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Abstract
According to an aptitude-treatment interaction experiment (Lehmann et  al., Metacogni-
tion and Learning, 11, 89–105, 2016, N = 47, published in Metacognition and Learning), 
perceptually disfluent texts facilitated retention and comprehension performance (but not 
transfer performance) only for learners with higher working memory capacity (WMC). No 
effects of WMC for a fluent text were found (albeit theoretically, fluency may be more 
advantageous for learners with lower WMC). The findings of our (pre-registered) direct 
replication (supervised online sample of N = 96) show a substantial deviation from the 
original results: In contrast to the interaction effect (disfluency and WMC) of the primary 
study, we obtained null results for disfluency, WMC, and their interaction for all learn-
ing outcomes. Our replication data are not indicative of WMC as a boundary condition 
moderating the disfluency effect on learning. We discuss discrepancies in the results of the 
primary study and our direct replication regarding particular methodological and analytical 
decisions, questioning the robustness and generalizability of Lehman et al.’s results beyond 
their primary study.

Keywords Disfluency effect · Learning with expository texts · Working memory capacity 
(WMC) · Direct replication · Aptitude-treatment interaction (ATI)

The perceptual disfluency effect—improving learning performance by harder-to-read fonts 
in text materials (Diemand-Yauman et al., 2011)—has the potential for easy and cost-effi-
cient applicability in educational settings. It may seem counterintuitive to (perceptually) 
increase reading difficulties during learning. However, the theoretical rationale of the per-
ceptual disfluency effect stems from research on reasoning (Alter & Oppenheimer, 2009; 
Alter et al., 2007) and is rooted in a switch to deeper cognitive processing from shallower 
processing (from Type 1 to Type 2 processing; cf. Evans & Stanovich, 2013). Such deeper 
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processing is mentally more effortful and resonates with the concept of desirable difficul-
ties (Bjork, 1994). Desirable difficulties are empirically well-supported learning conditions 
(e.g., Dunlosky et al., 2013). They systematically increase difficulties in the learning pro-
cess to change cognitive processing and thereby facilitate (long-term) learning gains. As 
such, introducing perceptual difficulties with harder-to-read fonts is argued to benefit learn-
ing through deeper processing (Diemand-Yauman et al., 2011).

The (perceptual) disfluency effect—whether an increased perceptual difficulty of 
harder-to-read fonts is desirable for learning, reasoning, and memory—has been widely 
disputed (e.g., Dunlosky & Mueller, 2016; Eitel & Kühl, 2016). Difficulties in replicating 
the disfluency effect led researchers to question its mere existence or at least its generaliz-
ability and effect size (e.g., Ebersbach et al., 2023; Eitel et al., 2014; Geller et al., 2018; 
Rummer et al., 2016; Weissgerber & Reinhard, 2017). A recently published meta-analysis 
(Xie et al., 2018) reported a null effect (d = 0.01), thus questioning the study’s theoretical 
underpinning and practical applicability because there were no systematic differences in 
learning outcomes between fluent and disfluent fonts (see also Weissgerber et al., 2021).

As an alternative to questioning the universality of the disfluency effect, the search for 
moderators of the disfluency effect (cf. Kühl et al., 2014) is rooted in the idea that bound-
ary conditions are of critical importance. Given that some studies found a positive disflu-
ency effect (e.g., Weltman & Eakin, 2014), but other studies found no disfluency effect 
(e.g., Rummer et al., 2016) or even negative disfluency effects (e.g., Geller et al., 2018), 
various moderators have been proposed and tested. These moderators encompass learning 
material characteristics (e.g., Magreehan et al., 2016; Sidi et al., 2016), disfluency manipu-
lation (e.g., Ebersbach et al., 2023; Rummer et al., 2016; Seufert et al., 2016; Weissger-
ber & Reinhard, 2017) and learner characteristics (e.g., Eitel & Kühl, 2016; French et al., 
2013; Geller & Peterson, 2021; Kühl et al. 2014; Lehmann et al., 2016). Learners’ charac-
teristics are particularly interesting to examine as a boundary condition because the occur-
rence of the disfluency effect may be tied to the interaction between learners’ aptitudes and 
the learning treatment administered.

Based on this concept of aptitude-treatment interaction (ATI; Snow, 1989), Lehmann 
et al. (2016) were the first to theoretically identify working memory capacity (WMC) as a 
key aptitude that could determine whether perceptual disfluency enhances learning perfor-
mance. Their ATI experiment tested whether WMC (the amount of information that can 
be successfully held in mind, attended to, or maintained in a rapidly accessible state at a 
time, e.g., Cowan, 2016) is a crucial moderator for the disfluency effect. Working memory 
is a limited cognitive resource (e.g., Baddeley, 2000; Cowan, 2001; for an overview see 
Schweppe & Rummer, 2014) that can be assessed by tests that relate to central-executive 
functioning, like an operation-span task (e.g., Oberauer et al., 2000). The theoretical value 
of the paper of Lehmann et al. (2016) lies in the consideration of cognitive demands by 
perceptual disfluency (Sweller et  al., 2011) and learners’ available cognitive resources 
related to the deeper processing hypothesis of the disfluency literature.

Lehmann et al.’s reasoning was based on the idea that disfluent texts create additional 
load on working memory and, therefore, only participants with sufficient WMC may profit 
from these additional strains. Additional demands, like perceptually processing the text, 
are characterized as a particular type of cognitive load in Cognitive Load Theory (Sweller 
et al., 2011). This type is called extraneous cognitive load (ECL) because the learner needs 
to expend cognitive resources that are not directed to mastering the learning task. Cogni-
tive resources that are directed to learning itself, for example, to deeper understanding and 
processing of the learning material, are distinguished and characterized as germane cogni-
tive load (GCL). Accordingly, Lehmann et al. argued (p. 92 ff.):
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Additional demands on working memory caused by disfluent texts are possibly 
just usable by learners with a high WMC. Only learners with a high WMC might 
have enough capacity for the higher ECL caused by less legible texts and could 
engage in deeper processing and a more analytic and elaborative thinking rather 
than a heuristic and intuitive reasoning. WMC may work as an enhancer: The 
instructional strategy of using disfluent text is only effective with sufficient WMC. 
By contrast, learners with a low WMC should not be able to handle a higher ECL 
caused by disfluent material. Instead, the increased ECL will exceed the resources 
available, and learners cannot allocate germane resources to the learning pro-
cess. Thus, the construction of a situational model is hindered. Overall, disflu-
ency should not be beneficial for those learners. In the case of learning with fluent 
material, ECL should not be increased which would result in learners with high as 
well as low WMC having similar learning outcomes.

To test this interaction hypothesis, Lehmann et al. set up the following experiment. 
Before learning the materials, participants’ previous knowledge was assessed with a 
self-developed test. Participants then learned (self-paced) a printed text on the topic 
of “Time and date differences on earth” adapted from Schnotz and Bannert (1999). 
Half of the participants had received the disfluent text and the other half the fluent 
text (between-subjects). A disfluent display of the text was achieved by a grey-scaled 
Haettenschweiler font (size 12 pt), whereas the fluent display used a black Arial font 
(size 12 pt). After learning, participants answered items to assess potential confound-
ing variables (task enjoyment / interest / motivation) and items to assess cognitive load 
(Klepsch & Seufert, 2012). This was followed by the performance test (without time 
limit) of participants’ retention, comprehension, and transfer, after which participants 
again filled out the items regarding confounding variables. Working memory had been 
measured previous to the experiment and was later linked to the data. After filtering 
their raw sample of N = 65 for medium previous knowledge, their final sample consisted 
of 47 participants. The sample was comprised mainly of young (Mage = 22.9) female 
(85%) students.

The results (mostly) confirmed Lehmann et  al.’s interaction hypothesis (see pages 98 
ff.) regarding retention (β = 11.66, t(44) = 2.46, p = 0.02) and comprehension (β = 12.62, 
t(46) = 2.33, p = 0.03) but not transfer (β =  − 2.27, t(45) =  − 0.23, n.s.). In the disfluent 
condition, an effect of WMC on retention and comprehension was found: Higher WMC 
resulted in higher retention (β = 10.66, t(44) = 2.86, p = 0.01) and comprehension scores 
(β = 10.66, t(46) = 2.86, p < 0.05). By contrast, WMC did not influence learning outcomes 
in the fluent condition for retention (β =  − 1.01, t(44) =  − 0.35, n.s.) or for comprehension 
(β =  − 3.90, t(46) =  − 1.20, n.s.). In fact, working memory had no effect overall on learning 
outcomes.

Lehmann et  al.’s (2016) study introduced a plausible explanation for the inconsistent 
appearance of the perceptual disfluency effect. Their key hypothesis is that only partici-
pants with high working memory spans should benefit from hard-to-read texts, whereas 
participants with low memory spans should not. The data support this hypothesis, at least 
partially.

In sum, for high-span subjects, learning outcomes were higher with disfluent than with 
fluent texts. In addition, in the disfluent condition, learning outcomes were higher with 
disfluent texts than with fluent texts. These findings fit Lehmann et  al.’s crucial hypoth-
esis. Unexpectedly, however, low-span subjects performed better than high-span subjects 
in the fluent condition, a result that is rather implausible and questions a straightforward 



296 S. C. Weissgerber et al.

1 3

interpretation of the critical two-way interaction. In addition, for low-span subjects, there 
was no difference between the two experimental conditions, which is at least somewhat 
surprising.

There are also numerous methodological limitations. The first is that the experiment 
was underpowered. The final sample on which their interaction effects were based con-
sisted of N = 47 participants in a between-subjects design. Based on a simulation according 
to Finsaas et al. (2021) and Baranger et al., (2022), Lehmann et al. (2016) had around 45% 
power to detect an interaction effect with the interaction effect size obtained in the primary 
study. The post hoc power for their regression models, including the interaction and respec-
tive control variables, ranged from 0.62 to 0.69. See the Method section of this paper for 
details on power analysis.

The design of the experiment and analysis of the data included uncommon methodolog-
ical and analytical decisions. All relevant individual variables of the participants, includ-
ing WMC, were already measured in a separate prior study. The WMC data were there-
fore already obtained and then linked to participants who took part in the new experiment. 
Moreover, the items of prior knowledge were first filtered based on solution probabilities, 
with the consequence of eliminating three of the six items to measure previous knowledge. 
The remaining three items comprised the previous knowledge score, which served as both 
a selection criterion for including participants and a control variable in the analysis. This is 
noteworthy when considering that the test for prior knowledge was self-developed and had 
not been validated previously.

Although there are no clear standards about how to analytically use and change varia-
bles (including previous knowledge), the “if” of inclusion and the “how-to” naturally entail 
many degrees of freedom and subjective decisions. For example, the filtering of solution 
probabilities between 10% and 90% was a subjective decision, as was the selection of 
participants with medium previous knowledge between 25% and 75%. Most importantly, 
results will vary as a consequence of these degrees of freedom and the specific subjec-
tive choices. This can make many patterns of results possible (cf. the garden of forking 
paths: Gelman & Loken, 2019), especially when not preregistered, even when no misuse 
is intended (Wicherts et al., 2016). For example, the interaction effect for comprehension 
is rendered nonsignificant when removing previous knowledge as a control variable in the 
model. The p value of the interaction changes from 0.025 to 0.075. Accordingly, the work-
ing memory effect in the disfluent condition is no longer significant when previous knowl-
edge is removed. The p value changes from p = 0.05 to p = 0.13. The interaction effect of 
retention and the lack of an interaction effect for transfer are robust despite deciding to 
include or exclude previous knowledge.

We would like to clarify that we do not imply that Lehmann et al. (2016) misused previ-
ous knowledge. Lehmann et al. had valid methodological and theoretical reasons to select 
participants with medium previous knowledge. However, the specific decisions regard-
ing item probability and the use of control variables might have resulted from subjective 
choices due to degrees of freedom during the data analysis. Such subjective choices, when 
made during data analysis, can compound the issue of being overly tailored to the cur-
rent dataset, making the model highly relevant to that particular dataset but misfit for other 
datasets. In conclusion, apart from being underpowered, these aspects raise questions about 
the generalizability of the results beyond the primary study.

This lack of generalizability was also demonstrated by two experiments (Miyakawa & 
Hattori, 2017; Strukelj et  al., 2016) that also examined the role of WMC on the disflu-
ency effect and showed discrepant results to those of Lehmann et al. (2016). Strukelj et al. 
(2016) could not find any moderating effect of WMC on disfluency, and Miyakawa and 
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Hattori (2017) showed that participants with lower WMC performed better in the disflu-
ency condition (for participants with higher WMC, performance was similar in the flu-
ent and disfluent conditions). The operationalizations in WMC, disfluency, and outcome 
measures in these experiments vary, and the sample sizes were small. This complicates the 
comparability of the results and the evaluation of the interaction hypothesis (an in-depth 
consideration can be found in the Discussion section of this paper). Consequently, a direct 
replication is necessary to evaluate the robustness and generalizability of the findings by 
Lehmann et al. and thus of the interaction hypothesis.

Motivation and Aim of the Present Replication

Lehmann et al. deserve recognition for their consideration of the role of working memory 
regarding the disfluency effect. In their paper, they argued from an ATI perspective that 
optimal learning with disfluent texts can only occur when additional cognitive demands 
by harder-to-read fonts are met by sufficient WMC. Their consideration of the disfluency 
effect has practical relevance. The original disfluency hypothesis postulates a univer-
sal effect. If disfluency effects are indeed universal, no boundary conditions and thus no 
interaction effects are expected. If, however, disfluency effects are not universal, then they 
should be tied to boundary conditions. Applying disfluency to study materials is then either 
to be recommended in general or only for a particular subgroup of learners (The theoretical 
insights and findings of Lehman et al. suggest an application only to learners with higher 
WMC).

If the perceptual disfluency effect has a null effect in a meta-analysis (Xie et al., 2018), 
then why does it merit any additional research? Assuming that the disfluency effect indeed 
does not exist, one practical consequence would be that neither moderated effects of disflu-
ency nor universal effects are to be expected. Reliably finding either interactions or main 
effects (i.e., replicating interactions or main effects) questions the nonexistence of the 
effect. Failure to find convincing evidence for any disfluency effect (moderated or unmod-
erated) further reinforces the position that the perceptual disfluency effect is fickle. The 
practical consequence is to not recommend the use of disfluency.

The moderation hypothesis of disfluency by WMC is crucial. Yet, to our knowledge, 
few experiments exist that test this important interaction (Lehmann et al., 2016; Miyakawa 
& Hattori, 2017; Strukelj et al., 2016), and the results of them are inconsistent. Consider-
ing the divergent results in the disfluency literature at large and considering that the study 
by Lehmann et al. is the only existing study demonstrating the proposed relation between 
WMC and the disfluency effect, a direct replication of Lehmann et al. is called for to bol-
ster their primary findings.

The aim of the current direct replication was, therefore, to replicate the results of the 
primary study based on a larger sample to verify the robustness of the findings. To this end, 
we doubled the final sample size. We used the same learning materials, working memory 
measurement, outcome measures, and control variables as in Lehmann et al. (2016). We 
followed the same analytical approach and applied it to our data. This means to analyze the 
replication data, we used the criteria and analysis set out by Lehmann et al., and we filtered 
the solution probabilities between 10% and 90% to select the eligible previous knowledge 
items. We also applied the criteria of selecting participants with medium previous knowl-
edge levels between 25% and 75% and selected significant control variables in our models 
by correlating the control variables with the outcome measures and testing for differences 
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across experimental conditions. Lastly, the replication attempt was evaluated as successful 
if the following criterion was met: a significant interaction effect of WMC and disfluency, 
which is in the same direction as in the primary study.

Method

Participants

Participants were recruited through the university’s research participation system, various 
Facebook groups, and online forums; they were compensated either by course credits or 
participation in a lottery to win coupons for an online bookstore. Participants were ran-
domly assigned to the experimental conditions (double blind through automation within 
the software) in the online experiment (only computers allowed, no tablets or smartphones) 
and to either the disfluent learning condition or the fluent learning condition.

A total of 137 participants completed the experiment. The preregistered (AsPredicted 
#45,573; https:// osf. io/ 54vqc/1) stop rule for collecting participants was set to a data collec-
tion period until 27 August 2020 or until 200 participants were reached, whichever came 
first. We planned to increase power relative to the primary study (N = 47), given that pri-
mary findings are often less sizable (e.g., Nosek et al., 2015; Camerer et al., 2018).

Exclusion of participants followed the preregistration (https:// osf. io/ 54vqc/), except that 
we decided to include participants with dyslexia, as the primary study of Lehmann et al. 
(2016) did not report excluding these participants in the analysis. We had to exclude seven 
participants whose answers to some of the test questions seemed similar to the text dis-
played on Wikipedia or Google. This additional criterion was applied to account for unau-
thentic answers given the online setup of the study. (Note, participants were supervised by 
an experimenter throughout the online data collection.)

In line with Lehmann et  al. (2016) and our preregistration (https:// osf. io/ 54vqc/), we 
excluded participants with less than 25% of the maximum test score and participants 
with more than 75% of the maximum test score in the test for prior knowledge, includ-
ing only participants with medium knowledge. Accordingly, we excluded 34 participants 
who scored too low (less than 25% of maximum score, i.e., lower than 2 of maximum 8 
points) or too high (more than 75% of maximum score, i.e., higher than 6 of maximum 8 
points) in the test about prior knowledge (cf. Lehmann et al., 2016: n = 18). Thus, our final 
sample included 96 participants (76% female) with a medium level of prior knowledge (cf. 
Lehmann et al., 2016: n = 47; 85% female), which exceeded the minimum required number 
of participants (N = 86) for the regression model of retention with four predictors accord-
ing to a power analysis conducted a priori (see below and see https:// osf. io/ 6mzt7/). The 
distribution of included participants across experimental conditions was nfluent = 47 and 
ndisfluent = 49 (cf. Lehmann et al., 2016: nfluent = 24, ndisfluent = 23). For further characteristics 
of our replication sample, please see Table 1.

1 We would like to add that we included the target sample size and stop rule for data collection in the pre-
registration but not in the power analysis. Also, we followed the analytical approach outlined in the original 
study and specified our covariates in the preregistration under point 8. Per default, our inclusion criteria for 
participants and covariates matched the inclusion criteria of the original study, applied to our data.

https://osf.io/54vqc/
https://osf.io/54vqc/
https://osf.io/54vqc/
https://osf.io/6mzt7/
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Power Analysis We conducted an a-priori power analysis using G-Power 3.1.9.7 based on 
the effect of the overall model. In the primary study, the regression model of retention 
included four predictors (disfluency, working memory, their interaction, motivation during 
assessment) and yielded an effect size of  R2 = 0.19. We calculated the effect size  (f2) using 
the following formula: f 2 = R2

1−R2
=

.19

.81
 = 0.23.With α = 0.05 and 1- β = 0.95, the power 

analysis yielded 86 participants (57 participants for conventional power of 0.80).

Simulation of Power and Sensitivity for the Interaction Effect of Lehmann et  al. 
(2016) Our simulation was based on free-to-use tools (R package InteractionPoweR and 
shiny app) by Baranger et  al. (2022) and Finsaas et  al. (2021). The tools enable power 
analyses for regression models in cross-sectional data sets, specifically focusing on inter-
actions between two variables (moderation analyses). The package and app take variable 
correlations, reliability, and variable distributions into account to derive simulation-based 
power estimates.

The necessary correlation values of X1-Y, X2-Y, X1-X2 for the simulation were com-
puted based on the primary study’s dataset (regression model with retention as depend-
ent variable and as predictors disfluency, standardized WMC, their interaction effect, and 
standardized motivation during assessing learning outcomes). The reliability (Cronbach’s 
Alpha) of the retention test was 0.492 based on the five items for retention of the primary 
data. We assumed reliability for X1 and X2 to be 0.90. In the primary study, two par-
ticipants had no score for motivation during assessing learning outcomes, decreasing the 
inputted sample size from 47 to 45. Given that the X1X2-Y from the primary data was 
r = 0.386, the simulation shows that the primary study had around 45% power to detect an 
interaction effect of this size. At conventional levels of 0.80 power, the sample of 47 par-
ticipants of Lehmann et al. (2016) would have been sufficient to detect an interaction effect 
with X1X2-Y of r > 0.6, see https:// osf. io/ 6mzt7/.

Table 1  Comparison of 
Demographic Characteristics: 
Primary and Replication Study

Characteristic Lehmann et al. 
(2016)

Direct Rep-
lication

n % n %

Total participants 47 100 96 100
Gender

  Female 40 85 76 79
  Male 7 15 20 21

Distribution Disfluency Manipulation
  Fluent 24 51 49 51
  Disfluent 23 49 47 49

Occupation
  Student 47 100 62 65
  Non-Student - - 34 35

German As Native Language
  German Native Speaker Unknown 77 80
  Non-German Native Speaker 19 20

Age Value
Mean 22.9 28.8
SD 3.77 12.3

https://osf.io/6mzt7/


300 S. C. Weissgerber et al.

1 3

Simulation of Necessary Sample Size for the Interaction Effect of Retention All input 
values were the same as in the previous section (see above), except we varied inputs of the 
sample size from 40 to 200 participants to simulate achieved power (simulation based on 
Baranger et al., 2022; Finsaas et al., 2021). Given the effect sizes of Lehman et al.’s data, 
150 participants would be necessary to achieve conventional power of 0.80.

Materials

Based on the original material of Lehmann et al.,2 we created predefined solutions using 
the information available in the learning material as a base for our coding scheme of partic-
ipant performance (see https:// osf. io/ u9jpf/), mirroring the scoring of Lehmann et al.. All 
other materials utilized in the replication are identical to the primary study. The experiment 
was created using SoSciSurvey (Leiner, 2019) and was made available to users via https:// 
www. sosci survey. de (the programming file can be found here: https:// osf. io/ ye547/).

Prior Knowledge Test

Prior knowledge was measured by the same six open questions on “Time and date differ-
ences on earth” used by Lehmann et al.. The six questions (https:// osf. io/ 97ehv/) encom-
passed three categories parallel to the types of learning outcome (retention, comprehen-
sion, and transfer) with two questions measuring each type. The prior knowledge test 
included a table listing eight different cities all over the world and their time difference to 
Greenwich. Each answer to the questions was compared to our predefined solution based 
on the text information (https:// osf. io/ u9jpf/).

Concerning the prior knowledge test, Lehmann et al. (2016) applied a selection criterion 
of permissible items to have a solution probability of more than 10% or less than 90%. The 
application of this criterion to our replication sample (contingent on our data) led to an 
exclusion of two items (Item 2 and Item 3) for prior knowledge with solution probabilities 
under 10% and 90%. By contrast, Lehmann et al. excluded three of six items from further 
analysis based on this criterion and their data (Item 1, Item 2, and Item 3). Thus, the maxi-
mum score for previous knowledge is not 12 points, but actually 8 points for overall prior 
knowledge for the four included items (2 points for each question) according to the criteria 
of Lehmann et al. applied to our sample. For means and standard deviations of previous 
knowledge, see Table 1. The code for items selection based on the 10% to 90% criterion 
can be found here: https:// osf. io/ ed9b3/.

Learning Material

Utilizing the same learning materials as in Lehmann et al. (2016), the text-based learning 
material revolved around the topic of “Time and date differences on earth” (adapted from 
Schnotz & Bannert, 1999). The text consisted of 1070 words and included the same table 
previously shown in the prior knowledge test. For the fluent condition, the text was writ-
ten in Arial, 12pt, black (see https:// osf. io/ 5rp2j/); for the disfluent condition, Haettensch-
weiler, 12pt, grayscale 35% was used (https:// osf. io/ fyh3s). Exemplary text is displayed in 
Fig. 1.

2 We would like to thank Tina Seufert for providing all the materials used by Lehmann et al..

https://osf.io/u9jpf/
https://www.soscisurvey.de
https://www.soscisurvey.de
https://osf.io/ye547/
https://osf.io/97ehv/
https://osf.io/u9jpf/
https://osf.io/ed9b3/
https://osf.io/5rp2j/
https://osf.io/fyh3s
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Learning Outcomes

The same criterion test for learning outcomes as in Lehmann et al. (2016) was used in the 
present experiment. This final test addressed three different categories: retention, compre-
hension, and transfer with each category consisting of five open questions. For the com-
prehension and transfer category, a table identical to the table of the prior knowledge test 
was presented in addition to the open questions. Similar to the prior knowledge test, the 
answers in each category were compared to a predefined solution with a maximum score 
of 2 for each item (for the items see https:// osf. io/ vw8g2/ and for scoring, see: https:// osf. 
io/ u9jpf/). The five items with maximum of 2 points per correct answer led to a maximum 
score of 10 points for each category. All three categories together thus totaled a maximum 
of 30 points. The code for the computation of the performance results is available here: 
https:// osf. io/ ed9b3/

Working Memory Capacity

We utilized the same test to measure working memory as Lehmann et al. (2016) based on 
the Numerical Updating Memory subtest of the WMC test by Oberauer et al. (2000). In 
this test, participants were presented with a chessboard-like grid of fields. Participants were 
instructed to memorize numbers (ranging from one to nine) that were shown for 1000 ms 
consecutively in each of these fields. Subsequently, four arrows pointing upward or down-
ward were presented in these fields, randomly one by one, for 1000 ms each.

Participants’ task was to do simple mathematical calculations to the number in the field 
previously memorized when arrows were shown. Arrows pointing downward prompted to 
subtract 1 point from the number, and arrows pointing upward indicated to add 1 point to 
the number. After the last arrow was presented, a question mark followed by an on-screen 
keyboard in which participants had to fill in the updated number of the promoted fields, 
appearing randomly on each of the fields. Short feedback was then given to let participants 
know whether their answer was correct.

Overall, the test consisted of seven levels with an increasing number of fields being 
shown the higher the level was. The first level contained three fields, and nine fields were 
presented on the highest level. To advance to the next level, 75% of the fields that had been 
previously shown had to be answered correctly. When this was not achieved, the test ended, 
and the final score was calculated according to the level participants successfully solved. 

Fluent

(Arial, 12pt, black)

Disfluent

(Haettenschweiler, 12pt, grayscale

35%)

For the purpose of ship- and airplane-
navigation, the earth can usually be 
viewed as a sphere without significant 
errors. As a convention, the surface 
of said sphere was divided into time 
zones using so-called meridians.

For the purpose of ship- and airplane-navigation, 
the earth can usually be viewed as a sphere 
without significant errors. As a convention, the 
surface of said sphere was divided into time 
zones using so-called meridians.

Fig. 1  Examples of the Text Font Manipulation of the Learning Material. Note. The exemplary text pas-
sage, which was originally in German, was translated into English for this figure

https://osf.io/vw8g2/
https://osf.io/u9jpf/
https://osf.io/u9jpf/
https://osf.io/ed9b3/
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As the test started with three fields being presented, participants could achieve a minimum 
score of 2 (first level not solved) and a maximum score of 9 (final level solved). Note, 
we implemented a minor procedural deviation before starting the working memory test: In 
contrast to Lehman et al., who immediately started the span test after participants had read 
the instruction, our participants received two practice trials with one field, and when this 
field was answered correctly, then two fields. The code for computing the working memory 
scores is available here: https:// osf. io/ ed9b3/.

Potential Confounding Variables

Enjoyment during task performance, interest in the task, and motivation to solve the task 
were measured using the items developed by Lehmann et al. (2016). The question “How 
much did you enjoy the task performed?” with a 7-point scale ranging from 1 (very little) 
to 7 (very much) was used to assess enjoyment during task performance. Interest in the 
task and motivation to solve the task were measured through the items “I was interested in 
the task” and “I was motivated to solve the task,” respectively, on a 7-point scale ranging 
from 1 (absolutely not true) to 7 (completely true). These control variables were correlated 
with the outcome variables and tested for differences across experimental conditions, and 
in case of a significant result, they were controlled for in the regression model (see https:// 
osf. io/ kgxr9/). This approach followed the criteria of Lehmann et al.

Further variables Following the same procedures as the primary study, the replication 
also assessed cognitive load (Sweller, 1994) by means of the Cognitive Load Question-
naire (Klepsch & Seufert, 2012). These variables, however, were not relevant for testing the 
target effect of WMC and disfluency and are therefore not reported in the results section.

Based on the study of Eitel and Kühl (2016), which showed reading comprehension 
being a covariate of retention performance, the replication study included reading compre-
hension and reading speed in the first session (otherwise only a 10 min WMC test would 
have been administered, making it odd for participants to sign up for a two-session study; 
yet the two-session replication was necessary because Lehman et al. had obtained the WMC 
data separately at a different date). The inclusion of the reading comprehension test (LGVT 
6–12; Schneider et al., 2007) thus had the advantage of mimicking the measurement of dif-
ferent individual aspects of participants in a separate session, similar to Lehmann et al.

Demographic Questions The demographic questions consisted of gender, age, country 
of residence, professional status, whether participants are German native speakers, and 
whether participants have dyslexia. Participants were also given the chance to provide 
feedback about the study at the end of the experiment.

Procedure

Concerning the procedure, the replication study was matched as closely as possible to the 
primary study. However, due to the COVID-19 situation at the time the study was con-
ducted, a modification had to be made; specifically, the experiment was conducted online 
via video conference. The experimenter supervised multiple participants during online data 
collection. In the sessions, upon entering the video conference room, participants were 
given the link to the online experiment and asked to work on the study while staying in the 
video conference room. Hence, similar to a laboratory setting, the experimenter watched 

https://osf.io/ed9b3/
https://osf.io/kgxr9/
https://osf.io/kgxr9/
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participants. Moreover, participation was only possible on a computer—that is, anyone try-
ing to access the experiment via tablet or smartphone was technically denied access by our 
programming.

As mentioned, the primary study measured WMC separately in a prior study. The repli-
cation study was therefore divided into two sessions to simulate these conditions; an exam-
ple of Session 1 and Session 2 in German can be found here: https:// osf. io/ at7ey/. The pri-
mary study did not provide information about the time interval between the measurement 
of WMC and data collection in the disfluency study. To match this procedure as closely as 
possible, the replication study conducted the first and second sessions on different days, 
allowing participants to choose the dates of the experiments themselves, with the first ses-
sion always being before the second session.

The first session lasted about 25 min. The session was conducted as follows: Partici-
pants were first asked about their consent, followed by creating a personal code used to 
match their data from the first and second sessions. Subsequently, the WMC test was con-
ducted. In addition, and in contrast to the primary study, the reading comprehension and 
speed tests were carried out (but in the primary study, other concepts were measured3).

The second session took around 50 min and was similar to the primary study, except the 
demographic questions were presented at the end of the session instead of at the beginning. 
Participants were first asked to type in the code they already created in the first session fol-
lowed by the prior knowledge test. Afterward, participants were asked to read a text about 
“Time and date differences on earth” (either fluent or disfluent). They were instructed to 
read it carefully and to take as long as they wanted, without time limits. After participants 
finished reading, the Cognitive Load Questionnaire and questions about enjoyment, inter-
est, and motivation during learning were presented. Subsequently, five retention questions 
followed by five comprehension and five transfer questions were presented. Next, partic-
ipants were asked to answer the Cognitive Load Questionnaire and the questions about 
enjoyment, interest, and motivation during answering the learning outcome tests. Finally, 
participants answered demographic questions, and at the end of the experiment, a short 
explanation of the study was shown.

Results

Data Preparation

The following analyses are based on the same analytical approach set out by the primary 
study. We adopted the same data preprocessing criteria and model inclusion criteria 
as Lehmann et  al. (2016) and applied them to our replication sample. The raw data can 
be found here: https:// osf. io/ 59xt3/ and https:// osf. io/ gvps6/. The data preparation file—
including filtering and participant selection according to the criteria of Lehmann et al.—
can be found here: https:// osf. io/ ed9b3/. The preprocessed data set can be accessed here: 
https:// osf. io/ qdbcv/.

First, we applied the selection criterion of permissible items of the prior knowledge test 
to have a solution probability of more than 10% or less than 90%. We included four out of 

3 We are aware from personal communication that students’ personality characteristics are assessed in a 
battery at the beginning of their undergraduate studies and (if of interest) linked to various experiments over 
the course of their 3-year coursework term at the university where data collection took place.

https://osf.io/at7ey/
https://osf.io/59xt3/
https://osf.io/gvps6/
https://osf.io/ed9b3/
https://osf.io/qdbcv/
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six items (Items 1, 4, 5, and 6). Furthermore, we excluded participants with low previous 
knowledge scores (less than or equal to 2 out of 8 points, representing 25% of the maxi-
mum score). We further excluded participants with high prior knowledge scores (more than 
or equal to 6 out of 8 points, representing 75% of the maximum score in the prior knowl-
edge test; see also section “Participants”).

Learning Outcomes

The analysis code can be found here: https:// osf. io/ kgxr9/. All regression analyses were 
carried out using dummy-variable coding according to Aiken and West (1991) for the dis-
fluency manipulation. The fluent condition was first coded as 0 and the disfluent condition 
as 1, followed by the same regressions with a reversed coding of the fluent condition as 
1 and the disfluent condition as 0. Furthermore, dependent variables were converted into 
percentages, and all the predictors (except the disfluency manipulation) were standardized. 
The dependent variables and predictors were identical to the primary study. We followed 
the analytical approach of the primary study including selection of covariates (i.e., cor-
relating the potential covariates outlined in Lehmann et  al. with the learning outcomes; 
in case of a significance, they were included in the respective model). An overview of the 
potential covariates and learning outcomes of both the primary study and the replication 
study is provided in Table 2.

Retention Using retention as a dependent variable, the predictors in the regression model 
were disfluency manipulation (fluent = 0; disfluent = 1), standardized WMC, the interaction 
term of disfluency * standardized WMC, and the standardized control variables enjoyment, 
interest, motivation during learning, and enjoyment, interest, motivation during the assess-
ment of the learning outcomes.

The regression model was significant, F(9, 84) = 2.76, p = 0.007, R2
adj. = 0.15. Nev-

ertheless, the only significant predictor of retention was motivation during learning 
(β = 7.32, SE = 3.24, t(84) = 2.26, p = 0.026). Disfluency manipulation (β = 0.82, SE = 4.77, 
t(84) = 0.17, p = 0.864), WMC (both in fluent (β = -0.07, SE = 3.94, t(84) = -0.17, p = 0.865; 
disfluent β = 3.52, SE = 3.04, t(84) = 1.16, p = 0.25 condition), and the interaction between 
disfluency manipulation * WMC, (β = 4.19, SE = 4.92, t(84) = 0.85, p = 0.397), were not 
predictors of retention (see Fig.  2 and Table  3). Based on the criterion of significance 
and an effect in the same direction, these results do not replicate the primary results of 
Lehmann et al. (2016).
Comprehension Except the control variables, all predictors were the same as in the reten-
tion model. Thus, the comprehension model included the disfluency manipulation (flu-
ent = 0; disfluent = 1), standardized WMC, the interaction term of disfluency * standard-
ized WMC, and the standardized control variables: enjoyment and interest during learning; 
enjoyment, interest, and motivation during assessment of the learning outcomes, as well as 
prior knowledge.

The regression model was significant (F(9, 85) = 3.17, p = 0.002, R2
adj. = 0.17). The 

only significant predictor for comprehension was prior knowledge (β = 9.19, SE = 2.81, 
t(85) = 3.27, p = 0.002). Disfluency manipulation (β = 8.90, SE = 5.54, t(85) = 1.61, 
p = 0.11), WMC (fluent: β = 6.11, SE = 4.60, t(85) = 1.33, p = 0.19; disfluent: β = -0.67, 
SE = 3.59, t(85) = -0.19, p = 0.85), and their interaction (β = -6.78, SE = 5.77, t(85) = -1.18, 
p = 0.243) were not significant predictors of comprehension (see Fig. 3 and Table 4). Note, 
the slope of the interaction effect is negative in our replication data and positive in the 

https://osf.io/kgxr9/
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primary study. Thus, the direction of the interaction is  reversed in the replication data 
(positive effect: Higher WMC in the fluent condition appears associated with higher com-
prehension performance) as opposed to the pattern in the primary study (negative effect: 
Higher WMC in the fluent condition related to lower comprehension performance). More-
over, our replication data showed no WMC effect in the disfluent condition, whereas the 
pattern in the primary study showed a positive WMC effect in the disfluent condition. In 
sum, the replication findings do not replicate the primary results, neither in terms of sig-
nificance nor in terms of the direction of the effect.

Lehmann et al. (2016) Direct Replication

Fig. 2  Retention: Interaction Working Memory Capacity and Disfluency Manipulation in the Primary Study 
and Direct Replication. Note. N = 47 in Lehmann et al. (2016). N = 94 in the replication study (R’s regres-
sion model excluded 2 persons due to missings)

Table 3  Regression Analysis of Retention: Comparison of Primary Study and Replication Study

Note. N = 47 for Lehmann et al. (2016). N = 94 for the replication study. SE = Standard Error
a  Lehmann et al. (2016) did not report the standard errors of the coefficients (SE)
* p < 0.05, **p < 0.01, ***p < 0.001

Effect Lehmann et al. (2016) Direct Replication

Estimate SEa t(44) Estimate SE t(84)

Disfluency Manipulation 2.42 - 0.53 0.82 4.77 0.17
WMC: Fluent -1.01 - -0.35 -0.67 3.94 -0.17
WMC: Disfluent 10.66* - 2.86 3.52 3.04 1.16
Disfluency * WMC 11.66* - 2.46 4.19 4.92 0.85
Enjoyment during learning - - - -2.29 3.12 -0.73
Interest during learning - - - -2.84 3.95 -0.72
Motivation during learning - - - 7.32 3.23 2.26*

Enjoyment during assessment - - - 0.46 3.55 0.13
Interest during assessment - - - 4.76 4.28 1.11
Motivation during assessment 5.59* - 2.38 5.24 3.05 1.72
Regression Model F(4, 44) R2

adj F(9, 84) R2
adj

3.56* 0.19 2.76*** 0.15
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Transfer Except the control variables, all predictors were the same as with retention and 
comprehension as dependent variables. The regression was conducted using transfer per-
formance as the dependent variable and disfluency manipulation (fluent = 0; disfluent = 1), 
standardized WMC, and the interaction term of disfluency * (standardized) WMC as pre-
dictors. Furthermore, the regression model included the standardized control variables 
enjoyment, interest, motivation during learning; and enjoyment, interest, motivation during 
assessment of the learning outcomes; as well as prior knowledge.

Lehmann et al. (2016) Direct Replication

Fig. 3  Comprehension: Interaction between Working Memory Capacity and Disfluency Manipulation in the 
Primary and Replication Study. Note. N = 47 in Lehmann et al. (2016). N = 95 in the replication study (R’s 
regression model excluded 1 person due to missings)

Table 4  Regression Analysis for Comprehension: Comparison between Primary Study and Replication 
Study

Note. N = 47 for Lehmann et al. (2016). N = 95 for the Replication Study (R’s regression model excluded 1 
person due to missings). SE = Standard Error
a  Information was not provided in Lehmann et al. (2016)
* p < 0.05, **p < 0.01, ***p < 0.001

Effect Lehmann et al. (2016) Direct Replication

Estimate SEa t(46) Estimate SE t(85)

Disfluency Manipulation -2.36 - -0.46 8.90 5.54 1.61
WMC: Fluent -3.90 - -1.20 6.10 4.60 1.33
WMC: Disfluent 10.66* - 2.86 -0.67 3.57 -0.19
Disfluency * WMC 12.62* - 2.33 -6.78 5.77 -1.18
Enjoyment during learning - - - 2.44 3.56 0.68
Interest during learning - - - 1.16 4.17 0.28
Enjoyment during assessment - - - 0.14 4.13 0.03
Interest during assessment - - - 3.69 4.70 0.78
Motivation during assessment - - - 1.88 3.34 0.56
Prior Knowledge 7.90** - 3.04 9.19 2.81 3.27**

Regression Model F(4, 46) R2
adj F(9, 85) R2

adj

3.33* 0.17 3.17** 0.17
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The regression model (F(10, 83) = 4.70, p < 0.001, R2
adj. = 0.28) was significant, but 

the only significant predictor was prior knowledge (β = 14.06, SE = 3.11, t(83) = 4.52, 
p < 0.001). Disfluency manipulation (β = 1.48, SE = 6.09, t(83) = 0.24, p = 0.808), 
WMC (fluent: β = 5.87, SE = 5.01, t(83) = 1.17, p = 0.245; disfluent: β = 4.30, SE = 3.88, 
t(83) = 1.11, p = 0.270), and their interaction (β = -1.57, SE = 6.28, t(83) = -0.25, p = 0.804) 
did not significantly predict transfer performance. Because Lehmann et  al. (2016) also 
failed to find an ATI effect on transfer, and given that both their effect size and our effect 
size were negative, the two studies’ findings align. The primary results (null finding) thus 
could be replicated (see Fig. 4 and Table 5).

Fig. 4  Transfer: Interaction of 
Working Memory Capacity and 
Disfluency (Replication Study). 
Note. Lehmann et al. (2016) 
did not include any graphi-
cal representation for transfer 
performance. N = 94 in the 
replication study (R’s regression 
model excluded 2 persons due to 
missings)

Table 5  Regression Analysis for Transfer: Comparison between Original and Replication Study

Note. N = 47 for Lehmann et al. (2016). N = 96 for the replication study. SE = Standard Error
a  Information was not provided by Lehmann et al. (2016)

Effect Lehmann et al. (2016) Replication Study

Estimate SEa t(45) Estimate SE t(83)

Disfluency -4.26 - -0.46 1.48 6.09 0.24
WMC:  Fluenta - - - 5.87 5.01 1.17
WMC:  Disfluenta - - - 4.30 3.88 1.11
Disfluency * WMC -2.27 - -0.23 -1.57 6.28 -0.25
Enjoyment during learning - - - -1.09 3.97 -0.27
Interest during learning - - - -0.77 5.03 -0.15
Motivation during learning - - - 2.55 4.12 0.62
Enjoyment during assessment - - - 6.52 4.56 1.43
Interest during assessment - - - 2.18 5.45 0.40
Motivation during assessment - - - 1.68 3.92 0.43
Prior Knowledge - - - 14.06*** 3.11 4.52
Regression Model F R2

adj F(10, 83) R2
adj

 < 1  < 0.01 4.70*** 0.28
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Discussion

Our direct replication of the ATI study of Lehmann et  al. (2016) tested the hypothesis 
that the perceptual disfluency effect regarding text-based learning is moderated by WMC 
(for other investigations of a moderation effect of WMC, see Miyakawa & Hattori, 2017; 
Strukelj et  al., 2016). Lehmann et  al. theorized that perceptually disfluent texts entail 
greater processing demands, which only would allow learners with higher WMC to engage 
in deeper and more analytical/elaborative processing rather than heuristic reasoning (see 
also Diemand-Yauman et  al., 2011; Ebersbach et  al., 2023; Meyer et  al., 2015; Rummer 
et al., 2016). The primary study by Lehmann et al. found such an ATI effect of WMC on 
disfluency for retention and comprehension (but not transfer). Particularly, in the disfluent 
condition, the higher the WMC, the better retention and comprehension. Yet in the fluent 
condition, no WMC effect was obtained. Note that WMC in general had no positive main 
effect on learning outcomes in the primary study.

Given the discrepant findings in the disfluency literature, the practical implications of 
a disfluency*working memory interaction effect, the small power, and the (at least partly) 
idiosyncratic statistical decisions of Lehmann et  al. (2016), we aimed to bolster the ini-
tial results by an independent direct (and preregistered) replication. Thus, we utilized the 
same learning materials and measures and followed as closely as possible the experimental 
design and the analytical approach of the primary study (for a more detailed discussion of 
similarities and differences, see below). To substantiate our empirical findings, we tripled 
the number of collected participants, which after exclusions resulted in a final sample of 
N = 96. This is approximately twice the size of the sample size of Lehmann et al. (N = 47), 
Strukelj et al. (2016; N = 53), and Miyakawa and Hattori (2017; N = 40). We applied the 
criteria of finding a statistically significant effect (p < 0.05, two-sided) in the same direction 
to evaluate the success of the replicability of the primary results (cf. Camerer et al., 2018; 
Nosek et al., 2015).

The findings of our direct replication are not in line with the results of Lehmann et al. 
(2016). We did not find an interaction effect of WMC and disfluency on retention perfor-
mance, albeit our post hoc power of 0.90 exceeded the post hoc power of 0.70 of Lehmann 
et al. for the overall model. Our only significant predictor in the regression model for reten-
tion was motivation during learning. Likewise, we obtained no interaction effect for com-
prehension performance (our post hoc power = 0.84; Lehmann et al. = 0.62). Moreover, the 
direction of the interaction effect for comprehension descriptively reversed in our replica-
tion sample (negative effect) as opposed to the primary study (positive effect). Because our 
interaction effect was not significant, we do not interpret this aspect of our data pattern but 
do note its opposing direction (cf. Miyakawa & Hattori, 2017). For transfer performance, 
we replicated the primary findings of Lehmann et al.: a null effect (with the same negative 
coefficient). In our study, the only significant predictor of both comprehension and transfer 
performance was prior knowledge. In summary, our replication data do not support the 
hypothesis of a cognitively moderated disfluency effect with WMC acting as a boundary 
condition.

It is worth noting that our findings are based on the same analytical approach used in 
the primary study. We thus applied the same data preprocessing criteria and model inclu-
sion criteria as outlined by Lehmann et  al. (2016) contingent on our replication sample. 
This means that we also retained only prior knowledge items with a solution probability of 
less than 10% or higher than 90%, which in our case were four out of six (instead of three) 
items. Based on this selection, we filtered for participants with medium prior knowledge 
(between 25% and 75% points in the prior knowledge test). Moreover, we included prior 
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knowledge in our regression model (of comprehension and transfer) according to the crite-
rion of Lehmann et al. (= significant correlation of previous knowledge with the learning 
outcomes or when a t test showed differences across the disfluency manipulation). We disa-
gree with such extensive use of prior knowledge as a filtered variable itself (three out of six 
items of prior knowledge retained based on > 10% and < 90% solution rates), and selection 
criteria for participants (with medium knowledge, > 25% and < 75%), as well as a control 
variable (e.g., see Table 4), especially given the unvalidated, self-developed nature of the 
prior knowledge test.

In this respect, we note that the number of motivational control variables we had to 
include in our models as a result of the criteria by Lehmann et  al. (= a significant cor-
relation of the control variables with learning outcomes or significant differences in the 
motivational control variables across the disfluency manipulation  without correction for 
multiple testing) was larger than the number of control variables Lehmann et  al. (2016) 
included; this was likely due to our increased sample size. With less power, fewer control 
variables can show a significant correlation or group differences, avoiding the criteria. We 
had twice as many participants in our final sample as Lehmann et al.. In our replication 
sample, almost all six motivational control variables fulfilled the criteria for all regression 
models. Lehmann et al. included different control variables in each model (for retention: 
motivation during assessment of learning outcomes; for comprehension: prior knowledge). 
In our view, the adoption of such criteria is not only subjective but also largely power-
dependent and data-contingent to the obtained sample. Results thus can be more prone to 
(random) error, less reliable, and less replicable. Case in point, removing previous knowl-
edge as a control variable in the regression model for comprehension of Lehmann et al. 
rendered their interaction effect nonsignificant.

Although our power for the overall regression models is higher than the power of the 
primary study, we need to briefly consider power aspects regarding the interaction effects 
and alternative analysis. Using the interaction effect size observed in the primary study 
for retention and given their sample size, Lehmann et al. (2016) had an estimated power 
of only 45% to detect the interaction effect, based on a simulation tool developed by Fin-
saas et al. (2021) and Baranger et al. (2022). A simulation of the necessary sample size to 
find the interaction effect for retention with a power of 80% required a sample size of 150 
participants.

We thus reanalyzed our data with the full sample of 130 participants in various sensible 
ways. We still found no support for an interaction effect in any of the models, especially 
no interaction effect for retention. In those rare cases, where the p value was close to 0.10, 
albeit only for comprehension, the sign of the coefficients was different from the primary 
study. This indicated that the interaction had a different pattern, for example, the compre-
hension effect in the primary study: Disfluency B = -2.36, WMC: Fluent B = -3.90, Dis-
fluency * WMC B = 12.62; comprehension effect in our replication: Disfluency B = 6.25, 
WMC: Fluent B = 11.87, Disfluency * WMC B = -9.18 (no filtering for medium previous 
knowledge participants and no control variables, N = 130).

Note, whether we filtered for previous knowledge in various ways or included control 
variables in various ways, there was no change in the overall implications of our data. We 
did not find any support for the proposed interaction effect and the descriptive pattern of 
the interaction effect (regardless of significance) is dissimilar to the primary study, which 
suggests that the lack of the interaction effect is not a result of insufficient statistical power.

Such aspects (power and analytical choices) add another layer of reasons for discrepan-
cies and contribute to inconsistencies, which are characteristic of the deviating results of 
the existing studies examining the interaction between WMC and disfluency. For instance, 
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Miyakawa and Hattori (2017), in contrast to Lehmann et al. (2016), discovered that partici-
pants with lower WMC performed better in the disfluency condition. Strukelj et al. (2016), 
however, found no moderating effect of WMC on disfluency, similar to our present find-
ings. Thus, there is one experiment demonstrating that the disfluency effect is restricted 
to high-span subjects (Lehmann et  al., 2016), one experiment demonstrating that it is 
restricted to low-span subjects (Miyakawa & Hattori, 2017), and two experiments demon-
strating a null effect (Strukelj et al., 2016; the present study). Interpreting these discrepan-
cies proves difficult; the issue is not merely differences in power and analytical choices 
but also the methodological deviations in the manipulation of disfluency, the measurement 
of working memory, and the choice of dependent variables. To follow, we consider these 
differences.

Miyakawa and Hattori, (2017), Lehmann et al., (2016), and our replication of Lehmann 
et al. used a grey-scaled font manipulation, whereas Strukelj et al. (2016) used low-pass 
filtering to achieve blurriness. Miyakaw and Hattori used a within-subjects manipulation 
of disfluency (and applied a median split for working-memory capacity), whereas all other 
studies used a between-subjects design. Only Miyakaw and Hattori found a significant 
advantage of disfluency, whereby participants learned vocabulary and the dependent vari-
able was free recall; this is in line with a study by Yue et al. (2013) in which participants 
were presented with word lists suggesting that the disfluency effect emerges only when 
disfluency was manipulated within-subjects and not between-subjects. The other studies 
used text materials and either assessed only recall of information regarding how airplanes 
achieve lift (Stukelj et al.) or recall, comprehension, and transfer on time and date differ-
ences across the world (Lehmann et al., 2016, as well as the present replication study).

One explanation for why Miyakawa and Hattori, (2017) found an effect and all other 
studies did not could rest on sample differences (Japanese vs. European participants) and/
or material differences (vocabularies vs. expository texts). Another explanation could 
rest on the proposition that a robust disfluency effect does not exist at all (e.g., Xie et al., 
2018; also see Weissgerber et al., 2021). Based on this explanation, the results of Miyakaw 
and Hattori would be a false positive. However, despite their small sample, their within-
subjects manipulation achieved greater power to detect a disfluency effect as opposed to 
Strukelj et  al., who also had a small sample but a between-subjects design. In addition, 
there is some evidence that the disfluency effect emerges when disfluency was manipulated 
within-subjects and not between-subjects (e.g., Yue et al., 2013).

If the disfluency effect exists, and it is not practically equivalent to zero, the considera-
tion of power is an important aspect apart from the methodological differences. In line with 
this, it could be that the effect, albeit nontrivial and existent, is very small. Thus, detec-
tion would require a large sample size, especially in between-subjects designs. Assuming 
a small disfluency effect of d = 0.20, alpha of 0.05, and beta of 0.80 (one-sided) would 
require 620 participants to detect a significant mean difference between a fluent and a dis-
fluent group. Thus, neither the original nor our experiment were sufficiently powered to 
detect a potential main effect of disfluency manipulated between-subjects. Importantly, 
however, neither the goal of the primary study nor of our replication was to detect a main 
effect. Moreover, a small disfluency effect severely limits its practical relevance, despite its 
scalability due to easy applicability.

The reasons for the occurrence (Miyakawa and Hattori, 2017; Strukelj et al., 2016) or 
the lack of a working memory effect (Lehmann et al., 2016; the present replication) across 
the experiments are ambiguous. Given that the lack of a working memory effect occurs in 
the primary study and in our study, it could be specific to the learning material/working 
memory test and procedural choices. In theory, the used WMC test requiring numerical 
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updating (Oberauer et  al., 2000) and the measurement of the dependent variables also 
requiring numerical computations (e.g., transfer question: “You will depart from Anchor-
age on June 25 at 10 pm. After a 19-h flight, you land in Moscow. What is the date and time 
in Moscow?”) allows the possibility of a WMC effect. It could be, nevertheless, that such 
an effect would only occur when the performance measurement is restricted (system-paced) 
rather than self-paced (as in the primary study of Lehmann et al. and our replication).

Strukelj et al. (2016) used the OSPAN working memory test (Unsworth et al., 2005) 
and participants studied (self-paced) how airplanes achieve lift (Mautone & Mayer 
2001). The measurement of the recall performance was, however, time restricted. 
Stukelj et  al. found a main effect of working memory on recall performance but no 
interaction effect with disfluency (manipulated by low-pass filtering the text to appear 
blurry). However, Miyakaw and Hattori’s (2017) assessment of the recall performance 
of vocabulary was time restricted (as was the study time in the learning phase), and 
they did not obtain a working memory effect. Their measurement of WMC was based 
on two instruments: an operation span test (Izeki, 2010) and a revised reading span test 
(Mosaka, 2002). Thus, all three studies investigating a possible moderation of the dis-
fluency effect by WMC used different measures of WMC, albeit the operationalization 
of WMC in terms of a span task overlaps.

It may seem plausible to attribute differences in the results across experiments to differ-
ent measures of WMC. Although there might be some truth to it, this explanation probably 
falls short. Strukelj et al. (2016) found no moderating effect of WMC on disfluency, but 
our replication results were similar in terms of the lack of a moderation effect despite a 
different WMC measure and learning material. Lehmann et al. (2016) and Miyakawa and 
Hattori (2017) used different WMC measures and materials, but both experiments found a 
moderation effect. Thus, an overinterpretation of discrepancies as mere consequences of 
WMC measurements should be cautioned. It is worthwhile to further consider the hypoth-
esis and obtained effects.

The original hypothesis of Lehmann et al., (2016, p. 94) states:

In the fluency condition, the WMC should not influence retention (Hypothesis 1a), 
comprehension (Hypothesis 2a), or transfer (Hypothesis 3a). In the disfluency con-
dition, the WMC should affect learning outcomes: The higher the WMC, the better 
the expected retention (Hypothesis 1b), comprehension (Hypothesis 2b), and transfer 
performance (Hypothesis 3b) in the disfluency condition.

One could argue that this particular hypothesis is not a convincing instantiation of 
“WMC as a moderator of the disfluency effect” but rather of “disfluency as a moderator 
of an effect of WMC” on learning (because the positive effect of working memory is 
predicted to be “switched off” in the fluent condition and “switched on” in the disflu-
ent condition). However, when WMC is the moderator for the disfluency effect, higher 
WMC should predict higher learning outcomes in the fluent condition (e.g., Swanson & 
Alloway, 2012; positive slope of WMC). Moreover, higher WMC should act especially 
as a performance booster in the disfluent condition (an even steeper positive slope of 
WMC), but those with lower WMC should not benefit from disfluency. Thus, a positive 
disfluency effect should be “switched off” for low-capacity participants and should be 
“switched on” for high-capacity participants.

This is relevant with respect to the (surprising) lack of a positive WMC effect in the 
results of Lehmann et al. (2016). The slope for the WMC effect in the fluency condition 
is negative (albeit nonsignificant), which descriptively shows a worse performance for 
participants with higher WMC for the standard (fluent) learning material. By contrast, 



313Is the perceptual disfluency effect moderated by working memory…

1 3

the slope for the WMC effect in the disfluency condition is positive. It significantly 
shows better performance of participants with higher WMC in the disfluent condition. 
Both opposing slopes appear together as a crossover effect; this can be gauged in Fig. 3. 
Therefore, we wonder about how this unexpected coefficient for WMC in the fluent con-
dition may have contributed to the emergence of the (crossover) interaction effect. We 
caution against interpreting the primary data to robustly mean that the disfluency effect 
is restricted to high-span subjects (“disfluency only paid off when learners had sufficient 
WMC,” p. 100), when it appears that this effect could partly rest on the (surprising) 
negative slope of fluency seemingly costing learners with sufficient WMC.

Note, the hypothesis of WMC as moderator of the disfluency effect predicts an inter-
action effect in the shape of an upward-spreading triangle (see Fig. 5, left). This particu-
lar interaction effect entails a positive effect of WMC, which is even further enhanced 
by disfluency, albeit disfluency itself has no main effect. The findings by Miyakawa and 
Hattori (2017) are interesting in this context because they show a disfluency effect, but 
no main effect of WMC, and an interaction effect, whereby disfluency is only advanta-
geous for low-span subjects. This pattern of results is the opposite of the idea that the 
disfluency effect is “switched off” for low-span individuals and “switched on” for high-
span individuals, as predicted by the “working-memory as moderator for disfluency” 
interaction. Thus, this pattern is the opposite of what should have been the original 
hypothesis, rather than assuming no working-memory effect in the fluency condition, 
and a disfluency advantage for high-span individuals (see Fig. 5).

Overall, it is preliminary to gauge the evidence that there is no reliable relation between 
WMC and the perceptual fluency effect in text-based learning. Given that only a few stud-
ies on the interaction effect of WMC*disfluency exist and given the discrepant experimen-
tal approaches, we are cautious to say that the findings by Miyakawa and Hattori (2017) 
falsify the WMC-as-moderator-for-disfluency hypothesis. We are also cautious in claim-
ing that the null findings of our replication falsify Lehmann et  al. (2016). In our view, 
the discrepancies across the experiments investigating the WMC*disfluency interaction 
emphasize the need for a systematic investigation of this important hypothesis.

Despite disagreeing on the formulation of this hypothesis with Lehmann et  al., we 
emphasize the importance of the predicted interaction of WMC*disfluency by Lehmann 
et al. for the investigation and theoretical advancement of the disfluency effect. We agree 
with Lehmann et  al. that WMC is a highly interesting boundary condition to scruti-
nize as a possible explanation for the fickle nature of the disfluency effect. Moreover, a 

Fig. 5  Theoretically Expected Pattern of Results for the Interaction Effect of Disfluency*WMC. Note. 
Left-side: our theoretically expected pattern for the disfluency*WMC interaction; right-side: theoretically 
expected pattern of Lehmann et al. (2016)
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WMC*disfluency interaction effect would only be obtained if the theoretical explanation 
holds that disfluency leads to deeper processing (Diemand-Yauman et  al., 2011) but not 
if the disfluency effect is nonexistent or is based on another mechanism (e.g., novelty/dis-
tinctiveness effect: Rummer et al., 2016). We thus reiterate the value of examining the pre-
dicted interaction effect of Lehmann et al. (2016).

An obvious candidate to contribute to discrepant replication findings in Lehmann et al.’s 
and our study are the data collection methods and settings. The primary study was con-
ducted in small groups in the laboratory with the materials in paper–pencil format. Due to 
COVID-19 restrictions, the replication study was conducted online, reliant on participants’ 
personal computers at home. We set up both replication sessions to be conducted in small 
groups (maximum five persons) via video conference to monitor participants’ behavior and 
closely match the laboratory conditions (e.g., group setting). Again, we can only speculate 
if the diverging method influenced our findings.

For replications to be considered direct replications, the replication does not need to 
(and cannot) recreate the exact context and conditions of the primary study. Instead, the 
direct replication must recreate the theoretical conditions known to be necessary to create 
the to-be-replicated effect: Accordingly, only the critical features of a primary study need 
to be the same, which allows some deviation (Zwaan et al., 2018). We believe the change 
from a laboratory setting to an online setting to be a less probable (albeit possible) context-
based post hoc explanation of the discrepant results. To foreshadow, we have limited rea-
sons to assume that the relationship between working memory and disfluency was moder-
ated by lab vs. online context and thus to be the main explanation for the discrepant results 
of the primary study and the replication. Nevertheless, we cannot rule out this possibility.

An interesting post hoc contextual factor to consider would be the effect of paper–pencil 
versus computer screen for the disfluency manipulation. Reading a disfluent text on a com-
puter screen instead of on a piece of paper might generate subtle perceptual differences for 
which we cannot account. To our knowledge, there is at least one study that tested a poten-
tial interaction of the perceptual disfluency effect and the presentation medium: Sidi et al. 
(2016) found that disfluent font onscreen resulted in higher success rates than fluent font, 
but on-paper fluent fonts outperformed disfluent fonts. The differential effects were only 
found in one out of two experiments; yet, assuming there are indeed media-dependent dif-
ferences to be reckoned with, we would expect the screen presentation in our replication to 
be a conducive condition to the creation of a disfluency effect that could be moderated by 
WMC. In other words, our screen presentation should not have hindered obtaining a direct 
replication effect but aided detection.

Another interesting post hoc explanation for the discrepant results concerns varia-
tions in participants’ screens, which may have affected the effectiveness of the disfluency 
manipulation. For this reason, participation was exclusively possible by computer and not 
by tablet or smartphone. We programmed our study in a way that any attempt to access the 
experiment via tablet or smartphone led to a technical screen-out right away. This should 
have substantially reduced the variation in screen size, albeit some variation in computer 
screen size remained. This may have created some noise, as display size alone may have an 
effect in terms of the (dis)fluency manipulation. These variations may have been less con-
sequential because the grey-scaled disfluent text in Haettenschweiler remained disfluent in 
smaller screen sizes and larger screen sizes (comparison of disfluency in larger screens and 
smaller screens) and also compared to the fluent condition in Arial; this argument holds 
even if participants may have compensated for disfluency by adjusting their displays (e.g., 
by zooming in). Only at extreme levels of zooming in (> 400%) do disfluent texts become 
fluent but at the expense of the number of words displayed at a time.
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We cannot rule out the possibility that participants zoomed in and adjusted their screen 
online, whereas in the lab, the printed paper does not allow the option of such an adjust-
ment. Nevertheless, we point out that the data collection was supervised via Zoom, which 
should have discouraged participants from adjusting the screen (and we found no indica-
tion of zooming in during the review of participants’ open comments). We cannot rule 
out that a lack of control (rather than the online setting per se compared to the lab setting) 
introduced some noise and variations in the strength of the disfluency manipulation that 
could have affected our findings. To repeat the argument, in most cases, Haettenschweiler 
would still have been disfluent despite possible differences in contrast or size (e.g., zoom-
ing), especially relative to the fluent font Arial. We thus have little reason to believe that 
the lack of a moderation effect is simply due to the online setting (and possible variations 
in the strength of the disfluency manipulation).

Finally, we cannot exclude sampling error and variations in sample characteristics. Our 
sample was overall “older” than Lehmann et al.’s (29 instead of 22 years), and the primary 
study employed a convenience student sample, but our convenience sample included students 
and non-students with the majority being students (65%). The age gap is not wide enough to 
convincingly argue for differential abilities to learn the material. We have no good theoretical 
or practical reasons to believe that the variations in the sample led to the discrepant results.

In summary, considering the inconsistent empirical findings of our direct replication 
and those studies investigating the interaction between the disfluency effect and WMC 
(Lehmann et al., 2016; Miyakawa & Hattori, 2017; Strukelj et al., 2016), it is inconclusive 
whether higher WMC is a prerequisite to profit from the disfluency effect. The hypothesis 
as such, however, is theoretically and practically important. To conduct a replication that 
provides clear and unambiguous results, it is necessary to carry out more than one replica-
tion experiment (Hedges & Schauer, 2019). Hence, further examination of the potential 
interplay of WMC and disfluency is necessary, especially in the laboratory.

In conclusion, this experiment revealed no support for WMC to enable a learning ben-
efit of perceptual disfluency. The direct replication does not provide evidence of the exist-
ence of an interaction of WMC and disfluency with the utilized materials and measures. 
Our results add to the evidence of the disfluency effect and its potential boundary condi-
tions to be “fickle” (e.g., Rummer et al., 2016). Until substantiated, reliance on the disflu-
ency effect and its educational application should be treated with great caution.
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