.98 0.22 0.06 – 0.39 
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Specific Reinvestment Scale data, Competitive State Anxiety Inventory-2 self-confidence 

subscale data for the low- and high-pressure post-test, and Intrinsic Motivation Inventory data for 

practice were not analyzed (other than computing Cronbach’s α for the Movement Specific 

Reinvestment Scale, which was .78), but they can be found at https://osf.io/vpr92/, Data (Item-

Level Questionnaire Data). Finally, we did not extract physiological data (heart rate and heart 

rate variability) because Competitive State Anxiety Inventory-2 cognitive and somatic subscales 

exhibited good reliability. Since we did not extract physiological data, we deviated from our plan 

to consider replacing participants who did not follow instructions to abstain from alcohol within 

24 hr of the experiment, caffeine within 3 hr of the experiment, and/or did not get similar 

amounts of sleep the night before each day of the experiment. This follows because these 

instructions were intended only to facilitate physiological data collection. After consultation with 

an editor, we decided to conduct a sensitivity analysis of the primary statistical model excluding 

the participants who failed to follow instructions (n = 19), but we decided not to recruit additional 

participants, even if the statistical significance of the results of the primary analysis changed 

when excluding these participants. (Results of the primary analysis were similar when excluding 

these participants, and the predicted Expectation x Instructions x Post-test interaction remained 

significant [p = .026, η2
p = .04]). For complete results of this sensitivity analysis, see 

https://osf.io/vpr92/, Supplemental Results.) 

Discussion 

 Having learners practice a motor skill with the expectation of teaching it has been 

revealed to enhance skill learning and promote large gains in declarative knowledge (Daou, 

Buchanan et al., 2016; Daou, Hutchison et al., 2019; Daou, Lohse et al., 2016; Daou et al., 2018; 

Daou, Rhoads et al., 2019). However, the learning benefit vanishes when the skill is performed 
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under pressure, likely due to the use of declarative knowledge during skill execution, although 

this explanation lacked strong evidence (Daou, Hutchison et al., 2019). Therefore, the present 

study aimed to investigate whether this choking effect is, in fact, caused by an accrual of 

declarative knowledge during skill practice and whether choking is prevented if a technique to 

minimize the accrual of declarative knowledge during practice (analogy instruction) is applied. 

Our results showed that, on a low-pressure post-test, participants who practiced with the 

expectation of teaching exhibited greater putting accuracy than those who practiced with the 

expectation of being tested, but, on a high-pressure post-test, this advantage was only present for 

participants who also practiced with analogy instructions. Therefore, we provide evidence that 

the choking observed for participants who practiced with the expectation of teaching is indeed 

caused by declarative knowledge use and that analogy instruction is an effective learning strategy 

to maintain the benefit of expecting to teach when participants are performing under pressure. 

Our results are consistent with the bulk of the evidence showing that expecting to teach a 

motor skill while practicing it enhances skill learning (Batista et al., 2022; Daou, Buchanan et al., 

2016; Daou, Hutchison et al., 2019; Daou, Lohse et al., 2016; Daou et al., 2018; Daou, Rhoads et 

al., 2019; see McKay, Hussien, Yantha, Carter, & Ste-Marie (2021) for a high-powered study that 

did not observe this effect on learning). Specifically, we found a main effect of expectation in 

both the Expectation x Instructions x Post-test ANCOVA and the Expectation x Instructions 

ANCOVA for the low-pressure post-test, which is the pressure condition under which previous 

studies have observed an expecting to teach advantage (Batista et al., 2022; Daou, Buchanan et 

al., 2016; Daou, Hutchison et al., 2019; Daou, Lohse et al., 2016; Daou et al., 2018; Daou, 

Rhoads et al., 2019). Although expecting to teach has frequently been shown to benefit motor 

learning, the mechanisms behind this effect remain unclear, despite several candidates being 

examined, such as motivation and pressure (Daou, Buchanan et al., 2016; Daou, Lohse et al., 
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2016; Daou et al., 2018; Daou, Rhoads et al., 2019), length of motor preparation (Daou, Lohse et 

al., 2016; Daou, Rhoads et al., 2019), and cortical dynamics during motor preparation (Daou et 

al., 2018). Thus, more research is warranted to elucidate the underpinnings of the expecting to 

teach benefit to motor learning.  

An important finding from Daou, Hutchison et al. (2019) was that the expecting to teach 

advantage vanished when participants were performing under pressure. Here, we replicated this 

result by finding an Expectation x Instructions x Post-test interaction due to a main effect of 

expectation during the low-pressure post-test, but not high-pressure post-test, where we found an 

Expectation x Instructions interaction. Daou, Hutchison et al. argued that participants who 

practiced with the expectation of teaching choked likely due to their accrual of declarative 

knowledge while practicing, although the authors failed to provide evidence to support this 

conclusion. Specifically, Daou, Hutchison et al. reported that declarative knowledge use during 

post-test did not mediate the relationship between expecting to teach and choking, possibly 

because declarative knowledge use was measured via free recall, which may be an imprecise 

measure of thoughts while putting. For example, Beilock, Wierenga, and Carr (2002) reported 

that trained novice golfers (like those in the present study) had only modest episodic memories of 

putts they executed. Here, we circumvented the problem of measuring declarative knowledge use 

during putting by successfully minimizing its availability in half the participants who practiced 

with the expectation of teaching by giving them analogy instructions (see main effect of 

instructions for free recall of all concepts). We reasoned that if they ceased to choke under 

pressure, then the choking effect could be attributed to declarative knowledge use. Results did 

indeed show that participants who practiced with the expectation of teaching and analogy 

instructions maintained their advantage under high-pressure, whereas those who practiced with 

explicit instructions did not. This was evidenced by an Expectation x Instructions interaction for 
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the high-pressure post-test, caused by a main effect of expectation for participants who practiced 

with analogy instructions, but not for participants who practiced with explicit instructions. In 

sum, results strongly suggest that the reason learners who practice with the expectation of 

teaching choke under pressure is due to declarative knowledge use, and that limiting their accrual 

of declarative knowledge during practice with analogy instructions can maintain the expecting to 

teach benefit under pressure. 

In the Expectation x Instructions x Post-test ANCOVA, we found a main effect of 

instructions that was superseded by an Instructions x Post-test interaction. This interaction was 

due to a main effect of instructions for the high-pressure post-test, such that the analogy groups 

presented greater accuracy, relative to the explicit groups, whereas no effect of instructions was 

observed for the low-pressure post-test. As analogy instructions promote implicit learning, these 

results are consistent with reinvestment theory (Masters & Maxwell, 2008) and a recent meta-

analysis showing that implicit learning is beneficial to performance under pressure (Cabral, 

Wilson, & Miller, 2022). This feature of implicit learning can be attributed to the lack of 

declarative knowledge to reinvest in conscious control of movement (Masters & Maxwell, 2008). 

Although research seems to point to a benefit of implicit learning on performance under pressure, 

there is evidence that the benefit is overestimated due to reporting bias and underpowered studies 

(Cabral, Wilson et al., 2022). Besides these problems in implicit learning studies, there have been 

critiques about how explicit learning manipulations are implemented in the studies. For example, 

explicit learning groups are often given a greater number of instructions and ones that are of poor 

quality and have different meanings than those given to implicit learning groups (Bobrownicki, 

Collins, Sproule, & MacPherson, 2018). Therefore, pre-registered studies with greater statistical 

power and careful consideration of instructions given to explicit learning groups are 
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recommended (Bobrownicki, Carson, MacPherson, & Collins, 2021; Cabral, Wilson, et al., 

2022).  

The present study’s results have a few limitations, including their generalizability. 

Specifically, the sample consisted of healthy, young adults, like other studies examining the 

effect of expecting to teach on motor learning (Batista et al., 2022; Daou, Buchanan et al., 2016; 

Daou, Hutchison et al., 2019; Daou, Lohse et al., 2016; Daou et al., 2018; Daou, Rhoads et al., 

2019; McKay et al., 2021), so it is unclear whether expecting to teach effects apply to other 

populations. Notably, analogy instructions have been shown to promote stable motor 

performance in other populations, such as older adults (Tse, Wong, & Masters, 2017). The 

present study’s sample was also relatively novice at the motor skill, like most motor learning 

studies (Williams, Fawver, & Hodges, 2017), and thus whether the effects of expecting to teach 

and analogy instruction extend to experts is unclear. Finally, the generalizability of the expecting 

to teach and analogy instructions effects to motor skills other than closed ones is uncertain 

because most studies examining these effects have done so with skills such as golf putting, dart 

throwing, and basketball shooting (e.g., Batista et al., 2022; Daou, Hutchison et al., 2019; Lam et 

al., 2009a). Another limitation of the present study’s results is the ecological validity of the 

analogy instructions benefit, since the control (explicit instructions) group practiced with 

instructions that may be unrepresentative of those given in the real world (Bobrownicki, Carson, 

& Collins, 2022). Finally, participants who practiced with the expectation of teaching and 

analogy instructions did not choke under pressure, strongly suggesting that the choking effect for 

those who practiced with the expectation of teaching and explicit instructions was caused by 

declarative knowledge use; yet, participants who practiced with the expectation of teaching did 

not recall using more declarative knowledge during the high-pressure post-test. However, it is 

important to reiterate that free recall is likely an imprecise measure of declarative knowledge use, 
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such that it is only sensitive enough to detect very large differences in declarative knowledge use 

(e.g., differences associated with analogy vs. explicit instructions). 

The present study is methodologically strong, and its results can inform future research 

and practical applications. The methodological strength is rooted in the study being a registered 

report, which allowed the study design to undergo a peer review that led to high statistical power 

and well-planned experimental manipulations, analyses, and outcome measures. These attributes 

along with the open science practices (e.g., access to experimental materials, statistical 

processing code, and data) required for the registered report increase the positive predictive value 

of the study results (Ioannidis, 2005), add precision to the effect size estimates, and facilitate 

future research, including replications and meta-analyses. Other avenues for future research 

include addressing the limitations to the generalizability of the expecting to teach and analogy 

instructions benefits by conducting studies with different populations (including experts) and 

tasks. Further, researchers are encouraged to investigate other methods aiming to maintain the 

benefits of expecting to teach when performing under pressure. These methods could involve 

other implicit learning strategies (e.g., errorless learning; Zhu et al., 2011), but also techniques 

commonly associated with theories of choking under pressure other than reinvestment theory. For 

example, researchers could examine whether having participants practice a motor skill with the 

expectation of teaching and psychological pressure (anxiety training) prevents choking due to 

distraction (distraction theories; DeCaro et al., 2011) in subsequent high-pressure post-test (Low 

et al., 2022; Oudejans & Pijpers, 2010). Researchers could also investigate whether having 

participants practice with the expectation of teaching and providing an intervention at the time of 

a high-pressure post-test prevents choking under pressure. Such interventions could include pre-

performance routines, mental imagery, self-talk, and meditation (Chen et al., 2017; Fekih et al., 

2021; Mesagno, Geukes, & Larkin, 2015; Walter, Nikoleizig, & Alfermann, 2019). In practice, 
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the present results indicate that learners should train under the expectation of teaching and 

analogy instructions to enhance motor learning and preserve skill performance under pressure. 

Instructors may also consider having learners practice with the expectation of teaching and, 

pending future study results, implementing strategies other than analogy instructions to prevent 

choking under pressure. 

Conclusion 

In conclusion, the present study indicates that learners who practice with the expectation 

of teaching exhibit superior learning, and when they choke under pressure it is likely due to their 

accrual of declarative knowledge during practice, since the choking effect is prevented by having 

them practice with analogy instructions. Accordingly, instructors are recommended to have 

learners practice with the expectation of teaching and techniques that minimize the accrual of 

declarative knowledge, such as analogy instructions. 
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Chapter 3: The effects of anxiety training on motor performance under pressure: 

Investigating the psychological mechanisms 

Introduction 

The ability to perform a motor skill under psychological pressure is critical and a common 

feature of most sports and activities involving motor performance. However, it is common to 

experience an acute and substantial decrease in skill execution due to increased anxiety and 

pressure, a phenomenon known as choking under pressure (Mesagno & Hill, 2013). The decisive 

free throw in a basketball game, a penalty during a soccer match, and the match point in a tennis 

game are examples of pressure situations where people could choke. Some possible explanations 

for the choking phenomenon are based on distraction and self-focus theories, such as the 

attentional control theory (ACT) (Eysenck et al., 2007) and the reinvestment theory (Masters & 

Maxwell, 2008), respectively. In addition to these traditional accounts of choking, the 

biopsychosocial model (BPSM) of challenge and threat has been suggested as a possible 

explanation for reduced performance under pressure (Blascovich, 2008; Seery, 2013).  

Theories of Choking 

The ACT proposes that anxiety impacts performance due to disruption of top-down (goal-

directed) attentional control, while bottom-up (stimulus-driven) processing is increased (Eysenck 

et al., 2007). In other words, individuals performing under pressure are more likely to direct their 

attentional resources toward worries and detection of possible threat stimuli, while less attention 

is directed toward task-relevant information (Eysenck et al., 2007). Additionally, individuals 

performing a task under enhanced anxiety levels might try to compensate for the harmful effects 

of anxiety by increasing mental effort invested in the task in an attempt to maintain performance 

(i.e., decreased processing efficiency) (Eysenck et al., 2007). Supporting this prediction, Wilson 

and Smith (2007) showed that golf players avoided choking under pressure at the expense of 
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increased mental effort and decreased target final fixation, meaning that participants spent less 

time looking at the target before putting (considered a less efficient visual search strategy), a 

combination that reflects reduced processing efficiency.  

The self-focus theories of choking propose that anxiety leads to disruption of automatic 

components of the movement by making individuals consciously monitor and/or control the step-

by-step execution of the skill. A well-known self-focus theory is the reinvestment theory 

(Masters & Maxwell, 2008), which suggests that anxiety leads to the disruption of the skill’s 

performance due to the individual reinvesting attentional resources for skill execution by using 

declarative knowledge acquired earlier during practice. This focus of attention on the movement 

reduces its automaticity and hinders its performance (Wulf & Su, 2007), and is likely due to 

inefficient muscle activation as well as invariable and uncorrelated effector movement (Lohse et 

al., 2014).   

Alternatively, the BPSM of challenge and threat contends that individuals evaluate task 

demands and determine if they have the necessary resources to cope with those demands 

(Blascovich, 2008; Seery, 2013). Individuals who perceive they have available resources to deal 

with imposed task demands perceive the task as a challenge. Conversely, individuals who 

perceive they do not have the available resources to cope with the demands perceive the task as a 

threat (Seery, 2013). Feelings of challenge and threat lead to distinct physiological outcomes, 

mostly evidenced by changes in the cardiovascular system. For instance, a challenge state would 

elicit increasing heart rate (HR) and ventricular contractility, leading to increased blood supply to 

the brain and muscular vessels (Fawler et al., 2020). A threat state would elicit a similar pattern 

as described above, but would also elicit the release of cortisol, which would lead the vessels to 

contract. This causes less efficient energy mobilization, which disfavors physical activity 

(Blascovich, 2008; Seery, 2013).  
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Anxiety Training 

Anxiety training (AT) might be a learning strategy to lead individuals to focus on task-

relevant stimuli, prevent attempts to consciously monitor and control movement, and perceive a 

task as challenging rather than threatening. AT requires individuals to practice a skill under 

enhanced levels of pressure. This learning strategy is believed to reduce the harmful effects of 

anxiety when participants are performing the skill under pressure, thus avoiding choking (Beseler 

et al., 2016; Oudejans & Pijpers, 2009, 2010). AT may train individuals to increase their mental 

effort to maintain attention on the task goal rather than worries about the task outcome, 

sensations related to anxiety (Oudejans & Pijpers, 2010), or a need to monitor and control 

movement, although the latter has yet to be examined. Further, AT may cause individuals to 

believe they have resources to cope with high-pressure situations, consequently increasing their 

self-confidence (Vine et al., 2016), which is linked to attending to task goals (rather than 

attending to movement; Wulf & Lewthwaite, 2016), and perceiving the task as challenging rather 

than threatening. Thus, AT may elicit positive performance and adaptive physiological outcomes 

(e.g., higher cardiac output, blood flow and vessel dilation) (Seery, 2013; Vine et al., 2016). A 

recent meta-analysis provided evidence of AT benefits to performance under pressure (g = 0.67, 

95% CI [0.43, 1.12]), regardless of the task or participants’ level of experience (Low et al., 2021). 

For example, Oudejans and Pijpers (2010), which was included in the meta-analysis, randomly 

assigned novice dart players to either AT or control group. While the AT group practiced the skill 

under mild levels of anxiety, the control group practiced the skill without any pressure 

manipulation. During the post-tests, the AT group maintained performance from low-to mild- to 

high-pressure conditions, whereas the control group choked from mild- to high-pressure. 

Interestingly, both groups showed systematic increases in mental effort, as measured by a self-

reported continuous scale ranging from 0 (“no effort at all”) to 10 (“most effort ever”), across 



 

70 
 

post-tests, thus supporting the ACT prediction that on-task effort is increased to counteract the 

negative effects of anxiety. The authors argued that the mental effort shown by the AT group was 

adaptative, whereas the increase seen in the control group was not. This discrepancy was likely 

due to the AT group’s development of more effective coping strategies to deal with anxiety and 

pressure situations during practice (Oudejans & Pijpers, 2010). In another study (Oudejans et al., 

2011), police officers who practiced a shooting exercise under a high-anxiety condition were able 

to maintain performance during high-pressure post-test, while the control group exhibited a 

performance decrease from the low- to the high-pressure post-test condition. Again, both groups 

showed increased mental effort from low- to high-pressure post-test. These studies corroborate 

the ACT prediction that enhanced anxiety levels are accompanied by decreases in processing 

efficiency in order to maintain performance (Eysenck et al., 2007). However, the literature lacks 

studies that account for other possible explanations for the benefits of AT. 

The Current Experiment 

In the present study, we will attempt to conceptually replicate previous findings showing 

AT benefits performance under pressure. More specifically, we are grounding our design on 

Oudejans & Pijpers (2010), wherein the authors tested whether training under mild levels of 

anxiety would prevent choking under higher levels of anxiety. This is an important feature of 

Oudejans and Pijpers’ study because it reflects the reality that competition elicits levels of 

anxiety that are difficult, if not impossible, to reproduce during training. Thus, we will add to the 

AT literature by attempting to conceptually replicate this study with a much larger sample size, 

which should lead to a highly informative result irrespective of the outcome (Simonsohn, 2015). 

Additionally, we aim to expand on the AT literature by measuring variables related to other 

theories of choking besides ACT (Alder et al., 2016; Oudejans et al., 2011; Oudejans & Pijpers, 

2009, 2010). In addition to mental effort (accounting for ACT), we will measure movement 
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reinvestment and challenge-threat appraisal to account for self-focus and BSPM of challenge and 

threat, respectively, which will give us a broader perspective of mechanisms behind the expected 

benefits of AT on performance under pressure.  

Therefore, the present study examined whether AT prevents motor performance 

decrements from a low- to mild- to a high-pressure post-test. We expected the AT group to 

maintain performance across all post-tests as previously shown (Oudejans & Pijpers, 2010), and 

the control group to show reduced performance from low- to mild-, and from mild- to high-

pressure post-tests. (Although Oudejans & Pijpers (2010)’s control group did not show reduced 

performance from low- to mild-pressure post-tests, the manipulation used for our mild-pressure 

post-test has been shown to elicit choking (Daou et al., 2019).) As shown by previous studies 

(Oudejans et al., 2011; Oudejans & Pijpers, 2009, 2010), we expect anxiety levels and HR to 

systematically increase for both groups across post-tests. Consequently, we expect mental effort 

to show a similar pattern for both groups to counteract the effects of anxiety on performance. 

Additionally, we speculate that participants in the control group will reinvest in their movement 

and perceive increased threat from low to mild to high pressure post-tests, whereas the anxiety 

training group will not.  

Methods 

The study preregistration, data, questionnaires, statistical assumptions, and supplementary 

analyses are publicly available at https://osf.io/xpv8e/. 

Participants 

Men and women aged 18 to 30 years participated in the study and were offered 6 course 

credits for participation (Cabral, Daou et al., 2022; Daou et al., 2019). Participants were recruited 

if they had putted, anything from playing mini golf to playing 18 holes on a standard golf course, 
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between 1 and 30 times in their lifetime and not more than 20 times in the past year (Cabral, 

Daou et al., 2022; Daou et al., 2019). Additionally, participants must not have been categorized 

as an elite athlete of any sport, defined by individuals who play(ed) in Division I of the National 

Collegiate Athletic Association or at a higher level (e.g., professional), because research has 

shown that athletes generally have reduced stress levels before a stressful event and increased 

mental toughness, compared to non-athletes (Jalili, 2011; Verner et al., 2010). (Although Low et 

al. (2021)’s meta-analysis suggests AT is effective irrespective of participant skill level, limiting 

the heterogeneity of the present study’s sample may increase statistical power by reducing 

variability in outcome measures.) Participants were free from physical illness, injury, or disability 

that could make putting difficult (for more detail on the initial questionnaires and demographics 

questions, see supplementary material). Participants were asked to avoid alcohol/drug 

consumption within 24 hr of all days of the study, as well as caffeine consumption within 3 hrs of 

each testing period. Lastly, participants were instructed to try to get a similar amount of sleep 

each night prior to a day of the study. 

Sample Size Calculation 

We first used the General Linear Mixed Model Power and Sample Size (GLIMMPSE) 3.0 

tool to estimate the required sample size for our study (Kreidler et al., 2013). To confirm this 

result, we then used the ANOVA_power R Shiny app (Lakens & Caldwell, 2021) to perform 

2000 Monte Carlo simulations to estimate the study’s power using the sample size returned by 

GLIMMPSE, along with the same parameters we inputted in GLIMMPSE. For the GLIMMPSE 

parameters, we selected a power of 80%, an alpha of .05 and the Geisser-Greenhouse correction, 

which we planned to use if we violated sphericity. We set radial error as our outcome measure, 

specified post-test as a categorical repeated measure with three levels (low pressure, mild 

pressure, and high pressure) with no clustering, entered a nominal fixed predictor of group with 
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two levels (AT and control), hypothesized a Group x Post-Test interaction with a null hypothesis 

that group differences would be zero at each post-test, left the contrast comparison constant set at 

zero, and set equal group sizes. Next, we set the radial error means and standard deviations for 

each group for each post-test. We chose our values based on the standardized effect size from 

Low et al. (2021)’s meta-analysis (which did not find evidence that the estimate was biased [i.e., 

no funnel plot asymmetry]), so we inputted standardized values, which we did not scale. 

Specifically, we used a standard deviation of one for each post-test. For the means, we expected 

the AT group to maintain similar performance across all post-tests, so we inputted one for each 

post-test. For the control group, we expected a medium performance decrement from the low- to 

mild-pressure post-test and a large performance decrement from the low- to high-pressure post-

test, so we chose means of 1, 1.5 and 1.8 for the low-, mild-, and high-pressure post-tests, 

respectively. We based our expectations for performance decrement on Low et al.’s finding that 

AT resulted in a medium (g = 0.67) benefit under pressure conditions like our mild-pressure post-

test. For our post-test correlation matrix, we based our input on two studies (Daou et al., 2019; 

Thompson, 2016) conducted in our lab (Ns = 82 and 83, respectively) wherein participants 

performed motor skills in low- and high-pressure conditions, with the high-pressure condition 

being like our mild-pressure condition and eliciting significantly higher anxiety and performance 

decrement than the low-pressure condition. Daou et al. (2019) reported a correlation coefficient 

of .36 and Thompson reported a coefficient of .38, so we assumed a correlation coefficient of .35 

for adjacent post-tests (low-pressure to mild-pressure, and mild-pressure to high-pressure) and a 

slightly lower coefficient (.30) for low- to high-pressure. GLIMMPSE calculated a required 

sample size of 84 (42/group). ANOVA_power simulations indicated 96% power for the Group x 

Post-Test interaction with N = 84, so we were confident that GLIMMPSE’s estimated sample 

size would be sufficient. Therefore, we aimed to collect data from 90 participants to account for 
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data loss and/or participant dropout and ensure complete data from 84 participants. However, I 

realized that I would not be able to collect the full sample size by my graduation deadline, so I re-

calculated the sample size necessary to achieve 67% power, while holding all other parameters in 

the calculation constant. The required sample was 64. We then collected 70 participants to 

account for dropouts and any data collection problems. 

Task 

Participants used a standard golf putter (88.90 cm) to putt a standard golf ball from a 

starting location indicated by a 5 cm line painted in white washable paint on a foam mat designed 

to simulate a medium-speed (10 – 11 stimpmeter), natural putting green (BirdieBall Inc., 

Evergreen, CO, USA) to a target cross (+) comprised of two 10.80 cm lines painted in white 

washable paint and located 300.00 cm away from the starting position. Participants’ objective 

was to make the ball stop as close to the center of the target as possible. 

Procedure 

Day 1 – Pre-Test and Practice Session 1 

Participants completed the experiment individually. After signing the informed consent 

form, participants completed a demographic questionnaire asking their sex, age, putting 

experience, any illness, injury, or disability that could make putting difficult, if they consumed 

alcohol or any drugs in the last 24 hrs, if they consumed caffeine within the last 3 hrs, and how 

many hours of sleep they had the previous night. After confirmation that participants met the 

inclusion criteria, they put a heart rate (HR) monitor (Polar ProTrainer, model H10), wetted to 

ensure a better connection, around their chest. Participants wore the HR monitor throughout the 

experiment to collect data for potential exploratory analyses. Next, participants started the pre-

test, which consisted of 1 block of 10 putts, and completed the Revised Competitive State 
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Anxiety Inventory-2 (CSAI-2R), as well as mental effort, reinvestment, and challenge-threat 

questionnaires (i.e., baseline levels). 

After pre-test, we used the website random.org to quasi-randomly assigned (based on sex) 

participants to either the AT or control group. This was because sex can moderate performance 

under pressure, where the relationship between anxiety and reduced performance is more 

pronounced in females, relative to males (Englert & Seiler, 2020). Participants from both groups 

were asked to follow a list of explicit instructions related to golf putting execution, so they could 

accrue declarative knowledge, which has been suggested to increase the risk of choking under 

pressure (Masters & Maxwell, 2008). With this measure, we expected to increase the likelihood 

of generating a choking effect that could be moderated by AT. Further, explicit instructions 

should reduce variability in participants’ putting motion (i.e., deter irregular putting techniques), 

some of which may reduce the propensity for choking under pressure (Iso-Ahola et al., 2016). 

The instructions were adapted from previous golf putting studies (Daou et al., 2019; Vine et al., 

2013; Vine & Wilson, 2010). Next, participants performed 2 blocks of 75 trials with a 2-min 

break between blocks. Then, participants received their group-specific instructions. Participants 

in the AT group were told “During the next two days of practice, you will perform 2 blocks of 75 

putts per practice day. Additionally, you will be recorded and critically analyzed by a golf expert 

who will give you a grade.” Next, the experimenter affixed an iPad to the edge of a table in front 

of and to the left of right-handed participants or to the right of left-handed participants. The 

iPad’s screen was faced toward participants so that they could see themselves. After the iPad was 

set-up, the experimenter told participants, “The combination of the golf expert grade and your 

performance during the next two days of practice will allow you to compete against the rest of the 

participants for the 1st prize of $50, 2nd prize of $40, 3rd prize of $30, 4th prize of $20, and 5th 

prize of $10. In summary, you will be putting for money. Make sure you do your best.” As the 
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experimenter explained the award, he took an envelope from a cabinet, pulled money from it, and 

showed the monetary awards to participants, after which he placed the money on a countertop, 

visible to participants. Conversely, the control group was told “During the next two days of 

practice, you will perform 2 blocks of 75 putts per practice day. Make sure you do your best in 

each day.” The pressure manipulation included two categories of pressure that yielded choking in 

previous studies: performance-contingent outcomes and monitoring by others. Additionally, we 

have successfully implemented these manipulations in our lab in the past (Cabral, Daou et al., 

2022; Daou et al., 2019). Next, participants performed 2 blocks of 75 trials with a 2-min break 

between them. After the first 10 putts of practice, participants from both groups completed the 

CSAI-2R, as well as the reinvestment, challenge-threat, and mental effort questionnaires.  

Days 2 –Practice Session 2 

Day 2 was the second practice session and occurred approximately 2 days after Day 1. 

Before the practice session, participants provided verbal consent to continue the study and were 

asked if they consumed alcohol or any drugs in the last 24 hrs, if they consumed caffeine within 

the last 3 hrs, and how many hours of sleep they had the previous night. Next, participants put on 

a HR monitor. Then, participants performed the practice session like they did on Day 1, with 

minor changes in what they are told (e.g., “During this practice session…”). Again, participants 

completed the self-reported questionnaires after the first 10 putts of practice. At the end of Day 2, 

participants had practiced 300 putts, as in similar studies with golf putting and AT (Beilock & 

Carr, 2001; Lawrence et al., 2014).  

Day 3 - Post-Tests 

Approximately one week after the first day of practice, participants completed three post-

tests. Before doing so, participants provided verbal consent to continue the study and were asked 

if they consumed alcohol or any drugs in the last 24 hrs, if they consumed caffeine within the last 
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3 hrs, and how many hours of sleep they had the previous night. Next, participants put on a HR 

monitor. Both groups performed low-, mild- and high-pressure post-tests in a counterbalanced 

order. In all post-tests, participants were instructed to perform 1 block of 10 putts. For the low-

pressure test, participants were instructed to perform the putts as best as they could, and were told 

that this test was just to complete the dataset (Oudejans & Pijpers, 2010). For the mild-pressure 

condition, all participants putted while going through the same pressure manipulation as the AT 

group during the practice phase. For the high-pressure condition, one extra pressure manipulation 

was added to the manipulations applied during the mild-pressure condition. Specifically, 

participants were told that they had been randomly partnered with another participant and if both 

showed an individual improvement of 50% relative to the last 10 practice trials on Day 2, they 

would each earn $100 in addition to any other monetary award they earned. The money was 

displayed to participants and placed on the counter as well. However, if one of them failed, then 

neither would get the $100 bonus. The experimenter told participants that their partner had 

already succeeded by improving their performance 50% from the last 10 practice trials on Day 2, 

so the $100 bonuses entirely depended on the participant’s performance (Beilock et al., 2004; 

Beilock & Carr, 2005; Beilock & Decaro, 2007). Additionally, they were told that their partner 

would be watching them live while they performed. Accordingly, we had a confederate 

ostensibly watching their performance live through a laptop. Finally, after each condition, 

participants completed the CSAI-2R, the movement-specific reinvestment, challenge-threat, and 

mental effort questionnaires.   

Figure 1.  

Timeline of the Study for Both Groups 
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Note: Both groups performed pre-test, two practice sessions and three post-tests in a counterbalanced order. After 

each condition, participants completed the CSAI-2R (Revised Competitive State Anxiety Inventory-2), the 

movement-specific reinvestment, challenge-threat, and mental effort questionnaires, and had their HR (heart rate) 

measured from the first to the last putt of each condition.  Putting performance was measured during pre-test, putts 1 

- 10, 65 - 75, and 140 - 150 of each practice session, and during the post-tests. 

Measures 

Self-Reported Anxiety  

The CSAI-2R (Cox et al., 2003) has been used to evaluate anxiety in many motor skill 

studies (e.g., Allsop & Gray, 2014; Elliott et al., 2014; Kuan et al., 2018) and has good 

psychometric properties (Cox et al., 2003). The cognitive anxiety, somatic anxiety, and self-

confidence subscales were relevant since the pressure manipulation was intended to influence 

anxiety and decrease self-confidence (Jackson et al., 2006). The cognitive and somatic anxiety 

subscale items required participants to state how much they perceived several indicators of 

anxiety during that moment and were used as the primary indicator of anxiety levels. The self-

confidence subscale required them to indicate how confident they were when performing the 
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task, and we used this subscale to conduct exploratory analyses. Participants were asked to report 

a number: 1 (“not at all”), 2 (“somewhat”), 3 (“moderately so”), or 4 (“very much so”) in 

response to items asking how anxious or confident they felt.  

Challenge and Threat Appraisal 

We measured challenge and threat appraisals using an adapted version of the cognitive 

appraisal ratio (Tomaka et al., 1997). Specifically, the first item assessed perceived demands: 

“How demanding was the golf task for you?”, and the second item assessed perceived resources: 

“How able were you to cope with the demands of the golf task?” The two items were scored on a 

6-point scale going from 1 (“not at all”) to 6 (“extremely”). The two appraisal variables were 

combined to yield a single index of cognitive appraisal (Feinberg & Aiello, 2010; Laborde et al., 

2015; Moore et al., 2012). This index was calculated as a ratio of the first item to the second item 

and reflected whether participants perceived they had available resources to match task demands 

(Blascovich & Tomaka, 1996). Ratios equal to or greater than 1 indicate perceived threat and 

values lower than 1 indicate a challenge state. The challenge-threat ratio has been previously used 

to investigate performance in golf putting tasks (Moore et al., 2012). 

Movement Reinvestment 

To assess movement reinvestment, participants completed the Conscious Motor 

Processing Subscale of the Movement Specific Reinvestment Scale (Orrell et al., 2009) adapted 

for golf putting (Cooke et al., 2011; Vine et al., 2013). Specifically, participants were asked to 

indicate what they thought about while they were putting during the previous block of putts. For 

example, ‘‘I thought about my stroke’’ and ‘‘I thought about bad putts.’’ Each item was scored 

on a 5-point Likert scale anchored by 1 (“never”) and 5 (“always”).  

Mental Effort 
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 To measure mental effort, we used the Rating Scale of Mental Effort (Zijlstra, 1993). This 

scale rates the mental effort required to perform a task, and the score ranges from 0 (“absolutely 

no effort”) to 150 (beyond “extreme effort”). The higher the score, the greater the mental effort. 

Participants were required to indicate a point on the scale that represented how much effort they 

had invested in the task. This scale has been previously used to quantify mental effort in motor 

performance under pressure studies (Alder et al., 2016; Bobrownicki et al., 2015; Wilson et al., 

2007). 

Heart Rate 

The Polar H10 heart rate monitor has been previously validated for laboratory studies and 

has shown good reliability (Georgiou et al., 2018; Gilgen-Ammann et al., 2019). The device 

provides raw RR interval time series with a sampling rate of 1 kHz. The output file allowed us to 

quantify both HR and HR variability (HRV) for the periods of interest, which were from the first 

to the last putt for pre-test, first and second days of practice, and post-tests.  

Data Processing 

Putting Performance 

Putts were recorded with an iPad that was placed on the ceiling above the target cross. We 

measured the ball’s location relative to the target using a custom-developed program written in 

the National Instruments LabVIEW graphical programming language (Neumann & Thomas, 

2008). Putting accuracy was indexed by recording radial error (Hancock et al., 1995): 

, where x and y represent the magnitude of error along the 

respective axes. Radial error was averaged over pre-test, over trials 1 – 10 (“early”), over trials 65 

– 75 (“middle”), and over trials 140 – 150 (“late”) of each practice day (to provide a glimpse into 

training performance during early, middle, and late practice trials on each day), and radial error 
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was averaged over the low-pressure post-test, over the mild-pressure post-test, and over the high-

pressure post-test.  

Self-Reported Anxiety and Self-Confidence  

Items in cognitive, somatic, and self-confidence subscales were averaged within each 

subscale separately for each time point, and the Cronbach’s α was calculated for each subscale 

for each time point. A Cronbach’s α of ≥ .7 was considered good reliability for these subscales 

and all other scales. Since cognitive and somatic anxiety subscale scores were strongly correlated 

(rs > .84), they were averaged to make one anxiety score for each time point. 

Movement Specific Reinvestment Scale 

Items in the Movement Specific Reinvestment Scale were averaged together for each time 

point and Cronbach’s α was calculated for each point time.  

Heart Rate  

A text file was extracted from the HR monitor device and imported to the Kubios 

software (Tarvainen et al., 2014). Artifact correction due to ectopic beats (i.e., irregular heart 

rhythm due to a premature heartbeat), missed beat detections, and technical artifacts (i.e., any 

possible error during data collection) was implemented by using Kubios filtering algorithms. We 

then calculated HR for pre-test, early, middle, and late phases from each practice day, and post-

tests. The parameters used to calculate HRV can be found in the supplementary material at 

https://osf.io/xpv8e/. 

Statistical Analysis 

Pressure Manipulation Check 

 To verify if the post-test pressure manipulation was successful, we conducted separate 2 

(Group: AT vs. control) x 3 (Post-Test: low-, mild-, high-pressure) ANOVAs with repeated 

measures on the last factor, and the average of the cognitive and somatic subscales of the CSAI-
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2R and HR serving as dependent variables. For both anxiety and HR, we predicted a main effect 

of post-test, which we planned to follow up with one-tailed paired t-tests. We expected 

participants to show systematic increases in both anxiety and HR from low-, to mild-, to high-

pressure post-tests. If at least one measure (anxiety or HR) from the mild-pressure post-test was 

greater than from the low-pressure post-test, and if at least one measure from the high-pressure 

post-test was greater than from the mild-pressure post-test, the post-test manipulation would be 

considered successful. For the self-confidence subscale, we did not have specific predictions and 

planned to follow up the 2 (Group) x 3 (Post-Test) ANOVA dependent upon its result.  

To verify if the pressure manipulation was successful during practice for the AT group, 

we planned to conduct separate one-way (Group) ANCOVAs with the scores from the average of 

the cognitive and somatic anxiety subscales of the CSAI-2R and HR serving as dependent 

variables, and pre-test measures of these variables serving as covariates in their respective 

ANCOVAs. Notably, we only compared pre-test and the early portion (putts 1 – 10) of the first 

practice day because participants in the AT group might have reduced anxiety levels and/or HR 

during the second practice session as they acclimated to pressure. If at least one measure (anxiety 

or HR) was greater for the AT group than the control group, the group manipulation would be 

considered successful.7   

Putting Accuracy During Post-Tests 

 
7 For the ANCOVA assessing whether the AT group reported higher anxiety early in practice on Day 1, the 

assumption that the covariate was independent from the treatment effect was not met, as revealed by a Wilcoxon 

signed-rank test with group serving as the independent variable and pre-test anxiety serving as the dependent 

variable (p < .001) (Field et al., 2012). Thus, we performed this manipulation check by conducting a one-sided 

Wilcoxon rank-sum test with group serving as the independent variable and the scores from the average of the 

cognitive and somatic anxiety subscales of the CSAI-2R after the early portion of practice on Day 1 serving as the 

dependent variable. We used a Wilcoxon rank-sum test because anxiety scores were non-normally distributed and t-

tests would not have been robust to normality violations (Field et al., 2012). 
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Our primary analysis of interest was a 2 (Group) x 3 (Post-Test) ANOVA with repeated 

measures on the last factor, and post-test radial error as the dependent variable. We predicted a 

Group x Post-Test interaction, which we planned to follow up with separate one-way repeated-

measures ANOVAs for the AT and control groups. For the former, we predicted a non-significant 

effect of post-test, whereas for the latter we predicted a significant effect of post-test. We planned 

to follow up the significant post-test effect for the control group with one-tailed paired t-tests 

between each post-test condition for this group, and one-tailed independent t-tests to explore 

between-group differences for each post-test. We expected the control group to show a 

systematic increase in radial error from low-, to mild-, to high-pressure post-tests. In terms of 

between-group predictions, we expected no group differences for the low-pressure post-test. For 

the mild- and high-pressure post-tests, we expected the AT group to show lower radial error, 

relative to the control group.  

Mechanistic Variables During Post-Tests 

For mental effort, we ran a 2 (Group) x 3 (Post-Test) ANOVA with repeated measures on 

the last factor, and post-test mental effort as the dependent variable. We predicted a main effect 

of post-test, which we planned to follow up with one-tailed paired t-tests. We expect participants 

from both groups to show systematic increases in mental effort from low-, to mild-, to high-

pressure post-test.  

For challenge-threat and movement reinvestment, we ran separate 2 (Group) x 3 (Post-

Test) ANOVAs with repeated measures on the last factor, and post-test challenge-threat and 

movement reinvestment serving as dependent variables in their respective ANOVAs. We 

predicted a significant Group x Post-Test interaction, which we planned to follow up with 

separate one-way repeated-measures ANOVAs for the AT and control groups. For the former, we 

predicted a non-significant effect of post-test, whereas for the latter we predicted a significant 
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effect of post-test. We planned to follow up this significant effect for the control group with one-

tailed paired t-tests between each post-test condition for this group, and one-tailed independent t-

tests to explore between-group differences for each post-test. We expected the control group to 

show a systematic increase in perceive threat and movement reinvestment from low-, to mild-, to 

high-pressure post-tests. In terms of between-group predictions, we expected no group 

differences for the low-pressure post-test. For the mild- and high-pressure post-tests, we expected 

the control group to show higher perceived threat and movement reinvestment, relative to the 

control group.  

Putting Accuracy During Practice 

 For practice performance, we conducted a 2 (Group:) x 2 (Day: 1, 2) x 3 (Phase: early, 

middle, late) ANOVA with repeated measures on the latter two factors, and radial error as the 

dependent variable. We did not have specific predictions, so we planned to follow up the 

ANOVA dependent upon its results.   

Mechanistic Variables During Practice 

 For mental effort, challenge-threat, movement reinvestment, we conducted separate 2 

(Group) x 2 (Day) ANOVAs with repeated measures on the last factor. We did not have specific 

predictions for these variables, so we followed up the ANOVAs dependent upon their results.   

Mediation Analyses   

 If group significantly affected choking under pressure and at least one mechanistic 

variable, we planned to conduct separate mediation analyses for each mechanistic variable 

significantly affected by group. Group would serve as the independent variable and be dummy 

coded as AT = 1 and control = -1. Choking would serve as the dependent variable and be 

calculated as the difference between the post-tests exhibiting the largest significant effect size 

difference between group. The mediating variable would be the difference in the mechanistic 
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variable between the same post-tests used to define choking. We planned to conduct separate 

mediation models for each mechanistic variable because the mechanistic variables overlap 

conceptually and may be strongly correlated (Kenny, 2021). For each model, we planned to first 

test the effect of group on choking (Path c in Figure 2), followed by testing the effect of group on 

changes of the mechanistic variable (Path a in Figure 2). Then, we planned to test if the change in 

the mechanistic variable influenced choking, when controlling for group (Path b in Figure 2). We 

were interested in whether the group effect on choking could be attributed to changes in the 

mechanistic variables. Thus, we planned to test the significance of the indirect effect of group on 

choking, which is the product of Path a and b (Path c’ in Figure 2). Accordingly, we planned to 

use bootstrapping (5000 iterations) to extract the 95% confidence interval for the indirect effect 

(Preacher & Hayes, 2008).   

Figure 2. 

Mediation Model With Group as the Independent Variable, Changes in the Mechanistic 

Variables as the Mediator, and Choking as the Dependent Variable 

 

 

Sensitivity Analysis 

We conducted sensitivity analyses of the primary effect of interest (Group x Post-Test 

effect) excluding participants who consumed alcohol/drugs within 24 hr of the third day (post-
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tests), caffeine within 3 hr of the third day, and/or reported a difference of >2 hr of sleep relative 

to the average duration of sleep preceding the previous 2 days of data collection. In terms of 

outliers, we only excluded participants if one of their post-tests radial error values had a z-score ≥ 

3.00, in which case we reported the primary statistical results with and without the inclusion of 

the participant (this result can be found in the supplementary material at https://osf.io/xpv8e/). 

Results 

Descriptive Data 

 We collected data from 70 participants. However, 6 were excluded due to dropping out (n 

= 4), playing golf more than 30 times in their lifetime (n = 1), and not being able to complete data 

collection (n = 1), resulting in 32 participants per group and a total sample size of 64 participants. 

After computing z-scores for low-, mild-, and high-pressure post-tests, three participants were 

identified as outliers and excluded. Thus, our results are based on analyses of 61 participants. 

Table 1 shows age, sex, and putting experience for each group.  

Table 1. 

Age, Sex, and Putting Experience by Group 
 Control Group Anxiety Training 

 (n = 30; 12 females) (n = 31; 12 females) 

 M SD M SD 

Age (Years) 23.67 3.73 22.61 3.94 

Lifetime Putting Experiencea 1.40 0.62 1.48 0.68 

Past-Year Putting Experiencea 0.43 0.63 0.58 0.56 

Note: a0 = Never putted; 1 = Putted 1 – 10 times; 2 = Putted 11 – 20 times; 3 = Putted 21 – 30 times. 

 

 

Reliability of the Self-Reported Questionnaires 

Table 2. 

Cronbach’s Alpha for Applicable Self-Reported Measures as a Function of Study Phase 
 Pre-Test Practice 1 Practice 2 Low-Pressure Mild-Pressure High-Pressure 

Cognitive anxiety subscale .75 .80 .84 .85 .89 .87 

Somatic anxiety subscale .68 .76 .82 .76 .87 .84 

Self-confidence subscale .83 .87 .85 .87 .89 .89 

Movement reinvestment .71 .72 .75 .88 .82 .82 
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Pressure Manipulation Check 

Post-Test Pressure  

The 2 (Group) x 3 (Post-Test) mixed-factor ANOVA with repeated-measures on the last 

factor and anxiety serving as the dependent variable showed a main effect of post-test (F(1.72, 

101.25) = 42.37, p < .001, η2
p = .42, ε = .83). There was no main effect of group (p = .829, η2

p < 

.01) and no Group x Post-Test interaction (p = .337, η2
p = .02). Because anxiety scores were non-

normally distributed and t-tests would not have been robust to normality violations (Field et al., 

2012), we followed up with one-sided Wilcoxon signed-rank tests to investigate within-subject 

differences between each post-test condition. Results revealed that anxiety scores were higher in 

the high- (M = 16.18, SD = 5.58), compared to mild- (M =13.18, SD = 4.50; Z = -5.30, p < .001) 

and low-pressure (M = 11.50, SD = 2.83; Z = -5.91, p < .001) post-tests. Additionally, anxiety 

was higher in the mild-, compared to the low-pressure (Z = -3.55, p < .001) post-test. 

The 2 (Group) x 3 (Post-Test) mixed-factor ANOVA with repeated-measures on the last 

factor and HR8 serving as the dependent variable showed a main effect of post-test (F(2, 116) = 

20.69, p < .001, η2
p = .26). There was no main effect of group (p = .075, η2

p = .05) and no Group 

x Post-Test interaction (p = .114, η2
p = .04). We followed up with one-tailed paired t-tests to 

investigate within-subject differences between each post-test condition. Results revealed that HR 

was higher in the high- (M = 88.78, SD = 13.66), compared to mild- (M = 86.27, SD 13.44; 

t(59)= -4.47, p < .001) and low-pressure (M = 84.88, SD = 12.78; t(59) = -5.74, p < .001) post-

tests. Additionally, HR was higher in the mild-, compared to the low-pressure (t(59) = -2.26, p = 

.014) post-test. Since participants showed systematic increases in anxiety and HR across the post-

tests, the post-test pressure manipulation was considered successful. 

 
8 HR data from one participant is missing (ID 36) due to connection issues with the HR monitor device. 
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Group Pressure During Practice 

 The Wilcoxon rank-sum test with group serving as the independent variable and anxiety 

during Day 1 serving as the dependent variable revealed that the AT group presented higher 

anxiety levels, compared to the control group (Z = -3.89, p < .01). The one-way (Group: AT vs. 

control) ANCOVA with HR during early practice on Day 1, and pre-test HR9 serving as the 

covariate did not show a main effect of group (p = .806, η2
p < .01). Since anxiety was greater for 

the AT group than the control group during early practice on Day 1, the group pressure 

manipulation was considered successful. 

Putting Accuracy 

 

Post-Tests 

The primary analysis, a 2 (Group) x 3 (Post-Test) mixed-factor ANOVA with repeated-

measures on the last factor and post-test radial error serving as the dependent variable showed a 

Group x Post-Test interaction (F(1.76, 103.84) = 8.38, p < .001, η2
p = .12, ε = .88). There was no 

main effect of group (p = .124, η2
p = .04) or post-test (p = .067, η2

p = .05). The subsequent one-

way ANOVA for the AT group did not reveal a main effect of post-test (p = .550, η2
p = .02). The 

one-way ANOVA for the control group revealed a main effect of post-test (F(2, 58) = 13.38, p < 

.001, η2
p = .32), which we followed up with one-tailed paired t-tests between each post-test 

condition. Results showed that the radial error was lower in the low- (M = 40.64, SD = 8.21), 

compared to the mild- (M = 44.90, SD = 13.28; t(29) = -2.10, p = .022) and high-pressure (M  = 

53.16, SD = 16.01; t(29) = -4.60, p < .001) post-tests. Additionally, the radial error was lower in 

the mild- compared to the high-pressure post-test (t(29) = -3.20, p = .002) (Figure 3). We also 

conducted one-tailed independent t-tests to assess potential between-group differences in radial 

 
9 For pre-test, HR data is missing from one participant (ID 70) due to connection issues with the HR monitor device. 
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error for each post-test. Results revealed that participants in the AT group presented lower radial 

error in the high-pressure post-test, compared to the control group (AT: M = 40.72, SD = 14.82; 

control: M = 53.16, SD = 16.01; t(59) = -3.15, p = 001). There were no between-group 

differences for the low- and mild-pressure post-tests (p ≥ .108).  

Practice 

 The 2 (Group) x 2 (Day) x 3 (Block) mixed-factor ANOVA with repeated-measures on 

the last factor and practice radial error serving as the dependent variable showed a main effect of 

day (F(1, 59) = 25.12, p < .001, η2
p = .30), such that participants presented lower radial error on 

day 2, relative to day 1. There was also a main effect of block (F(2, 118) = 44.34, p < .001, η2
p = 

.43). There was no main effect of Group (p = .179, η2
p = .03) and no interactions (ps ≥ .084). We 

followed up the main effect of block with two-tailed paired t-tests with a Bonferroni correction 

(i.e., significance set as p = .017). Results showed that radial error during the early blocks (M = 

61.25, SD = 16.59) was higher, compared to the middle (M = 49.79, SD = 14.62; t(60) = 5.76, p < 

.001) and late blocks (M = 44.74, SD = 11.33; t(60) = 8.98, p < .001). Additionally, radial error 

was lower in the late blocks compared to the middle blocks (t(60) = 3.32, p = .005) (Figure 3). 

Figure 3.  

Putting Accuracy for Each Group as a Function of the Study Phase 
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Note. Radial error (y-axis) represents putting accuracy, with lower values indicating greater accuracy. Study phase is 

presented on the x-axis and shows pre-test, days 1 and 2 with their respective blocks (early, middle, and late), as well 

as low-pressure (LP), mild-pressure (MP), and high-pressure (HP) post-tests. Each large black data point represents 

the average radial error for each study phase. Smaller grey data points represent individual values of radial error. 

Error bars represent within-subject standard errors. 

Mechanistic Variables  

 

Post-Tests 

 

 The 2 (Group) x 3 (Post-Test) mixed-factor ANOVA with repeated-measures on the last 

factor and post-test mental effort serving as the dependent variable showed a main effect of post-

test (F(1.47, 86.60 = 67.60, p < .001, η2
p = .53, ε = .73), which was superseded by a Group x 
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Post-Test interaction (F(1.47, 86.60) = 5.25, p = .013, η2
p = .08, ε = .73). There was no main 

effect of group (p = .598, η2
p < .01). We followed up with one-way ANOVAs for each group. 

The ANOVA for the AT group revealed a main effect of post-test (F(1.54, 46.24) = 27.49, p < 

.001, η2
p = .48, ε = .77). We then used one-tailed t-tests to investigate within-subject differences 

between each post-test condition. Results revealed that mental effort was higher in the high- (M = 

91.84, SD = 26.44), compared to both mild- (M = 80.87, SD = 25.13; (t(30) = -6.60, p < .001) 

and low-pressure (M = 76.77, SD = 25.12; t(30) = -5.80, p < .001) post-tests. Additionally, 

mental effort was higher in the mild-, compared to low-pressure post-test (t(30) = -2.12, p = 

.021). The one-way ANOVA for the control group also revealed a main effect of post-test 

(F(1.39, 40.33) = 41.50, p < .001, η2
p = .59, ε = .70), which we followed up with one-tailed t-

tests. Similar to the AT group, results for the control group revealed that mental effort was higher 

in the high- (M = 91.10, SD = 26.43), compared to both mild- (M = 80.67, SD = 29.85; t(29) = 

6.29, p < .001) and low-pressure post-tests (M = 66.80, SD = 33.44; t(29) = 7.37, p < .001). 

Additionally, mental effort was higher in the mild- compared to the low-pressure post-test (t(29) 

= 4.95, p < .001). We also conducted t-tests to identify potential between-group differences for 

each post-test, but results did not reveal any statistically significant result (ps ≥ .194) (Figure 4A). 

 The 2 (Group) x 3 (Post-Test) mixed-factor ANOVA with repeated-measures on the last 

factor and post-test challenge-threat appraisal serving as the dependent variable showed a main 

effect of post-test (F(1.77, 104.25) = 23.38, p < .001, η2
p = .28, ε = .88). There was no main 

effect of group (p = .734, η2
p < .01) and no Group x Post-Test interaction (p = .227, η2

p = .03). 

Because challenge-threat appraisal data were non-normally distributed, we used one-sided 

Wilcoxon signed-rank tests to investigate within-subject differences between each post-test 

condition. Results revealed that challenge-threat appraisal was higher (i.e., higher scores indicate 

higher perceived threat and lower perceived challenge, whereas lower scores indicate the 
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opposite) in the high- (M = 2.21, SD = 1.71), compared to both mild- (M = 2.02, SD = 1.72; Z = -

4.27, p < .001) and low-pressure post-tests (M = 1.89, SD = 1.71; Z = -5.21, p < .001). 

Additionally, challenge-threat appraisal was higher in the mild- compared to the low-pressure 

post-test (Z = -2.95, p = .002) (Figure 4B).  

 The 2 (Group) x 3 (Post-Test) mixed-factor ANOVA with repeated-measures on the last 

factor and post-test movement reinvestment serving as the dependent variable showed a main 

effect of post-test (F(1.72, 101.42) = 8.02, p = .001, η2
p = .12, ε = .86), which was superseded by 

a Group x Post-Test interaction (F(1.72, 101.42) = 3.31, p = .048, η2
p = .05, ε = .86). There was 

no main effect of group (p = .900, η2
p < .01). We followed up with one-way ANOVAs for each 

group. The ANOVA for the AT group did not reveal a main effect of post-test (F(1.67, 50.06) = 

2.94, p = .071, η2
p = .09, ε = .83). Conversely, the ANOVA for the control group did show a main 

effect of post-test (F(1.46, 42.42) = 6.20, p = .009, η2
p = .18, ε = .73), which we followed up with 

one-sided Wilcoxon signed-rank tests to investigate within-subject differences between each 

post-test condition, because reinvestment data were non-normally distributed. Results revealed 

that movement reinvestment was higher in the high- (M = 2.88, SD = 1.60), compared to mild- 

(M = 2.77, SD = 1.70; Z = -1.95, p = .025) and low-pressure post-test (M = 2.51, SD = 1.74; Z = 

-3.02, p = .001). Additionally, movement reinvestment was higher in the mild-, compared to the 

low-pressure post-test (Z = -2.58, p = .005). We also conducted one-sided Wilcoxon rank-sum 

tests to identify potential between-group differences for each post-test. Results did not reveal any 

statistically significant result (ps ≥ .314) (Figure 4C). 

Practice 

 

The 2 (Group) x 2 (Day: first, second day of practice) ANOVA with repeated measures 

on the last factor and mental effort serving as dependent variable revealed a main effect of day 

(F(1, 59) = 29.51, p < .001, η2
p = .33), such that participants reported higher mental effort in the 
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first day, compared to the second day. There was no main effect of group (p =. 113, η2
p = .04) 

and no Group x Day interaction (p = .343, η2
p = .02). 

The 2 (Group) x 2 (Day) ANOVA with repeated measures on the last factor and 

challenge-threat appraisal serving as dependent variable revealed a main effect of day (F(1, 59) = 

17.44, p < .001, η2
p = .23), such that participants reported higher perceived threat/lower perceived 

challenge in the first day, compared to the second day. There was no main effect of group (p =. 

497, η2
p < .01) and no Group x Day interaction (p =.494, η2

p < .01). 

The 2 (Group) x 2 (Day) ANOVA with repeated measures on the last factor and 

movement reinvestment serving as dependent variable revealed a main effect of Day (F(1, 59) = 

27.87, p < .001, η2
p = .32), such that participants reported higher movement reinvestment in the 

first day, compared to the second day. There was no main effect of group (p =. 605, η2
p < .01) 

and no Group x Day interaction (p =.133, η2
p = .04).  

Figure 4.  

Mechanistic Variables for Each Group as a Function of the Study Phase 
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Note. Mental effort (Panel A), challenge-threat appraisal (Panel B), and movement reinvestment (Panel C) are 

depicted in the y-axis. Study phase (x-axis) shows pre-test, the first and second practice sessions, as well as low-

pressure (LP), mild-pressure (MP), and high-pressure (HP) post-tests. Each large black data point represents the 

average of each mechanistic variable for each study phase. Smaller grey data points represent individual values for 

each mechanistic variable. Error bars represent within-subject standard errors. 

Mediation Analysis 

Choking, our dependent variable, was considered the difference in radial error between 

low- and high-pressure post-tests, since this difference exhibited the largest effect size between 

groups (Cohen’s d = 0.94). The independent variable, group, was coded as AT = 1 and control = -
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1. We did not proceed with the mediation analysis for challenge-threat appraisal because it was 

not affected by group (i.e., no main effect of group and no Group x Post-Test interaction). Since 

mental effort and movement reinvestment showed a significant Group x Post-Test interaction, we 

conducted two separate mediation models with changes in mental effort and reinvestment from 

low- to high-pressure as the mediator variable.  

For the model with change in mental effort as the mediator, group predicted choking 

(Path c; βunstandardized = 8.39 cm, p < .001), and change in mental effort (Path a; βunstandardized = 

4.62, p = .031). Change in mental effort did not predict choking when controlling for group 

(Path b; βunstandardized = -0.10 cm, p =.461). Group did not have an indirect effect on choking via 

change in mental effort (βunstandardized = -0.46 cm, Lower CI = -2.14 cm, Upper CI = 0.97 cm). 

For the model with change in movement reinvestment as the mediator, group predicted 

choking (Path c; βunstandardized = 8.39 cm, p < .001), and change in movement reinvestment (Path a; 

βunstandardized = 0.13, p = .040). Change in movement reinvestment did not predict choking when 

controlling for group (Path b; βunstandardized = 6.39 cm, p = .162). Group did not have an indirect 

effect on choking via change in mental effort (βunstandardized = -0.83 cm, Lower CI = -7.54 cm, 

Upper CI = 3.16 cm). 

Secondary Analyses 

We reran the primary analysis including the outliers and the primary analysis excluding 

participants who failed to abstain from caffeine within 3 hr or alcohol within 24 hr prior to the 

third day (post-tests), and/or reported a difference of >2 hr of sleep relative to the average 

duration of sleep preceding the previous 2 days of data collection. Moreover, we investigated 

changes in self-confidence and HRV throughout practice and post-tests, as well as changes in HR 

from the first to the second day of practice. All secondary analysis results are available in the 

supplementary material at https://osf.io/xpv8e/.  
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Discussion 

 Having learners practice a motor skill under psychological pressure has been shown to 

prevent choking under pressure in a subsequent post-test with the same pressure level as the 

practice phase (Beseler et al., 2016; Oudejans et al., 2011; Oudejans & Pijpers, 2009, 2010). 

However, only one study to date investigated whether this advantage can be transferred to a 

higher-stakes environment (Oudejans & Pijpers, 2010). Moreover, the AT literature is mostly 

based on the ACT (Alder et al., 2016; Oudejans & Pijpers, 2009, 2010), which has limited 

investigations into the mechanisms underlying the AT advantage, leaving them unclear 

(Kegelaers & Oudejans, 2022). Therefore, the present study examined whether practicing a motor 

skill under mild levels of pressure prevents motor performance decrement under higher levels of 

pressure, as well as potential mechanistic variables, based on different theories of choking. Our 

results showed that participants in the AT group maintained performance across low-, mild-, and 

high-pressure post-tests, whereas participants in the control group reduced performance (i.e., 

choked under pressure) from low- to mild-pressure, and from mild- to high-pressure post-tests. 

We not only replicated previous findings on AT, but we also extended the current literature by 

providing evidence that the advantage of AT can be transferred to a higher-stakes condition, and 

we did so with a much larger sample size, compared to typical AT experiments (Alder et al., 

2016; Oudejans & Pijpers, 2009, 2010). However, we failed to provide strong evidence in favor 

of mental effort, movement reinvestment, or perceived challenge/threat as potential mediators of 

the association between AT and choking, although the former two were affected by AT, 

rendering them the most likely candidates to explain its benefits. Results will be discussed 

considering these two mechanistic variables and their associated theories (ACT and reinvestment 

theory, respectively), but not perceived challenge threat or its associated theory (BPSM of 

challenge and threat), since it was not affected by group. 
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Our results revealed a Group x Post-Test interaction for mental effort. Follow-up analyses 

showed a main effect of post-test for both AT and control groups, such that participants 

systematically increased mental effort across post-tests, which supports the ACT prediction that 

increases in anxiety are accompanied by increases in mental effort. Since mental effort was 

affected by group, we examined whether it mediated the relationship between AT and choking, 

but results did not support this hypothesis. A possible reason is that increased mental effort itself 

does not necessarily translate into an effective mechanism to prevent performance decrements. 

Instead, it might reflect adaptive processes, such as improved visual search behavior (Alder et al., 

2016), in some participants and maladaptive processes, such as worries about performance 

outcomes, in others. This suggests that, although mental effort did not explain choking in our 

study, it may affect processes that affect performance under pressure, but which were not 

measured in our experiment. Such processes (e.g., visual search behavior) could be examined in 

future AT studies. Another possible explanation is that the mental effort scale we used was not 

precise enough to correlate individual-level changes in mental effort with individual-level 

changes in performance, precluding an association between mental effort and choking. In fact, 

research has suggested other methods to measure mental effort, such as changes in pupil size (van 

der Wel & Steenbergen, 2018) and electroencephalography variables (e.g., theta and alpha 

frequency; Zhu, Wang & Zhang, 2021). Future AT studies are encouraged to combine self-

reported and physiological measurements to capture a broader picture of changes in mental effort 

and examine its relationship with choking. Nonetheless, our study suggests that AT benefits 

performance under pressure concomitant to smaller increases in mental effort, making it a 

candidate mechanism to explain the AT benefit on performance.  

 Results also revealed a Group x Post-Test interaction for movement reinvestment. 

Follow-up analyses showed a main effect of post-test for the control group, but not for the AT 
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group. Specifically, participants in the control group systematically increased movement 

reinvestment across post-tests. Since movement reinvestment was affected by group, we 

examined whether it mediated the relationship between AT and choking, but it did not. Our 

results are consistent with a recent systematic review of 29 studies that measured performance 

under pressure and movement reinvestment (Sullivan et al., 2022). The review showed that 

pressure generally increased movement reinvestment, but only two studies assessed whether it 

mediated performance under pressure, with neither study finding that it did. Importantly, other 

researchers have claimed that movement reinvestment may not necessarily lead to choking 

(Roberts, Jackson & Grundy, 2019). For instance, Toner and Moran (2011) argued that golfers 

can reinvest in technical changes to their putting stroke without losing proficiency, and Hill et al. 

(2010) reported that some golfers reinvest declarative knowledge in their putting stroke to 

mitigate poor scoring. An important limitation of reinvestment studies is the lack of detail about 

the movement reinvestments that could be harmful or helpful to performance (Roberts, Jackson 

& Grundy, 2019). Therefore, the increased movement reinvestment for control group participants 

in our study may not necessarily lead to choking. Importantly, this is the first experiment to show 

that AT simultaneously affects choking and movement reinvestment, and suggests that movement 

reinvestment, like mental effort, is a plausible candidate to explain the benefits of AT to 

performance under pressure. 

 The present study adds important insights to the AT literature as it is methodologically 

strong with a large sample size, and it has pre-registered hypotheses and analyses. Our study also 

provides ecological validity as we used a motor skill that is common around the world and 

pressure manipulations that can be easily implemented. Moreover, our design reflects the reality 

in sports environments such that competition usually, if not always, elicits levels of anxiety that 

are difficult to reproduce during training. By adding the high-pressure post-test, we were able to 
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investigate whether the benefits of training under mild levels of anxiety are in fact transferrable to 

higher-stakes environments as expected in most competitions. With that said, a few limitations 

are worth mentioning. First, our sample consisted of young, healthy adults; thus, we cannot 

generalize the results to other populations, such as individuals who are used to performing in 

high-stakes environments (e.g., professional athletes), but who were intentionally excluded from 

participation in this study. Second, our intervention was considered as having a “medium” 

duration (i.e., two or more sessions; Low et al., 2021), so our results cannot be generalized 

beyond that AT length. Finally, we only investigated three potential mediators of the relationship 

between AT and choking, and the way these mediators were measured may be improved, for 

example by measuring processes reflected by increases in mental effort. 

 Despite AT being a promising intervention, the literature is still in its early stages with 

some gaps that should be addressed. First, the mechanisms through which AT prevents choking 

are not clear. Here, we provide limited evidence for two potential candidates (i.e., mental effort 

and movement reinvestment), but there are other mechanisms that could explain the benefits of 

AT. For example, AT has been posited to increase mental toughness and coping skills, such as 

self-talk, which could explain performance benefits (Kegelaers & Oudejans, 2022). Therefore, 

future studies examining AT should not only look at its efficacy in performance but also continue 

investigating potential mechanistic variables. Second, AT has possible downsides. For example, 

AT could be misused and create a destructive sport culture (Owusu-Sekyere & Gervis, 2016). 

Future work should investigate how AT can impact well-being and mental health to establish 

concrete pitfalls of practicing under pressure. Third, AT studies have mostly relied on brief 

interventions (Low et al., 2021), which have been shown to promote beneficial results on 

performance. However, longer interventions seem to have smaller effect sizes (Low et al., 2021) 

possibly due to the impact of a specific pressure manipulation losing its efficacy when used for a 
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prolonged duration (Kagalaers & Oudejans, 2022). Thus, future experiments should investigate 

optimal AT duration.  

 Based on the current state of the literature, Fletcher and Arnold (2021) have recently 

proposed guidelines for implementing AT. They propose that coaches should work together with 

sports psychologists to design and discuss specific aims and how AT would be implemented for a 

specific skill or sport. Fletcher and Arnold contend that the pressure level during training should 

be gradually increased and modified as necessary and that practitioners should evaluate the 

efficacy of AT on performance and have athletes engage in reflective activities (e.g., awareness 

of their emotions, behavior under pressure, and personal stress triggers). Additionally, in real-

world settings, pressure levels could be increased by manipulating training consequences, such as 

missing practice time, place in the team, and having spectators, as long these manipulations do 

not prompt an abusive environment (Kagalaers & Oudejans, 2022; for a complete list of possible 

ways to manipulate pressure during AT, see Kagelaers, Wylleman & Oudejans, 2020). 

Nonetheless, although recommendations are beginning to appear, it is important to stress that the 

AT literature is in its early stages and more research is warranted to better understand how to 

apply AT. 

Conclusion 

In conclusion, the present study showed that AT is beneficial to performance under 

pressure, even to higher levels of pressure than experienced during training. Although we did not 

find evidence that mental effort, movement reinvestment, or perceived challenge/threat mediated 

the relationship between AT and choking, the former two were affected by AT, making them 

candidate mechanisms for explaining the AT performance benefit. We suggest that practitioners 
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have learners practice under pressure in consultation with sport psychologists and that researchers 

further investigate the mechanisms underlying AT performance benefits. 
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