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A B S T R A C T

An emerging body of studies has demonstrated that asking participants to make concurrent judgments of learning 
(JOLs) during learning can reactively change (typically enhance) their memory performance, a phenomenon 
known as the reactivity effect. The current study conducted the first exploration of individual differences in the 
JOL reactivity effect by employing a large-scale (N = 284 participants) approach. The reactivity effect was 
measured in a related word pair learning task, and each of four higher-order cognitive constructs, including 
working memory capacity (WMC), attentional control (AC), episodic memory (EM), and general fluid intelli
gence (gF), was assessed by multiple tasks. The results showed that making JOLs enhanced cued recall of related 
word pairs, reflecting an overall positive reactivity effect. WMC independently and positively predicted JOL 
reactivity and this prediction effect survived when controlling for the prediction effects of other cognitive 
constructs. After controlling for the effects of WMC, EM, and gF, AC negatively predicted JOL reactivity. Neither 
EM nor gF predicted reactivity. These findings lend support to the learning engagement and dual-task costs 
theories to jointly account for the JOL reactivity effect. Practical implications for guiding learning practices and 
for mitigating JOL reactivity in future metacognition research are discussed.

Introduction

Over the last half-century, numerous studies have been conducted to 
measure people’s metacognitive ability by instructing them to concur
rently perform a cognitive task (e.g., a learning or decision task) and 
make item-by-item metacognitive judgments (e.g., prospective esti
mates of the likelihood of remembering a studied item in a later memory 
test, or retrospective confidence ratings about decision accuracy) (Bjork 
et al., 2013; Dunlosky & Tauber, 2016; Koriat, 1997; Li, Hu, et al., 2024; 
Yang, Yu, et al., 2021). Metacognitive ability is typically measured as 
the level of consistency between objective task performance and sub
jective judgments (i.e., relative or absolute accuracy of metacognitive 
judgments; Fan et al., 2021; Lipowski et al., 2013; Rhodes, 2016; 

Schraw, 2009).
Although researchers frequently assume that metacognitive judg

ments provide a passive measure of metacognition and do not affect the 
underlying cognitive processes per se, an emerging body of studies has 
provided consistent findings challenging this assumption. These studies 
established that soliciting metacognitive judgments can affect the very 
things being judged, a phenomenon termed the reactivity effect (Mitchum 
et al., 2016; Shi et al., 2023; Soderstrom et al., 2015; Zhao et al., 2022; 
Zhao, Li, et al., 2023). For instance, many studies demonstrated that the 
requirement to report confidence ratings following each decision can 
reactively enhance individuals’ decision accuracy and slow down their 
decision speed (e.g., Bonder & Gopher, 2019; Double & Birney, 2018; 
Lei et al., 2020; Li, Hu, et al., 2024). It has also been shown that asking 
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individuals to explain what they are doing or thinking (i.e., concurrent 
verbalization) can reactively alter their task performance (for a review, 
see Fox, Ericsson, & Best, 2011).

Besides the reactivity effects of confidence ratings and concurrent 
verbalization, dozens of recent studies observed that asking participants 
to make item-by-item judgments of learning (JOLs; metacognitive esti
mates of the likelihood of remembering a studied item in a later memory 
test) can reactively change their ultimate memory performance (e.g., 
Double & Birney, 2019b; Janes et al., 2018; Rivers et al., 2021; Zech
meister & Shaughnessy, 1980; Zhao et al., 2022; Zhao, Yin, et al., 2023). 
These reactivity findings present substantial challenges for using meta
cognitive judgments to measure people’s metacognitive ability, espe
cially for using JOLs to measure people’s metamemory ability (Double & 
Birney, 2019a; Double et al., 2018; Li et al., 2022).

Below, we first review previous findings concerning the JOL reac
tivity effect, then highlight the practical and theoretical importance of 
exploring individual differences in JOL reactivity, and finally provide a 
brief overview of the aims of the current study.

JOL reactivity

Prior research on the JOL reactivity effect suggested that making 
JOLs while learning can modify (typically enhance) memory itself. As an 
illustration, Soderstrom et al. (2015) randomly assigned participants to 
a JOL or a no-JOL group and instructed both groups to study a mixed list 
of word pairs, with half being strongly related (e.g., blunt-sharp) and the 
other half being weakly related (e.g., boxer-terrible). The JOL group 
provided JOLs for each word pair during the study phase, reporting their 
subjective likelihood of later being able to recall the target associated 
with each cue word, while the no-JOL group did not. Importantly, the 
total exposure duration for each word pair was matched between the 
two groups. In a subsequent cued recall test, the JOL group demon
strated significantly better recall performance for strongly related word 
pairs and a numerical advantage for weakly related word pairs 
compared to the no-JOL group, indicating a positive reactivity effect on 
memory for related word pairs.1

Similar to Soderstrom et al. (2015), Witherby and Tauber (2017)
observed that making JOLs can facilitate both short-term learning and 
long-term memory for related word pairs. In this research, participants 
were instructed to study a pure list of related word pairs, with half of the 
participants providing concurrent JOLs and the other half not. Subse
quently, participants completed a cued recall test either after 3 min (in 
the immediate test condition) or 48 h (in the delayed test condition). The 
results revealed that the JOL group outperformed the no-JOL group in 
recalling more word pairs in both the immediate and delayed cued recall 
tests. The effect size for the positive reactivity effect after a 48-hour 

delay was substantial (Cohen’s d = 0.66), with minimal difference to 
the effect size in the immediate test (Cohen’s d = 0.71), suggesting that 
the positive reactivity effect persists in the long term.

The positive reactivity effect on memory for related word pairs has 
been repeatedly obtained in many other studies (Chang & Brainerd, 
2023; Double et al., 2018; Janes et al., 2018; Li, Zhao, et al., 2023; 
Maxwell & Huff, 2022, 2023; Mitchum et al., 2016; Myers et al., 2020; 
Tauber & Witherby, 2019). Moreover, it generalizes to other types of 
study materials (e.g., word lists, visual images) and other populations (e. 
g., elementary school children). In particular, Zhao et al. (2022)
employed word lists as stimuli and elementary school students as par
ticipants, and found that making JOLs enhanced recognition perfor
mance in children in Grades 1, 3, and 5. This positive reactivity effect 
has also been robustly documented by many other studies which 
employed young adults as participants (e.g., Halamish, 2018; Halamish 
& Undorf, 2023; Senkova & Otani, 2021; Yang et al., 2015; Zechmeister 
& Shaughnessy, 1980). Moreover, this effect survives in a level-of- 
processing (LOP) paradigm (Tekin & Roediger, 2020). That is, making 
JOLs can even enhance learning performance when learners employ 
deep encoding strategies to memorize study items. A meta-analysis 
conducted by Double et al. (2018) further confirmed the positive reac
tivity effects on memory for related word pairs and word lists. 
Furthermore, Shi et al. (2023) recently observed that making JOLs can 
substantially facilitate memory for visual images, extending the effect to 
memory for non-verbal materials (i.e., visual memory).

The aforementioned findings provide a basis for considering the 
extension of JOLs into education. Indeed, some researchers claim that 
instructing students to concurrently judge their learning status may act 
as an easy-to-implement intervention to boost learning (e.g., Double 
et al., 2018; Janes et al., 2018; Li, Zhao, et al., 2023; Soderstrom et al., 
2015; Witherby & Tauber, 2017). However, before making such a 
recommendation, it is critical to explore individual differences in the 
JOL reactivity effect, a key question that has not been explored thus far.

Practical and theoretical importance

Soliciting JOLs, as claimed by many researchers, has the potential to 
be an easy-to-implement intervention to enhance learning and memory 
in daily life. However, before recommending it to practice, individual 
differences in JOL reactivity must be investigated because it is possible 
that generating JOLs may not produce an equivalent enhancement effect 
across all individuals. Indeed, memory in some individuals might even 
be harmed by making concurrent metamemory judgments (see below 
for detailed discussion). Hence, practically, it is important to determine 
for which sub-populations soliciting JOLs reactively enhances and for 
which it impairs memory. The practical implications of obtaining data 
on individual differences in JOL reactivity should be fruitful for guiding 
learning and memory practices.

Additionally, exploring individual differences in JOL reactivity may 
also provide practical guidance about how to revise research methods to 
mitigate JOL reactivity in future metacognition research (Double & 
Birney, 2019b; Janes et al., 2018; Zhao et al., 2022). As will be discussed 
below, exploring individual differences in JOL reactivity may provide 
new insights into its cognitive underpinnings. With better understanding 
of its underlying mechanisms, metacognition researchers may have tools 
to eliminate JOL reactivity or develop more elegant experimental pro
cedures to mitigate JOL reactivity in future metacognition research 
(Double et al., 2018; Shi et al., 2023), thus allowing individuals’ met
acognitive ability to be measured in a less biased way (Li et al., 2022; 
Mitchum et al., 2016; Rivers et al., 2021).

Considering the aforementioned practical importance, the current 
study was specially designed to assess individual differences in the 
reactivity effect of JOLs on memory for related word pairs by probing 
the relations between JOL reactivity and four higher-order cognitive 
constructs, including working memory capacity (WMC; i.e., the capacity 
to hold information in immediate awareness, allowing it to be 

1 The current study especially focused on individual differences in the reac
tive influences of immediate JOLs (i.e., JOLs made during or immediately after 
studying each item) on memory. Different from immediate JOLs, delayed JOLs 
refer to metamemory judgments made after the study phase, and there is always 
a time interval between the study and JOL-making phases in the delayed JOL 
paradigm. In this paradigm, participants are typically prompted with a cue to 
make a prediction about the likelihood of remembering the target in a later test 
(Nelson & Dunlosky, 1991; Rhodes & Tauber, 2011). Some studies observed 
that making delayed JOLs can also enhance learning and memory performance. 
However, the enhancement effect of delayed JOLs is due to the fact that par
ticipants tend to covertly retrieve the targets with the aim of assessing the 
retrieval accessibility of the targets. The covert retrieval process induced by the 
requirement of making delayed JOLs in turn improves memory performance, a 
phenomenon known as the covert retrieval effect (Akdoğan et al., 2016; Tauber 
et al., 2015; Tekin & Roediger, 2021). Clearly, the mechanisms underlying the 
enhancement effect of delayed JOLs and those underlying the reactivity effect 
of immediate JOLs are distinct in nature. Hence, we do not further discuss the 
enhancement effect of delayed JOLs. Interested readers can consult the cited 
references.
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manipulated and transformed in the service of the current task goals; 
Unsworth & Spillers, 2010), attentional control (AC; i.e., the ability to 
focus, sustain, and shift attention as needed; Heitz & Engle, 2007), 
episodic memory (EM; i.e., the ability to form and recollect conscious 
memory of specific encountered events; Wheeler et al., 1997), and 
general fluid intelligence (gF; i.e., the ability to navigate complex and 
unfamiliar situations by applying logical reasoning and abstract 
thinking; Liu et al., 2024). Each of these cognitive constructs has been 
widely explored and found to relate to other learning and memory ef
fects (e.g., the testing effect, the LOP effect, the spacing effect, and study 
strategy usage; Brewer & Unsworth, 2012; Ferretti & Butterfield, 1992; 
Minear et al., 2018; Robey, 2019; Toyota, 2015; Unsworth, 2019; Uns
worth et al., 2013; Unsworth & Miller, 2024; Unsworth et al., 2020).

Aside from practical implications, exploring individual differences in 
JOL reactivity may also have important theoretical implications 
regarding the cognitive underpinnings of the effect. Several theoretical 
explanations have been proposed, but none of them has thus far received 
extensive empirical scrutiny. Below we describe two theories that are 
related to the current study: (1) learning engagement and (2) dual-task 
costs.2

Zhao et al. (2022) proposed a learning engagement theory to account 
for the positive reactivity effect of JOLs (for related discussion, see Davis 
& Chan, 2023; Shi et al., 2023). This theory asserts that learners’ 
attention typically wanes and their tendency to suffer lapses of attention 
(e.g., mind wandering) steadily increases across a prolonged learning 
task (Brosowsky et al., 2020; Krimsky et al., 2017; Risko et al., 2012; 
Szpunar et al., 2013; Wammes et al., 2016). When participants are 
required to form and report item-by-item JOLs, they have to closely 
study and analyze each study item in order to find “diagnostic” cues to 
guide JOL formation. Put differently, the requirement of generating 
JOLs forces participants to sustain attention to the learning task, which 
in turn produces superior learning outcomes (i.e., a positive reactivity 
effect). To date, the learning engagement theory has only been empiri
cally tested in a single study. Specifically, Shi et al. (2023) observed that 
the frequency of mind wandering during a learning task was lower in a 
JOL than in a no-JOL condition, and the difference in mind wandering 
rates statistically mediated the positive reactivity effect, suggesting that 
making JOLs enhances learning through improving engagement (i.e., 
through reducing mind wandering rates).

Of course, a single study does not permit a firm conclusion to be 
drawn about the validity of the learning engagement theory, and further 
tests are needed. The current study aims to test the learning engagement 
theory through probing the relation between AC and JOL reactivity. 
Numerous studies have established that individuals’ AC ability strongly 
relates to the tendency to experience attention lapses, task-unrelated 
thoughts and mind wandering (Decker et al., 2023; Unsworth & Robi
son, 2020; Unsworth et al., 2022). For instance, Unsworth et al. (2021)
found a correlation of r = -.65 between AC and rates of attention lapses. 
If making JOLs enhances learning performance through improving 
engagement (i.e., through sustaining attention), individuals with low AC 
ability should benefit more than those with high AC ability because they 
are generally poor at maintaining task attention, leaving more room for 
improvement. In brief, the learning engagement theory predicts a 
negative relation between AC and JOL reactivity.

Another potential explanation for JOL reactivity is the dual-task costs 
theory, developed by Mitchum et al. (2016) to explain why providing 
JOLs sometimes impairs learning. In Mitchum et al. (2016), participants 
were asked to study a mixed list of related and unrelated word pairs, 
with one group (i.e., a JOL group) making a JOL after studying each 

word pair and another group (i.e., a no-JOL group) not making JOLs. In 
a final cued recall test, although the JOL group recalled more related 
word pairs than the no-JOL group (reflecting a positive reactivity effect 
on memory for related pairs), recall performance of unrelated pairs was 
lower in the JOL than in the no-JOL group, reflecting a negative reac
tivity effect on memory for unrelated pairs (for related findings, see 
Janes et al., 2018; Li, Shanks, et al., 2024).

Mitchum et al. (2016) proposed that, during a learning task, the 
requirement of reporting JOLs may act as a secondary task that borrows 
limited cognitive resources (e.g., WM) from the primary learning task, in 
turn leading to an impairment effect on learning (i.e., a negative reac
tivity effect). This should be especially true when the primary learning 
task itself is quite challenging and resource-demanding (i.e., when the 
learning task itself is very difficult to perform, such as learning unrelated 
word pairs). Mitchum et al. (2016) provided one piece of evidence 
supporting this theory. In Mitchum et al.’s (2016) Experiments 1–3, two 
groups (JOL vs. no-JOL) of participants were asked to study a mixed list 
of related and unrelated word pairs, and they were allowed to spend as 
much time as they wanted to study each pair. After the study phase, 
participants completed a cued recall test on studied word pairs. The 
results showed that even though participants spent more time overall 
studying word pairs in the JOL than in the no-JOL group, cued recall 
performance in the final memory test did not statistically differ between 
the two groups. Put differently, Mitchum et al. observed that longer 
study time in the JOL group did not produce overall better memory 
performance, reflecting that the efficiency of study time was lower in the 
JOL than in the no-JOL group.

Clearly, it is difficult to make a firm conclusion about the validity of 
the dual-task costs theory based on the single piece of evidence provided 
by Mitchum et al. (2016). Hence, more tests on the dual-task costs 
theory are needed. The current study tests this theory by measuring the 
relation between WMC and JOL reactivity. WMC is crucial for managing 
and processing information simultaneously, which is essential in dual- 
task situations. Indeed, many studies found that higher WMC is associ
ated with better performance in dual-task situations due to the greater 
ability to manage and coordinate tasks simultaneously (Bühner et al., 
2006; Logan & Gordon, 2001; Shipstead et al., 2015). Hence, according 
to the dual-task costs theory and the essential role of WMC in multi- 
tasking, we expect a positive relation between WMC and JOL reac
tivity. Specifically, the primary learning task itself may be challenging 
for individuals with low WMC to perform, with few WM resources left 
for them to concurrently monitor their ongoing learning status. Hence, 
making JOLs should be less beneficial or even harmful for individuals 
with low WMC, because their WMC is more limited and sparing re
sources to make concurrent JOLs would induce greater costs to their 
learning performance.

Overall, the learning engagement theory predicts a negative relation 
between AC and JOL reactivity (that is, providing JOLs is expected to be 
more beneficial for individuals who are poor at controlling or main
taining attention), and the dual-task costs theory predicts a positive 
relation between WMC and JOL reactivity (that is, providing JOLs 
should induce greater dual-task costs and hence be less beneficial or 
even harmful to individuals with low WMC).

As mentioned above, besides WMC and AC, we also measured par
ticipants’ EM and gF. A recent study by Zheng et al. (2024) showed that 
making JOLs reactively enhances not only familiarity-based but also 
recollection-based recognition of studied words, suggesting that making 
JOLs enhances memory at least partially through boosting EM (i.e., 
recollection) of studied information. Hence, it is possible that EM ability 
is related to the magnitude of the JOL reactivity effect at an individual 
differences level.

It has been found that individuals with higher gF exhibit greater 
metacognitive accuracy (for a review, see Ohtani & Hisasaka, 2018), and 
greater monitoring accuracy allows them to make more efficient ad
justments (e.g., changing study strategies) during the study phase, 
therefore producing an enhancement effect (i.e., positive reactivity) on 

2 There are several other explanations of the JOL reactivity effect, such as the 
cue-strengthening theory (Soderstrom et al., 2015), the changed-goal theory 
(Mitchum et al., 2016), and the dual-mechanism theory (Janes et al., 2018), 
which are not related to the current study and hence not discussed here. 
Readers interested in other explanations can consult the cited references.
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learning. Indeed, previous research found that gF is associated with the 
ability to employ effective learning strategies and adapt them as needed 
(Ferretti & Butterfield, 1992). Furthermore, a recent study by Shi et al. 
(2023) found that making JOLs enhances learning performance partially 
through driving learners to use more efficient study strategies (for 
related findings, see Sahakyan et al., 2004). Hence, it is reasonable to 
speculate that gF positively relates to JOL reactivity.

Overview of the current study

The current study employed a large-scale (N = 284 participants) 
individual-differences approach to explore cognitive individual differ
ences in JOL reactivity. In total, four cognitive constructs were assessed: 
WMC, AC, EM, and gF. To enhance measurement reliability, each of 
these constructs was measured by multiple tasks. Specifically, WMC was 
assessed by operation span (Ospan), symmetry span (Symspan), and 
reading span (Rspan) tasks (see below for details). AC was measured by 
antisaccade, arrow flankers, and psychomotor vigilance tasks.3 EM was 
evaluated by delayed recall of word lists, cued recall of word pairs, and 
picture source-recognition tasks. gF was appraised by Raven’s progres
sive matrices and number series reasoning. The magnitude of JOL 
reactivity, which served as the dependent measure, was quantified as the 
difference in cued recall performance between the JOL and no-JOL 
conditions in a related word pair learning task.

Employing multiple measures of each of the four cognitive constructs 
allowed us to compute composite scores with better psychometric 
properties (e.g., greater measurement reliability). After calculating 
composite scores for all constructs, we performed Pearson r correlation 
analyses to quantify the bivariate correlation between JOL reactivity 
and each of the four cognitive constructs. Next, the composite scores of 
all four constructs were simultaneously submitted into a multiple 
regression model to determine the unique variances in JOL reactivity 
that could be explained by each construct. By investigating individual 
differences, the current study also aimed to test two theoretical expla
nations of JOL reactivity: (1) learning engagement and (2) dual-task 
costs.

Method

Participants

Two hundred and eighty-four undergraduates (Mage = 19.40, 
SD=0.79; 225 female) were recruited from Tianjin Vocational Institute. 
They participated as a course requirement and also received 100 RMB as 
compensation. Note that the sample size was not pre-determined ac
cording to a power analysis. Instead, the final sample size was deter
mined by the number of students in the course. A post hoc sensitivity 
analysis showed that the sample size was sufficient to detect a weak-to- 
medium correlation (ρ = .20) with a statistical power of .93 (two-sided α 
= .05).

The study was approved by the Ethics Committee of Beijing Normal 
University Faculty of Psychology. All participants provided informed 

consent and agreed to allow their data to be used for research purposes.

Materials and procedure

Each participant completed 12 tasks in total across four sessions in a 
computer room. The first three sessions were completed on the same 
day, with the fourth completed one week later. In Session 1, participants 
completed the Ospan, arrow flankers, picture source-recognition, and 
Raven’s progressive matrices tasks. After Session 1, they rested for 10 
min. Then in Session 2 they completed the Symspan, antisaccade, 
delayed recall of word lists, and number series reasoning tasks. After 
resting for 10 min, they started Session 3, in which they completed the 
Rspan, cued recall of word pairs, and psychomotor vigilance tasks. These 
three sessions lasted about 2.5 h. One week later, they completed the 
related word pair learning task which measured JOL reactivity. The 
related word pair learning task took about 30 min. All stimuli in all tasks 
were presented via PsychoPy (2023.1.3; Peirce, 2007).

Related word pair learning task
The study stimuli in the related word pair learning task were 80 

related word pairs (e.g., computer-keyboard), selected from the word pair 
database developed by Hu et al. (2016). Hu and colleagues asked par
ticipants to rate the strength of semantic relatedness between the cue 
and target word for each pair on a scale ranging from 1 (not related at all) 
to 4 (strongly related). The mean rating of relatedness was 3.431 (SD =
0.273). To prevent any item selection effects, for each participant, the 
program randomly divided the 80 pairs into four lists, with two lists 
randomly assigned to the JOL and the other two to the no-JOL condition. 
Furthermore, during the study phase, the presentation order of lists and 
the presentation sequence of word pairs in each list were also 
randomized.

The related word pair learning task was adapted from Li et al. (2022). 
Participants were instructed to study four lists of related word pairs in 
preparation for a later memory test. They were informed that they 
needed to make memory predictions for two lists of word pairs, but not 
for the other two lists. They were encouraged to remember all word pairs 
equally well regardless of whether they needed to make memory pre
dictions or not because all pairs would be eventually tested.

Before studying each list, the computer informed participants 
whether or not they would make memory predictions for the following 
list of word pairs. Then, they studied the 20 word pairs in the list. For 
each of the two no-JOL lists, the 20 pairs were presented one-by-one in a 
random order, with each pair presented for 6 sec, followed by a 0.5 sec 
fixation to highlight the interstimulus interval (ISI). This cycle repeated 
until the end of the list. For the two JOL lists, the experimental pro
cedure was identical except that participants made a JOL for each word 
pair. Specifically, during the last 3 sec of each trial, participants reported 
their JOL by dragging and clicking a slider to predict their likelihood of 
recalling the target word when prompted by the cue word in a later cued 
recall test. JOLs were made on a scale ranging from 0 (sure I will not 
remember it) to 100 (sure I will remember it) shown below it.

After studying all four lists, participants completed a distractor task 
in which they solved as many mathematics problems (e.g., 56 + 38 =?) 
as they could in 5 min. Next, they completed the final test. The 80 cue 
words were presented one-by-one in a random order. Participants were 
asked to recall the target word corresponding to each cue word and 
typed their answer into a blank box. There was no time pressure and no 
feedback in the final test. The magnitude of JOL reactivity was measured 
as the difference in recall performance between the JOL and no-JOL 
conditions, with positive scores representing positive reactivity and 
negative scores denoting negative reactivity.

In brief, the related word pair learning task involved a within- 
subjects design (study method: JOL vs. no-JOL). Although previous 
studies showed that there tends to be a list strength effect (that is, 
strongly encoded items harm memory for weakly encoded ones) in an 
intermixed list (e.g., Malmberg & Shiffrin, 2005; Osth et al., 2018; 

3 The antisaccade, arrow flankers, and psychomotor vigilance tasks have 
been widely used in previous studies to measure individuals’ AC ability (Brewer 
& Unsworth, 2012; Draheim et al., 2022; Robison & Brewer, 2022; Robison & 
Unsworth, 2018; Unsworth & Robison, 2020). Furthermore, it has been estab
lished that performance in these tasks strongly relates to individuals’ suscep
tibility to attention lapses, task-unrelated thoughts, and mind wandering in 
cognitive or non-cognitive tasks. For instance, Unsworth et al. (2022) observed 
that antisaccade performance closely relates to the occurrence of attention 
lapses and task-unrelated thoughts, Decker et al. (2023) showed that arrow 
flankers performance strongly relates to the frequency of attention lapses, and 
Unsworth and Robison (2020) found a strong association between psychomotor 
vigilance performance and attention lapses.
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Ratcliff et al., 1990), Wilson and Criss (2017) found no list strength ef
fect in paired associate cued recall. Furthermore, a meta-analysis con
ducted by Double et al. (2018) showed no moderation effect of 
experimental design (between- vs. within-subjects design) on JOL 
reactivity. These findings jointly mitigate potential worry about the list 
strength effect in the current study.

WMC tasks

Ospan. In the Ospan task, adapted from Unsworth et al. (2005), par
ticipants concurrently solved a set of mathematics problems (e.g., 5 + 7 
> 10?) while memorizing a set of English letters (e.g., E, N, F). After 
solving each mathematics problem, a letter was presented for 1 sec for 
the participant to remember. Then the letter disappeared and the next 
problem was presented. This cycle repeated until all problems and let
ters in the set were presented. The length of the letter series (i.e., set size) 
ranged from 3 to 7. There were three trials at each set size (i.e., 15 trials 
in total). After presenting each letter set, 12 letters including all studied 
ones in that set were simultaneously shown on the screen. Participants 
were asked to sequentially click the studied letters in the studied order. 
The dependent measure was the total number of letters recalled in the 
correct serial position.

Symspan. The Symspan task, adapted from Unsworth et al. (2009), 
required participants to perform a symmetry-judgment task while 
memorizing a serial sequence of red squares within a matrix. Specif
ically, participants were shown a series of grid locations one-by-one on a 
4 × 4 grid. Each grid with one cell filled red was presented for 0.65 sec. 
Participants remembered the locations of red cells and the order in 
which they appeared. The set size on each trial ranged from 3 to 5 and 
there were 4 trials at each set size.

After each grid set was shown, participants saw an 8 × 8 grid with a 
number of cells filled black to form a pattern. Half of the patterns were 
symmetrical along the vertical axis while the other half were not. Par
ticipants were asked to decide as quickly and accurately as they could 
whether the on-screen pattern was symmetrical or not. Next, they 
recalled the sequence of locations of the red cells in the preceding dis
plays by sequentially clicking on the cells of an empty 4 × 4 matrix. The 
dependent measure was the total number of cells recalled in the correct 
location and serial order.

Rspan. The Rspan task was also adapted from Unsworth et al. (2009). 
Participants read sentences while remembering a set of unrelated letters. 
They first read a sentence and determined whether it was meaningful or 
not (half were meaningful and half not). Nonsense sentences were 
created by changing one word from an otherwise meaningful sentence. 
After judging each sentence, participants were shown a letter for 1 sec. 
Next, a new sentence was shown for them to judge whether it was 
meaningful. This cycle repeated until all letters in a given set had been 
shown. The set size on each trial ranged from 3 to 7 and there were 3 
trials at each set size (i.e., 15 trials in total). During the test phase, 
participants were asked to recall the letters from the just-studied set by 
clicking on the appropriate letters shown on screen. The dependent 
measure was the total number of letters recalled in the correct serial 
position.

AC tasks

Antisaccade. The antisaccade task is a classic task to measure in
dividuals’ ability to control and regulate their attentional focus 
(Burgoyne & Engle, 2020; Unsworth et al., 2011). In this task 
(Hutchison, 2007), participants fixated on a “+” symbol shown at the 
center of the screen, which was presented for a random duration be
tween 0.2 and 2.2 sec. Then a white cue (“=”) appeared at either the left 
or the right of the fixation for 0.1 sec. Immediately afterward, a target 

(“O” or “Q”) appeared at either the same position as the cue (prosaccade 
trials) or the symmetrical side (antisaccade trials) for 0.05 sec and was 
then masked by the letter “H”. Participants indicated whether the target 
was “O” or “Q” by pressing the corresponding key on the keyboard 
within a 2 sec deadline. They completed 85 trials in total, including 10 
practice trials, 15 prosaccade trials, and 60 antisaccade trials. The 
dependent measure was the proportion of response errors on the anti
saccade trials.

Arrow flankers. The arrow flankers task is a widely used test to measure 
individuals’ ability to constrain attention to task-relevant stimuli 
(McDermott et al., 2007; Unsworth & Robison, 2020). On each trial of 
this task, participants first fixated on a cross for 0.4 sec. Then a three- 
arrow sequence was presented above the fixation cross for 1.7 sec. 
Participants indicated the direction of the middle arrow by pressing the 
left or right arrow key on the keyboard. For congruent trials, the di
rections of all arrows were identical (e.g., ←←←) while for the incon
gruent trials, the middle arrow pointed in the opposite direction to the 
two surrounding arrows (e.g., →←→). There were 50 congruent and 50 
incongruent trials in total. The dependent measure was the difference in 
response times (RTs) between the congruent and incongruent 
conditions.

Psychomotor vigilance. The psychomotor vigilance task is one of the most 
widely used tools to assess sustained attention (Sinclair et al., 2013; 
Thomann et al., 2014). In this task, participants first watched a milli
second clock displaying “0000” at the center of the screen. After a var
iable amount of time (ranging between 1 and 10 sec), the zeros began to 
count up in 1 ms intervals from 0 ms. Participants’ task was to press the 
spacebar as quickly as they could once the numbers began counting 
upwards. The entire task consisted of 80 trials in total. The dependent 
measure was the average RTs of the slowest 10% of trials.

EM tasks

Delayed word list recall. The delayed word list recall task was adapted 
from Brewer and Unsworth (2012). Participants studied four lists of two- 
character Chinese words, with each list containing 10 words in total. The 
40 words were concrete nouns selected from the Chinese word database 
developed by Cai and Brysbaert (2010). In each list, the words were 
presented one-by-one in a random order, for 1 sec each, with a 0.5 sec 
fixation presented between each pair of words. After viewing each list, 
participants spent 30 sec solving mathematics problems. Next, they 
completed a free recall test, in which they recalled the studied words in 
any order they liked and typed their answers into a blank box. The total 
duration of the free recall test was 1 min. The procedure for the four 
word lists was identical, except that participants studied new words in 
each list. The dependent measure was the total number of words suc
cessfully recalled in the free recall tests.

Cued recall. In the cued recall task, participants learned and were tested 
on three lists of unrelated word pairs, with each list containing 10 word 
pairs (Brewer & Unsworth, 2012). To develop the stimuli, we first 
selected 60 two-character Chinese nouns from the word database 
developed by Cai and Brysbaert (2010) and randomly paired them to 
form 30 unrelated word pairs, which were then randomly divided into 
three lists. In the study phase of each list, the 10 word pairs were pre
sented one-by-one in a random order with each word pair presented for 
2 sec for participants to encode. The cue word was shown at the top of 
the screen and the target word at the bottom. Participants next spent 30 
sec solving mathematics problems before completing a cued recall test. 
In the cued recall test, the 10 cue words were presented one-by-one in a 
random order and participants recalled the target word corresponding to 
each cue word. For each test trial, they had up to 5 sec to type in their 
answer into a blank box. The procedure for the three lists of word pairs 
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was identical except that participants studied new word pairs in each 
list. The dependent measure was the total number of word pairs suc
cessfully recalled in the cued recall tests.

Picture source-recognition. The picture source-recognition task was 
adapted from Brewer and Unsworth (2012). In this task, participants 
studied 30 pictures displayed in one of four quadrants on the screen. The 
30 pictures were presented one-by-one in a random order with each 
picture presented for 1 sec. The computer randomly decided which of 
the four quadrants a given picture was located in. Participants were 
asked to remember both the pictures as well as their locations. In the test 
phase, participants were presented with 30 old and 30 new pictures and 
indicated whether a given picture had been studied previously. If a 
picture was identified as “old”, they then indicated in which quadrant it 
was originally viewed. They had up to 5 sec to make each response. The 
dependent measure was the proportion of correct responses in the source 
recognition test.

gF tasks

Raven’s progressive matrices. The Raven’s progressive matrices task 
consisted of 18 puzzles selected from Zhang and Wang (1989). For each 
puzzle, participants saw a 3 × 3 matrix of geometric patterns with the 
bottom right pattern missing and selected one of eight alternative pat
terns according to an unstated rule to fill the missing part of the matrix. 
The total time to solve these 18 puzzles was 5 min. The dependent 
measure was the total number of correctly solved puzzles.

Number series reasoning. The number series reasoning task consisted of 
15 puzzles selected from Thorndike et al. (1986). For each puzzle, par
ticipants saw a series of numbers following an unstated rule (e.g., an 
arithmetic sequence). They attempted to determine the unstated rule 
and then selected the most appropriate choice for the next number out of 
5 options. The total time to solve these puzzles was 5 min. The depen
dent measure was the total number of correctly solved puzzles.

Data availability

All data and analysis scripts associated with the current study have 
been made publicly available via Open Science Framework (OSF; htt 
ps://osf.io/9td3a/). The study was not pre-reregistered.

Results and discussion

Descriptive statistics for all measures are reported in Table 1, and 
bivariate correlations among all measures are shown in Fig. 1. Following 
previous individual differences studies (e.g., Robison & Brewer, 2020; 
Robison & Unsworth, 2018; Unsworth et al., 2021), we performed a 
confirmatory factor analysis (CFA) to determine whether the 11 cogni
tive tasks employed here could be represented by four latent factors: 
WMC, AC, EM, and gF. In the CFA model, we allowed the Ospan, 
Sysmspan, and Rspan tasks to load on one factor, the antisaccade, psy
chomotor vigilance, and arrow flankers tasks to load on a second factor, 
the delayed word list recall, cued recall of word pairs, and picture 
source-recognition tasks to load on a third factor, and the Raven’s pro
gressive matrices and number series tasks to load on a fourth factor.

Several model fit statistics were employed to assess the level of 
model fit. Non-significant chi-square tests indicate good model fit (Kline, 
2016). It is, however, worth noting that significance of chi-square tests is 
very sensitive to sample sizes. With large sample sizes (such as the large 
one in the current study), chi-square tests are nearly always significant. 
Comparative fit indices (CFI) ≥ .950 indicate excellent fit; Tucker-Lewis 
Index (TLI) ≥ .900 indicates good fit; root mean square errors of 
approximation (RMSEA) ≤ .050 indicate excellent fit; standardized root 
mean square residual (SRMR) values ≤ .08 indicate good fit (Hu & 

Bentler, 1999; Kline, 2016). The CFA results showed that the overall fit 
of the four-constructs model was good to excellent, χ2(38) = 56.271, p =
.028; CFI = .957; TLI = .937; RMSEA = .041, 90% CI [.014,.063]; SRMR 
= .044, supporting the validity of the proposed structure of the 11 
cognitive tasks employed here. Standardized factor loadings for the CFA 
are shown in the Appendix (see Table S1). Note that all loadings were 
statistically significant, ps ≤ .004.

Next, composite scores for the four latent constructs (i.e., WMC, AC, 
EM, and gF) were calculated. The calculation of composite scores was 
performed using the factor loadings obtained from the CFA model. Note 
that, in the antisaccade, psychomotor vigilance, and arrow flankers 
tasks, higher scores represent inferior AC ability. To make it easy for 
readers to understand the results, we reversed the composite scores of 
AC (= 0 – the original composite scores of AC) to compute an AC 
measure. In a such way, a higher composite score represents superior AC 
ability.

Consistent with previous research, the composite scores of the four 
cognitive constructs were interrelated (see Fig. 2). Specifically, WMC 
positively correlated with AC, r = .377, p < .001, BF10 > 1,000,4 EM, r =
.724, p < .001, BF10 > 1,000, and gF, r = .425, p < .001, BF10 > 1,000. 
AC positively correlated with EM, r = .435, p < .001, BF10 > 1,000, and 
gF, r = .295, p < .001, BF10 > 1,000. EM positively correlated with gF, r 
= .539, p < .001, BF10 > 1,000.

JOL reactivity

In the related word pair learning task, recall in the JOL condition (M 
= .520, SD = .116) was significantly greater than that in the no-JOL 
condition (M = .475, SD = .097), difference = .045, 95% CI = [.030, 

Table 1 
Descriptive statistics for all measures.

Measure M SD Skew Kurtosis Reliability

Related word pair 
learning task

​ ​ ​ ​ ​

JOL reactivity 0.045 0.128 0.076 − 0.338 0.586
Recall of JOL pairs 0.520 0.116 − 0.137 − 0.188 0.694
Recall of no-JOL pairs 0.475 0.097 − 0.168 − 0.184 0.621
WMC tasks ​ ​ ​ ​ ​
Ospan 44.082 9.949 − 0.119 − 0.443 0.706
Symspan 27.611 4.982 − 0.166 − 0.253 0.702
Rspan 42.039 10.924 0.106 − 0.314 0.539
AC tasks ​ ​ ​ ​ ​
Antisaccade 0.379 0.170 − 0.228 − 0.492 0.897
Psychomotor 

vigilance
711.461 218.472 − 0.589 − 0.672 0.945

Arrow flankers 151.35 59.546 − 0.045 − 0.285 0.939
EM tasks ​ ​ ​ ​ ​
Delayed word list 

recall
17.859 5.028 0.532 − 0.161 0.741

Cued recall of word 
pairs

14.563 3.949 0.363 0.574 0.705

Picture source- 
recognition

18.782 3.542 − 0.272 1.125 0.661

gF tasks ​ ​ ​ ​ ​
Raven’s progressive 

matrices
8.770 1.767 0.154 0.291 0.729

Number series 8.472 1.758 0.215 0.214 0.698

Note: WMC = working memory capacity; AC = attentional control; EM =
episodic memory; gF = general fluid intelligence.

4 The Bayes factor (BF10) represents the relative strength of observed results 
favoring the alternative (i.e., the existence of an effect) over the null (i.e., the 
absence of an effect) hypothesis (Hoijtink et al., 2019; Keysers et al., 2020) 
given the observed data. For instance, BF10 = 3 indicates that the alternative 
hypothesis is 3 times as likely to be true as the null hypothesis, and BF10 = 0.33 
indicates that the null hypothesis is about 3 (= 1/0.33) times as likely to be true 
as the alternative hypothesis.
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.060], t(283) = 5.903, p < .001, Cohen’s d = 0.350, BF10 > 1,000 (see 
the left panel of Fig. 3), successfully replicating the positive reactivity 
effect. Among the 284 participants, 60.9% showed a positive reactivity 

effect (i.e., superior recall in the JOL than in the no-JOL condition), 
33.1% showed a negative reactivity effect, and the other 6.0% were ties 
(see the right panel of Fig. 3). These findings suggest that even though 
generating JOLs produced an overall positive reactivity effect, about 

Fig. 1. Correlation matrix for all measures. Note: Recall (JOL) = recall of JOL pairs; Recall (no-JOL) = recall of no-JOL pairs.

Fig. 2. Correlation matrix among JOL reactivity, WMC, AC, EM, and gF. Note: 
WMC = working memory capacity; AC = attentional control; EM = episodic 
memory; gF = general fluid intelligence.

Fig. 3. Recall performance in the related word pair learning task. Note: In the 
violin plot (right panel) each red dot represents a given participant’s difference 
score (i.e., JOL reactivity) based on recall in the JOL and no-JOL conditions. 
The blue point represents the group average of the difference scores. In both 
plots, error bars represent 95% CIs. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.)
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one-third of participants actually suffered from it, highlighting the ne
cessity to explore individual differences in JOL reactivity. JOL accuracy 
(i.e., the extent to which JOLs correlated with actual recall) was not one 
of the main research interests and hence the corresponding results are 
reported in the Appendix.

Individual differences

To examine individual differences in JOL reactivity, we first 
computed Pearson r correlations between JOL reactivity and each of the 
four cognitive constructs (i.e., composite scores across multiple mea
sures of each cognitive construct). Only WMC positively correlated with 
JOL reactivity, r = .231, p < .001, with strong Bayesian evidence sup
porting the existence of this relationship, BF10 = 277.645 (see Fig. 4A). 
By contrast, there was no detectable relation between AC and JOL 
reactivity, r = -.066, p = .271, BF10 = 0.251 (see Fig. 4B), between EM 
and JOL reactivity, r = .100, p = .092, BF10 = 0.559 (see Fig. 4C), or 
between gF and JOL reactivity, r = .087, p = .142, BF10 = 0.398 (see 
Fig. 4D).

The positive correlation between WMC and JOL reactivity is 
consistent with the dual-task costs theory: Individuals with high WMC 
benefit more from generating JOLs while those with low WMC benefit 
less or even suffer from generating JOLs. Indeed, as shown in Fig. 4A, for 
participants with low WMC, making JOLs tended to impair their recall 
performance. On the face of it, the absence of a relationship between AC 
and JOL reactivity runs counter to the learning engagement theory, 
which predicts greater benefits of making JOLs for individuals with low 
AC ability.

Because the four cognitive constructs were interrelated (see Fig. 2), 
we next performed a multiple regression analysis in which the composite 
scores of all four cognitive constructs were simultaneously entered as the 
independent variables, with JOL reactivity as the dependent variable. 
This analysis assessed the unique variances in JOL reactivity that could 
be explained by each cognitive construct.

The regression model was successful overall, F(4, 279) = 6.517, p <
.001, R2 = .085, BF10 = 175.117. As shown in Table 2, WMC positively 
predicted the magnitude of JOL reactivity, confirming the finding of the 
bivariate analysis. Unlike the null effect in the bivariate analysis, the 
multiple regression analysis showed that AC negatively predicted the 
magnitude of JOL reactivity.5 Neither EM nor gF predicted the magni
tude of JOL reactivity.

To visually depict the effects of WMC and AC on JOL reactivity in the 
multiple regression model, we first extracted the residuals of JOL reac
tivity, WMC, and AC from the multiple regression model and then 
formed two scatter plots (see Fig. 4E and 4F). For instance, we first 
regressed JOL reactivity on AC, EM, and gF, and obtained the residuals 
of JOL reactivity that could not be explained by these three constructs. 
Then, we regressed WMC on AC, EM, and gF, and obtained the residuals 
of WMC. Finally, we used the residuals of JOL reactivity and those of 
WMC to generate the scatter plot in Fig. 4E. Fig. 4F was plotted in a 
similar manner.

As shown in Fig. 4E, after controlling for the effects of AC, EM, and 

gF, WMC reliably and positively predicted the magnitude of JOL reac
tivity. Similarly, as shown in Fig. 4F, after controlling for the effects of 
WMC, EM, and gF, AC negatively predicted the magnitude of JOL 
reactivity. This finding is consistent with the learning engagement the
ory: Generating JOLs is more beneficial for individuals who are poor at 
controlling their attention.

General discussion

Although an emerging body of studies has explored the reactive in
fluences of generating JOLs on memory performance (e.g., Double & 
Birney, 2019a; Double et al., 2018; Li et al., 2022; Mitchum et al., 2016; 
Shi et al., 2023; Soderstrom et al., 2015; Zhao et al., 2022; Zhao, Li, 
et al., 2023; Zhao, Yin, et al., 2023), no research has examined this effect 
from the perspective of individual differences. The current study filled 
this important gap by assessing cognitive individual differences in the 
JOL reactivity effect on memory for related word pairs. The observed 
findings speak to the nature of JOL reactivity in several important 
respects.

First, the positive reactivity effect on memory for related word pairs 
was successfully replicated here, with extremely strong Bayesian evi
dence supporting its existence (BF10 > 1,000). Second, the magnitude of 
JOL reactivity varied substantially across participants. That is, although 
many participants’ memory performance benefited from generating 
JOLs, there were about one-third (33.1%) who were harmed by it (6.0% 
showed neither a positive nor negative effect). Thus, despite the fact that 
providing JOLs facilitated memory overall, it is important to uncover 
individual differences in this effect and, more importantly, to determine 
for whom it is beneficial and for whom it is detrimental to memory. 
Third, there was a positive relation between WMC and JOL reactivity, 
and after controlling for individual differences in WMC, EM, and gF, a 
negative relation between AC and JOL reactivity emerged. Neither EM 
nor gF correlated with JOL reactivity.

It is intriguing that AC itself did not relate to JOL reactivity, as re
flected by the absence of a bivariate correlation between these two 
variables. However, after removing the effects of WMC, EM, and gF, a 
negative relation between AC and JOL reactivity became evident (BF10 
= 5.083). The non-significant (weak) bivariate correlation between AC 
and JOL reactivity and the significant (stronger) relationship between 
these two variables in the multiple regression analysis mirror the sta
tistical suppression (SS) effect (Martinez Gutierrez & Cribbie, 2021; 
Tzelgov & Henik, 1985; Velicer, 1978). Specifically, the SS effect refers 
to the phenomenon that after controlling for the effects of other pre
dictors (i.e., suppressors), the relationship between the suppressed 
predictor and the dependent variable becomes stronger. The SS effect 
occurs due to the fact that other predictors (i.e., the suppressors) explain 
irrelevant variance within the suppressed predictor and the dependent 
variable, therefore strengthening the relationship between the sup
pressed predictor (i.e., the residuals of the suppressed predictor) and the 
dependent variable (i.e., the residuals of the dependent variable).

As summarized by Martinez Gutierrez and Cribbie (2021), the SS 
effect is quite common in psychological research: about one-third of 
psychological research articles showed evidence of this effect. Consis
tent with previous studies (e.g., McCord et al., 2014), the SS effect was 
also observed here. As shown in Fig. 2, the four cognitive constructs 
were interrelated. For instance, AC was positively related to WMC, 
which means that participants who had greater WMC also had superior 
AC ability. It is possible that the negative relation between AC and JOL 
reactivity was masked (or suppressed) by the positive relation between 
WMC and JOL reactivity, in turn leading to the “null” bivariate rela
tionship between AC and JOL reactivity. Critically, after controlling for 
the effects of the other three constructs (especially after removing the 
suppression effect of WMC), the negative relation between AC and JOL 
reactivity emerged. More specifically, after removing the variances in 
AC and JOL reactivity that could be explained by the other three 
cognitive constructs, the remaining residuals of JOL reactivity 

5 Among the three AC tasks (i.e., antisaccade, psychomotor vigilance, and 
arrow flankers), the psychomotor vigilance task directly assessed sustained 
attention. To further test the learning engagement theory of JOL reactivity, we 
performed another multiple regression analysis, in which AC composite scores 
were replaced by psychomotor vigilance performance. In this multiple regres
sion analysis, we reversed the average RTs in the psychomotor vigilance task, so 
that greater measurement scores in this task represent superior ability to sustain 
attention. The results showed the same pattern. After controlling the con
founding effects of other variables, sustained attention (i.e., psychomotor vig
ilance performance) negatively predicted JOL reactivity, b = − 0.017 [-0.032, 
− 0.002], t = − 2.270, p = .024, BF10 = 2.658, suggesting that making JOLs is 
more beneficial for those who are poor at sustaining attention. This finding 
supports the learning engagement theory to account for JOL reactivity.
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significantly correlated with the residuals of AC.
The SS effect observed here highlights the complex interplay be

tween AC and the other three cognitive constructs in predicting JOL 
reactivity. Although AC itself did not directly correlate with JOL reac
tivity, it explained unique variances in JOL reactivity that could not be 
explained by the other three cognitive constructs. This finding un
derscores the importance of considering the SS effect in multiple 
regression analyses to uncover more accurate relationships between 
predictors and outcomes.

Theoretical implications

As elaborated in the Introduction, the dual-task costs theory proposes 
that generating JOLs serves as a secondary task which borrows WM 
resources from the primary learning task, in turn leading to dual-task 
costs on the primary learning task and ultimately impairing learning 
performance (Ariel et al., 2009; Griffin et al., 2008; Hertzog et al., 2002; 
Janes et al., 2018; Mitchum et al., 2016). Accordingly, this theory pre
dicts that making JOLs should induce greater dual-task costs and be less 
beneficial for individuals with limited WMC. In line with this prediction, 
the current study observed strong evidence for a positive relation be
tween WMC and JOL reactivity, regardless of whether the effects of AC, 
EM, and gF were controlled for or not. The positive relation observed 

here and the finding of low efficiency of study time documented by 
Mitchum et al. (2016) jointly support the dual-task costs theory as an 
account for the JOL reactivity effect.

Even though the dual-task costs theory can readily explain the pos
itive relation between WMC and JOL reactivity, this theory has difficulty 
in accounting for the overall positive reactivity effect observed here and 
elsewhere (Chang & Brainerd, 2023; Double et al., 2018; Janes et al., 
2018; Li, Zhao, et al., 2023; Maxwell & Huff, 2022, 2023; Mitchum et al., 
2016; Myers et al., 2020; Tauber & Witherby, 2019), because it mainly 
focuses on mechanisms by which generating JOLs can be harmful to 
memory (Mitchum et al., 2016). In contrast, the learning engagement 
theory can readily explain the overall positive reactivity effect (Shi et al., 
2023; Tauber & Witherby, 2019; Zhao et al., 2022). This theory asserts 
that generating JOLs produces an enhancement effect by sustaining 
learners’ attention. Consistent with this proposal, we found that, after 
controlling the effects of WMC, EM, and gF, AC negatively predicted JOL 
reactivity, suggesting that JOLs are relatively more beneficial for in
dividuals who are poor at controlling their attention. The negative 
relation between AC and JOL reactivity and the finding of reduced mind 
wandering observed by Shi et al. (2023) jointly support the learning 
engagement theory to account for JOL reactivity.

Overall, the individual differences findings observed here provide 
new evidence supporting the dual-task costs and learning engagement 

Fig. 4. Scatter plots depicting relations between JOL reactivity and each of the four cognitive constructs. Note: Panels A-D depict the bivariate relationships between 
JOL reactivity and each of the composite scores of working memory capacity (WMC), attentional control (AC), episodic memory (EM), and general fluid intelligence 
(gF), respectively. Panels E and F depict the relationships between the residuals of JOL reactivity and those of WMC and AC, respectively. In the scatter plots, red lines 
represent the regression trend between the two variables, with error bars representing 95% CIs. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.)

Table 2 
Regression coefficients from the multiple regression analysis.

Predictor b SE (b) 95 % CI (b) β t p BF10

WMC 0.069 0.016 [0.037, 0.101] .352 4.215 <.001 762.153
AC − 0.065 0.025 [-0.115, − 0.015] − .165 − 2.570 .011 5.083
EM − 0.078 0.067 [-0.211, 0.054] − .107 − 1.167 .244 0.442
gF 0.015 0.024 [-0.032, 0.062] .044 0.642 .522 0.283

Note: WMC = working memory capacity; AC = attentional control; EM = episodic memory; gF = general fluid intelligence.
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theories of JOL reactivity. It is worth noting that the mechanisms pro
posed by these two theories are not necessarily mutually exclusive and it 
is possible that they operate concurrently and independently (Zhao 
et al., 2022).

Besides the aforementioned theoretical implications, the observed 
findings may also shed light on the absence of JOL reactivity in older 
adults (Tauber & Witherby, 2019). Specifically, Tauber and Witherby 
(2019) found that, although providing JOLs enhanced cued recall of 
related word pairs in young adults, this pattern failed to generalize to 
older adults. It is well-established that WMC gradually declines as a 
function of aging across later adulthood (Craik & Bialystok, 2006; Dobbs 
& Rule, 1989; Greene et al., 2020; Park et al., 2002; Rhodes & Katz, 
2017; Salthouse, 1994). Considering that older adults’ WMC is generally 
limited, the requirement of making concurrent JOLs during the learning 
phase may induce stronger dual-task costs to their learning perfor
mance, which then offsets any benefits of generating JOLs and leads to 
little or no positive reactivity for older adults. Additionally, the negative 
relation between AC and JOL reactivity suggests that making JOLs en
hances learning through sustaining task engagement. Numerous studies 
have found that, by comparison with young adults, older adults are 
generally more motivated to perform well and their minds typically 
wander less frequently during a prolonged learning task (Frank et al., 
2015; Maillet et al., 2018; Maillet & Schacter, 2016). Hence, less room is 
left for JOLs to maintain older adults’ attention, thus weakening positive 
reactivity.

The findings obtained here also provide new insights into the 
moderating effect of material type on JOL reactivity. Specifically, pre
vious studies showed that generating JOLs can facilitate memory for 
simple materials such as word lists (e.g., Li, Zhao, et al., 2023; Li et al., 
2022; Zhao et al., 2022; Zhao, Li, et al., 2023), related word pairs (e.g., 
Soderstrom et al., 2015; Tauber & Witherby, 2019; Witherby & Tauber, 
2017), and visual images (Shi et al., 2023), but it does not affect memory 
for complex materials such as text passages (Ariel et al., 2021) and 
general knowledge facts (Schäfer & Undorf, 2023). By comparison with 
simple materials, encoding complex materials generally involves more 
complex mental processes (e.g., forming a mental situation model to 
represent the scenarios depicted in a passage) and consumes more WM 
resources (Alvarez & Cavanagh, 2004; Eng et al., 2005; Hardman & 
Cowan, 2015). Therefore, the requirement of making concurrent JOLs 
might induce stronger dual-task costs to the encoding process of com
plex materials (Hertzog et al., 2002; Mitchum et al., 2016), in turn 
leading to weakened reactivity.

In brief, the individual differences findings observed here suggest 
new explanations about the divergent reactivity effects on memory for 
simple and complex materials observed in prior studies. Additionally, 
they help explain why providing JOLs does not benefit older adults’ 
memory. We acknowledge that the above discussions are mainly based 
on theoretical inferences. Direct tests on these inferences are called for.

We highlight that JOL reactivity is a multifaced phenomenon, and 
both dual-task costs and enhanced learning engagement (and other 
unknown cognitive or metacognitive mechanisms) may contribute to its 
occurrence. The current study was especially designed to explore indi
vidual differences in the JOL reactivity effect, rather than to specifically 
test the mechanisms underlying this effect. Furthermore, the current 
study did not tease dual-task costs and learning engagement apart to 
evaluate their unique roles in JOL reactivity. Hence, individual differ
ences findings observed here do not permit us to draw firm conclusions 
about the validity of the dual-task costs and learning engagement the
ories. Further direct tests on these theoretical accounts are called for.

Practical implications

Besides the aforementioned theoretical implications, the present 
findings also have important practical implications. For instance, the 
absence of any relationship between EM and JOL reactivity or between 
gF and JOL reactivity implies that making JOLs can act as a memory 

enhancer across individuals with varying EM and gF abilities. The pos
itive relation between WMC and JOL reactivity suggests that soliciting 
JOLs is most beneficial for individuals with high WMC but harmful for 
those with low WMC (especially for those whose WMC is lower than 1 
SD below the mean). The corresponding practical implication is that 
JOLs can be treated as an easy-to-implement intervention to facilitate 
learning in individuals with high WMC, but should be avoided for in
dividuals with low WMC. Additionally, other interventions should be 
considered to enhance learning in individuals with low WMC, such as 
retrieval practice (i.e., practice testing). It has been shown that testing, 
by comparison with restudying and other study strategies, helps to 
consolidate long-term memory and facilitate subsequent learning of new 
information, a phenomenon known as the testing effect or test-enhanced 
learning (e.g., Chan et al., 2018; Roediger & Karpicke, 2006; Shanks 
et al., 2023; Yang et al., 2021; Yang et al., 2018). More importantly, 
individual differences studies have demonstrated that testing produces 
either numerically or statistically stronger learning benefits for in
dividuals with low WMC (Agarwal et al., 2017; Brewer & Unsworth, 
2012; Nordstrand, 2018; Tse et al., 2019; Tse & Pu, 2012; Yang et al., 
2020; but also see Zheng et al., 2023).

The negative relation between AC and JOL reactivity suggests that 
JOLs can be used to equalize learning across the AC ability range. The 
corresponding practical implication is that providing JOLs may serve as 
a method to sustain engagement and improve learning especially for 
individuals who are poor at maintaining attention. As shown in Fig. 4F, 
when a participant’s AC ability was better than the average, making 
JOLs tended to cause a negative reactivity effect. Hence, for individuals 
whose AC ability is better than the average, they should consider 
avoiding making concurrent JOLs, at least from the perspective of JOL 
reactivity.

Besides the practical implications for guiding learning practices, the 
observed findings also offer guidance regarding how to develop methods 
to minimize JOL reactivity in future metacognition research, which is 
important if researchers wish to measure individuals’ metacognitive 
ability in a less biased way (Janes et al., 2018; Li, Zhao, et al., 2023; Li 
et al., 2022; Mitchum et al., 2016; Shi et al., 2023). For instance, the 
negative relationship between AC and JOL reactivity suggests that 
providing JOLs enhances learning performance through sustaining task 
attention. The corresponding recommendation for future JOL research is 
to shorten the overall duration of the learning task because the tendency 
for attention to wane increases as a task continues. During brief learning 
sessions, attention lapses occur less frequently (Krimsky et al., 2017; 
Mason et al., 2007) and hence there would be less opportunity for JOLs 
to sustain task attention and alter task performance. Besides shortening 
the task, another potential technique to mitigate reactivity is to divide a 
prolonged task into several brief sessions and include rest intervals be
tween sessions, which have the potential to reduce attentional disen
gagement (Chen et al., 2021; Metcalfe & Xu, 2016; Walker & Trick, 
2018).

The positive association between WMC and JOL reactivity suggests 
that generating JOLs tends to reactively impair learning performance 
through inducing dual-task costs (Mitchum et al., 2016). The corre
sponding implication for future JOL research is to decrease the level of 
difficulty of the primary learning task. In a such way, generating JOLs 
should induce weaker dual-task costs to the primary task. However, 
although decreasing the difficulty of the primary task may mitigate the 
negative reactivity effect (especially for individuals with low WMC), it 
may simultaneously increase the positive reactivity effect (especially for 
individuals with high WMC). Hence, a more suitable approach is to 
measure individuals’ metacognitive ability in a more covert way (e.g., 
by recording eye-tracking behaviors or electrical brain activity) rather 
than asking them to make overt metacognitive judgments. Indeed, some 
studies have started to use electroencephalography (EEG) to record 
alpha (α = 8–14 Hz) oscillations and prefrontal theta-band activity as 
indices of metacognitive monitoring in error detection tasks 
(Kononowicz & van Wassenhove, 2019; Wokke et al., 2017). Other 
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studies have attempted to use eye-tracking techniques to measure 
metacognition in creative thinking tasks (e.g., Jiang et al., 2023).

Limitations and future research directions

Three limitations of the current study should be acknowledged. First, 
we investigated individual differences in the JOL reactivity effect on 
memory for related word pairs assessed in a cued recall test. Previous 
assessments suggest that the JOL reactivity effect tends to be moderated 
by material type and test format (Double et al., 2018; Mitchum et al., 
2016; Myers et al., 2020). Hence, it remains unknown whether the 
conclusions about individual differences obtained here can generalize to 
the JOL reactivity effects on memory for other types of materials (e.g., 
word lists, visual images) assessed by different test formats (e.g., old/ 
new recognition). Future research can profitably explore individual 
differences in JOL reactivity using different types of study materials and 
test formats.

Second, all the findings observed here are correlational, meaning 
that it is difficult to make firm causal inferences about the cognitive 
underpinnings of JOL reactivity. An important goal for future research is 
to test the dual-task costs and learning engagement theories through 
directly manipulating WM load (or task difficulty) and attentional 
engagement (or task motivation).

Finally, the current study measured JOL reactivity as the difference 
in test performance between the JOL and no-JOL conditions, as done in 
most (if not all) previous JOL reactivity studies (e.g., Janes et al., 2018; 
Rivers et al., 2021; Shi et al., 2023; Zhao et al., 2022; Zhao, Yin, et al., 
2023). Participants in the no-JOL condition did not need to attend to any 
additional active control task. It is possible that the difference in test 
performance between the JOL and no-JOL conditions observed in the 
current study (as well as those observed in previous JOL reactivity 
studies) was just due to the fact that LOP in the JOL condition was 
deeper than that in the no-JOL (passive control) condition. Put differ
ently, the observed difference in test performance between the JOL and 
no-JOL conditions might simply mirror a LOP effect (Craik & Lockhart, 
1972; Nieznański, 2020; Tekin & Roediger, 2020), with nothing special 
about JOL reactivity. Although there is clear evidence that the LOP and 
JOL reactivity effects are independent (see Tekin & Roediger, 2020), 
future research should employ an active control condition (e.g., asking 
participants in the no-JOL control condition to make other forms of 
judgments unrelated to metamemory, such as semantic judgments) to 
examine JOL reactivity, which allows researchers to partial out the 
potential confounding effect of LOP when examining this effect.

Concluding remarks

The requirement to generate and report concurrent JOLs is relatively 
more beneficial for individuals with high WMC and low AC ability, while 
the magnitude of JOL reactivity tends not to depend on EM and gF 
abilities. The dual-task costs and learning engagement theories seem to 
be viable accounts for the JOL reactivity effect. Future research is 
encouraged to explore individual differences in the JOL reactivity effects 
on memory for other types of materials assessed by different test for
mats, and to further assess the validity of the dual-task costs and learning 
engagement theories in a more direct way.
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Appendix 

Participants provided item-by-item JOLs to 99.72 % (SD = 1.12 %) of 
word pairs in the JOL lists. The average JOL was 49.897 (SD = 4.755). A 
gamma (G) correlation was calculated to measure the relative accuracy 
of JOLs for each participant. Specifically, cued recall performance was 
dummy coded (correct = 1; incorrect = 0), and then we calculated G 
between JOLs and cued recall performance across word pairs for each 
participant. Average G across participants was .127 (SD = .311, 95% CI 
[.091,.163]), significantly greater than chance (i.e., 0), t(283) = 6.878, 
p < .001, Cohen’s d = 0.408. Thus, participants had some ability to 
metacognitively discriminate which items they would be able to 
remember in a future test.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jml.2024.104574.
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Nieznański, M. (2020). Levels-of-processing effects on context and target recollection for 
words and pictures. Acta Psychologica, 209, Article 103127. https://doi.org/ 
10.1016/j.actpsy.2020.103127

Nordstrand, D. (2018). Test-enhanced learning, working memory, and difficulty of 
material (Dissertation). Retrieved from https://urn.kb.se/resolve?urn=urn:nbn:se: 
umu:diva-149176.

Ohtani, K., & Hisasaka, T. (2018). Beyond intelligence: A meta-analytic review of the 
relationship among metacognition, intelligence, and academic performance. 
Metacognition and Learning, 13, 179–212. https://doi.org/10.1007/s11409-018- 
9183-8

Osth, A. F., Fox, J., McKague, M., Heathcote, A., & Dennis, S. (2018). The list strength 
effect in source memory: Data and a global matching model. Journal of Memory and 
Language, 103, 91–113. https://doi.org/10.1016/j.jml.2018.08.002

Park, D. C., Lautenschlager, G., Hedden, T., Davidson, N. S., Smith, A. D., & Smith, P. K. 
(2002). Models of visuospatial and verbal memory across the adult life span. 
Psychology and Aging, 17, 299–320. https://doi.org/10.1037/0882-7974.17.2.299

Peirce, J. W. (2007). PsychoPy—Psychophysics software in Python. Journal of 
Neuroscience Methods, 162, 8–13. https://doi.org/10.1016/j.jneumeth.2006.11.017

Ratcliff, R., Clark, S. E., & Shiffrin, R. M. (1990). List-strength effect: I. Data and 
discussion. Journal of Experimental Psychology: Learning, Memory, and Cognition, 16, 
163–178. https://doi.org/10.1037/0278-7393.16.2.163

Rhodes, M. G. (2016). Judgments of learning: Methods, data, and theory. In J. Dunlosky 
& S. K. Tauber (Eds.), The Oxford handbook of metamemory (pp. 65–80).

Rhodes, M. G., & Tauber, S. K. (2011). The influence of delaying judgments of learning 
on metacognitive accuracy: A meta-analytic review. Psychological Bulletin, 137, 
131–148. https://doi.org/10.1037/a0021705

Rhodes, R. E., & Katz, B. (2017). Working memory plasticity and aging. Psychology and 
Aging, 32, 51–59. https://doi.org/10.1037/pag0000135

Risko, E. F., Anderson, N., Sarwal, A., Engelhardt, M., & Kingstone, A. (2012). Everyday 
attention: Variation in mind wandering and memory in a lecture. Applied Cognitive 
Psychology, 26, 234–242. https://doi.org/10.1002/acp.1814

Rivers, M. L., Janes, J. L., & Dunlosky, J. (2021). Investigating memory reactivity with a 
within-participant manipulation of judgments of learning: Support for the cue- 
strengthening hypothesis. Memory, 29, 1342–1353. https://doi.org/10.1080/ 
09658211.2021.1985143

Robey, A. (2019). The benefits of testing: Individual differences based on student factors. 
Journal of Memory and Language, 108, Article 104029. https://doi.org/10.1016/j. 
jml.2019.104029

Robison, M. K., & Brewer, G. A. (2020). Individual differences in working memory 
capacity and the regulation of arousal. Attention, Perception & Psychophysics, 82, 
3273–3290. https://doi.org/10.3758/s13414-020-02077-0

Robison, M. K., & Brewer, G. A. (2022). Individual differences in working memory 
capacity, attention control, fluid intelligence, and pupillary measures of arousal. 
Journal of Experimental Psychology: Learning, Memory, and Cognition, 48, 1296–1310. 
https://doi.org/10.1037/xlm0001125

Robison, M. K., & Unsworth, N. (2018). Cognitive and contextual correlates of 
spontaneous and deliberate mind-wandering. Journal of Experimental Psychology: 
Learning, Memory, and Cognition, 44, 85–98. https://doi.org/10.1037/xlm0000444

Roediger, H. L., & Karpicke, J. D. (2006). Test-enhanced learning: Taking memory tests 
improves long-term retention. Psychological Science, 17, 249–255. https://doi.org/ 
10.1111/j.1467-9280.2006.01693.x

Sahakyan, L., Delaney, P. F., & Kelley, C. M. (2004). Self-evaluation as a moderating 
factor of strategy change in directed forgetting benefits. Psychonomic Bulletin & 
Review, 11, 131–136. https://doi.org/10.3758/BF03206472

Salthouse, T. A. (1994). The aging of working memory. Neuropsychology, 8, 535–543. 
https://doi.org/10.1037/0894-4105.8.4.535
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