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Monitoring Accuracy Suffers When Working Memory Demands Increase:

Evidence of a Dependent Relationship
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Knowing what one knows and accurately monitoring one’s own capacities and performance on a moment-
to-moment basis are important determinants of task success. Individual differences in such metacognitive
monitoring are well documented, but what determines an individual’s monitoring accuracy in a particular
context is yet to be fully understood. One candidate contributor to monitoring accuracy is working mem-
ory. In this study, we investigated whether and how working memory contributes to the accuracy of mon-
itoring processes. Most evidence for a positive relationship between working memory and monitoring
accuracy has been provided by correlational studies. Here, an experimental approach was applied in
which confidence judgments were collected after each memory recall in three working memory experi-
ments, and the effect of increasing the working memory demands on monitoring accuracy was examined.
A visuospatial complex span task, a verbal complex span task, and an updating task served as the working
memory tasks, to cover the range of methods used in working memory research. Confirmatory analyses
conducted using cumulative link mixed models indicated that in two out of three experiments, monitoring
accuracy suffered when working memory demands increased. As such, the weight of evidence supports a
dependent relationship between working memory and monitoring processes, whereby monitoring accu-
racy can fluctuate during a task depending on the available cognitive resources. This indicates that the sen-
sitivity of metacognitive monitoring is at least partly determined by the nature of the cognitive processing

taking place in the primary task.
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Knowing what one knows and accurately monitoring one’s own
capacities and performance on a moment-to-moment basis are
important determinants of both immediate task success
(Mengelkamp & Bannert, 2010) and educational achievement
(Veenman et al., 2004). Individual differences in such metacognitive
monitoring are well documented (Maki, 1998), but what determines
an individual’s monitoring accuracy in a particular context is yet to
be fully understood. The current study aims to elucidate the cogni-
tive basis of monitoring processes, with a particular focus on the
competing or supporting role of working memory.
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Empirically, monitoring processes have been studied by examin-
ing their product, namely monitoring judgments provided by partic-
ipants. Different aspects of the subjective experience are studied
using different types of monitoring judgments, such as feeling of
knowing, judgments of learning, and confidence judgments (CJs).
These methods emerged from the field of metamemory research
(e.g., Hart, 1967), and the judgments vary according to when they
are collected in relation to a memory task (or any other primary
task). In the current study, we focus on CJs that are collected after
a memory task; these are judgments regarding how confident a par-
ticipant is about the accuracy of the recall they just provided. The
sensitivity of monitoring judgments to variations across trials is
named relative monitoring accuracy and is classically assessed via
correlational techniques (i.e., the gamma correlation between moni-
toring judgments and task performance) or signal detection theory
analysis in the case of binary (correct/incorrect) outcomes (e.g.,
Maniscalco & Lau, 2012). Mengelkamp and Bannert (2010)
reported that the relative accuracies of monitoring judgments col-
lected at different time points in a comprehension task were not sta-
ble, but those collected in different tests both taken at the end of a
task were stable. Gaining a better understanding of what determines
variations in monitoring accuracy, both within and between individ-
uals, is of considerable value as it will enable us to develop more suc-
cessful methods to improve monitoring accuracy and maximize the
accuracy of information gained through monitoring processes. One
candidate for a determinant or contributor to monitoring accuracy
is executive functions. In the developmental literature, executive
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functions have even been proposed as precursors of metacognitive
skills (Bryce et al., 2015; Roebers, 2017). Here we investigate in
adults whether one executive function, the updating of working
memory, contributes to the accuracy of monitoring processes.

Working memory is the type of memory required when some
information must be manipulated and stored in memory for a short
time, for instance, while remembering the names of items and simul-
taneously reordering them. Efficient updating of working memory is
thought to be crucial for flexible responding, problem solving, and
reasoning, and as such is considered one of three component execu-
tive functions (Miyake et al., 2000). Already 20 years ago a theoret-
ical link was made between metacognitive skills (of which
monitoring is one) and executive functions in a review by
Fernandez-Duque et al. (2000). They stated that executive functions
“may be the building blocks that metacognitively sophisticated
thinkers use in their achievement of complex tasks” (p. 291).
Since then, a wealth of empirical evidence has supported this link
between executive functions and metacognitive monitoring, a selec-
tion of which is reviewed here.

Studies that provided evidence of a positive relationship between
working memory and monitoring accuracy can be categorized into
two types. The first are correlational studies, in which working mem-
ory and monitoring are assessed in separate tasks and a positive rela-
tionship is observed. For instance, Perrotin et al. (2007, 2008)
observed that healthy participants with higher working memory
capacity also tend to monitor their performance in another task
more accurately, compared to those with lower working memory
capacity. Griffin et al. (2008) observed that monitoring accuracy in
a text comprehension task was positively related to participants’
working memory capacity, but that rereading the text eliminated
this relationship. They interpreted this finding as indicating that par-
ticipants with lower working memory capacity were limited in their
ability to encode metalevel cues during reading, but when the work-
ing memory demands were reduced by rereading, they could more
successfully engage in metacognitive monitoring. Finally,
Boduroglu et al. (2014) also reported a significant correlation
between working memory span and CJs, but considered this an arti-
fact that was driven by specific task design features. Indeed, these
correlational studies are all likely to suffer from task-specific effects
and fall short of providing insight regarding causality or dependency
in the relationship between working memory and metacognitive
monitoring processes.

The second type of study that provides evidence for a positive
relationship between working memory and monitoring accuracy
can be labeled “monitoring of memory” as monitoring is measured
within the memory task itself. Here, monitoring judgments about
performance within memory tasks are provided either after every
trial (local judgments) or at the end of the task (global judgments).
Some such studies examined whether the objective data pattern is
reflected in monitoring judgments (e.g., Rademaker et al., 2012),
whereas others examined whether monitoring accuracy varies
between participant groups (younger vs. older adults, or those
with low vs. high working memory capacity). For instance,
Touron et al. (2010) observed better relative monitoring accuracy
about one’s own performance in a working memory task for younger
than older adult participants, and Komori (2016) reported higher
monitoring accuracy in participants with a high working memory
capacity than those with a low working memory capacity.
Consistent with this, Adam and Vogel (2017) observed a positive

correlation between monitoring accuracy and overall working mem-
ory performance (both assessed in the same task) and speculated that
this may emerge because individuals with better monitoring accu-
racy more promptly notice when their attention begins to drift and
are able to redirect it to the task.

Some “monitoring of memory” studies additionally assessed the
effect of manipulating working memory demands on monitoring
accuracy. Schwartz (2008) examined “tip of the tongue” and “feel-
ing of knowing” states and found that tip of the tongue states
decreased (and feeling of knowing states increased or were
unchanged) when working memory load increased. He speculated
that the processes underlying working memory interfere with the
metacognitive processes that lead to tip-of-the-tongue experiences.
That is, when resources are used up by memory, insufficient
resources remain for metacognitive processes (see Stine-Morrow et
al., 2006, for a similar argument). A similar effect was observed in
the Touron et al. (2010) study, whereby monitoring was more accu-
rate for short than long sequence lengths (i.e., low vs. high working
memory demands). These authors suggested that participants who
monitor their performance more accurately than implement more
successful strategies and therefore improve their memory perfor-
mance. While this explanation may be intuitive from a between-
subjects perspective, it is hard to reconcile this account with the
within-subjects effect of better monitoring accuracy when working
memory demands vary within one experiment. Indeed, these authors
acknowledged that they could not exclude the alternative explana-
tion, namely that those with better working memory can allocate
more cognitive resources to monitoring processes.

In summary, while there is evidence of a positive relationship
between working memory skills and monitoring accuracy, different
post hoc explanations have been proposed for this relationship.
Broadly speaking, these can be grouped and termed competition for
resources, monitoring-based strategy improvements, and selection
of valid cues. Competition for resources refers to the idea that moni-
toring processes either require working memory or the same cognitive
resources as working memory and that when these resources are occu-
pied maintaining items in working memory, insufficient resources
remain for monitoring processes. This stems from direct access or
trace-access view of monitoring (e.g., Nelson & Narens, 1990)
whereby monitoring involves continuous online observation of our
own task processing. According to this view, individuals with supe-
rior working memory capacity also monitor more successfully
because maintaining items in working memory occupies fewer cogni-
tive resources for them, and thus more resources can be directed
toward efficient direct monitoring. Likewise, within one individual,
we would hypothesize that when resources are used up by high work-
ing memory demands during a particular task, fewer resources remain
for monitoring and thus monitoring accuracy suffers.

The proposition that monitoring-based strategy improvements are
responsible for the relationship between working memory and mon-
itoring accuracy stems from the idea of monitoring-based control
(Koriat et al., 2006). As mentioned above, it has been argued that
participants who monitor more accurately are more sensitive to fluc-
tuations in their performance and therefore implement better strate-
gies, thus improving their performance in working memory tasks.
However, we would not expect that unpredictable variations in
working memory demands during a task would lead to differences
in monitoring accuracy, as the assumed direction of causation is
the reverse.



Some other authors suggested a third explanation—that individu-
als with better executive functions are better able to select and inte-
grate valid cues when generating their monitoring judgments, and
this drives the positive relationship between the two skills
(Perrotin et al., 2008). This account stems from a cue utilization or
inferential view of monitoring (Koriat & Levy-Sadot, 2001),
whereby various sources of information other than the directly
accessed memory strength can contribute to monitoring judgments
and the validity of these cues determines monitoring accuracy.
Again, such an account can well explain between-subjects effects,
but would not predict that variations in working memory demands
during a task would lead to differences in monitoring accuracy.
That is not to say that the selection and integration of cues is not
resource demanding, but that the advantage afforded to individuals
with higher working memory capacities takes effect at the point of
generating the monitoring judgment. That is, resource depletion dur-
ing a working memory trial would not affect cue selection and inte-
gration at the end of a trial. To date, few studies have aimed to find
direct evidence regarding the reason(s) that working memory and
monitoring accuracy are positively correlated. Here we seek evi-
dence for or against these three explanations, by examining how
monitoring accuracy is affected by changing working memory
demands within a task.

The Current Study

In the current study, we attempt to overcome the interpretation
challenges inherent in correlational studies by taking an experimen-
tal approach. As such, we collect CJs after each memory recall in
working memory experiments and examine the effect of increasing
the working memory demands on monitoring accuracy. We attempt
to improve upon existing experimental approaches by manipulating
not just working memory demands but also some other aspects of
task difficulty (see below). This serves to establish whether any
increase in task difficulty affects monitoring accuracy or whether
there is a specific relationship between working memory and moni-
toring processes. If working memory and metacognitive monitoring
are dependent on each other or make demands on the same cognitive
resources, we would expect poorer monitoring accuracy when mem-
ory demands increase. However, if working memory and monitoring
are positively correlated because individuals with better monitoring
skills make more sensitive strategy adjustments in a working mem-
ory task, or because they more successfully select valid cues when
producing a monitoring judgment, we would not expect working
memory demands within a trial to affect monitoring accuracy.

Additionally, because working memory has been measured in a
multitude of ways (Conway et al., 2005; Schmiedek et al., 2009), to
ensure the generalizability of our findings, we applied this approach
to three different types of working memory tasks. In Experiment 1,
the primary task was a complex span task tapping the visuospatial
domain. In this “odd one out” task (adapted from Alloway, 2007), par-
ticipants must identify a deviant shape and remember its location. In
Experiment 2, the primary task was a verbal complex span task in
which participants had to process the meaning of a sentence and
remember the final word of the sentence (adapted from Experiment
2 of Daneman & Carpenter, 1980). In Experiment 3, the primary
task was an updating task where participants had to continuously
update the contents of their working memory to retain the final four
or six items presented (adapted from Dahlin et al., 2008). The working

memory demands were increased by increasing the number of
to-be-recalled items (Experiments 1-3), and task difficulty was
manipulated via visual similarity (Experiment 1), semantic complex-
ity (Experiment 2), and visual degradation (Experiment 3). Figure 1
provides an illustration of one trial of each experiment, and more
details are provided in each Method section.

Experiment 1: Visuospatial Complex Span Task

Experiment 1 was a visuospatial complex span task in which par-
ticipants had to identify a series of deviant shapes and then recall the
location of these shapes. Working memory demands were manipu-
lated via the number of to-be-recalled locations (six or eight), and
to examine the impact of an additional (perceptual) task difficulty
manipulation, the visual similarity of the to-be-compared shapes
was manipulated. Specifically, visual similarity was increased in
half of the trials to make perceptual discrimination of the deviant
shape from the stimulus set more challenging.

Method
Participants

For each experiment reported here, a sample size of 20 was
selected. This sample size is large enough to observe the most relevant
effect sizes reported in the literature to date, namely those from Touron
et al. (2010). In that study, monitoring accuracy (the gamma correla-
tion) was higher in trials with short than long sequence lengths, and
the related Cohen’s d values were 0.89 (Experiment 1) and 0.68
(Experiment 2). A sensitivity analysis for a paired-samples #-test, com-
puted using G*Power (Faul et al., 2007), indicated a sample size of 20
provides 90% power to observe effects of at least d=0.68.
Accordingly, 20 participants with a mean age of 20.6 years (range
18-29) participated in Experiment 1 for course credit at the
University of Tiibingen. Eighteen were right handed (two were left
handed), three identified as male (17 as female), and all had normal
or corrected vision. All procedures performed were in accordance
with the ethical standards of the institutional research committee
and with the 1964 Helsinki declaration and its later amendments.
Informed consent was obtained from all participants included in the
study.

Apparatus and Stimuli

This and all subsequent experiments were conducted on a Mac com-
puter via MATLAB with the PsychToolbox extension (Brainard,
1997; Kleiner et al., 2007; Pelli, 1997), in a sound-attenuated testing
booth. Participants gave responses via mouse click.

For the entirety of an odd one out trial, three square frames
arranged horizontally were presented in white in the center of a
black screen. To make an “Easy” odd one out stimulus, one of
these frames was filled in white. To make a “Hard” odd one out stim-
ulus, a geometric shape was presented in white within each frame.
For each of these trios, two shapes were identical and one deviated
slightly from the others. The basic geometric shapes used included
a circle, two types of crosses (+ and x), a square, a diamond, a tri-
angle, and a circle intersected by a thick line. To make the “odd”
deviant shape, one of the shapes was slightly modified. These mod-
ifications included increasing or decreasing the size of the shape,
rotating the shape, or slightly altering the dimensions of the shape
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Figure 1
Hllustration of One Trial of Experiments 1-3

Note. 1Inthe odd one out task, participants identified the deviant in a trio of geometric shapes, for a sequence of six or eight trios, reported the locations of the
deviants in sequence, and then provided a confidence judgment regarding their recall accuracy (A). In the reading span task, participants judged the veracity of
sentences, for a series of four or six sentences, reported the last word of each sentence in sequence, and then provided a confidence judgment regarding their
recall accuracy (B). In the updating task, participants were informed by a cue how many (*“n”) digits they would be required to recall, and then were presented a

[Tt

series of digits. Following a variable updating duration, they recalled the “n

last digits they had stored in memory and gave a confidence judgment regarding

their recall accuracy (C). See the online article for the color version of this figure.

(e.g., presenting an oval with two circles). A set of 132 such “hard”
odd one out trios were generated in a pilot study and can be found
online (https://osf.io/ar5ht/). This pilot study with n = 10 partici-
pants indicated that participants were 510 ms slower, #(9) = —15.33,
p <.001, and 2.84% less accurate, #(9) = 7.87, p < .001, wheniden-
tifying the deviant in “hard” than in “easy” odd one out trios.

ClJs were collected on a 7-point Likert scale. This was a white hor-
izontal line with seven small vertical tick marks presented on black
background. The left-most tick mark was labeled “sehr unsicher”
(very unsure), the third tick mark was labeled “ziemlich unsicher”
(quite unsure), the fifth tick mark was labeled “ziemlich sicher”
(quite sure), and the seventh right-most tick mark was labeled
“sehr sicher” (very sure).

Procedure and Design

An illustration of an odd one out trial is provided in Figure 1A. Each
trial began with the presentation of the three empty frames for 500 ms
followed by an odd one out trio and the prompt “Abweichler?” (devi-
ant?). The trio remained on the screen until the participant clicked
with the mouse within one frame to indicate their selection of the devi-
ant shape. Next, the empty frames were presented for another 500 ms,
followed by a new trio of shapes, and so on until a sequence of either
six or eight trios had been presented. The sequence lengths of six and
eight were selected based on pilot testing with the aim to avoid ceiling

and floor effects. After making a series of six or eight odd one out
judgments, the empty white frames were presented again on the screen
with the prompt “Reihenfolge?” (sequence?) and participants were
instructed to click in the frames to indicate the locations in which
the deviants had appeared, in the same order in which they had
appeared. Participants were explicitly informed that if they made an
error in identifying the odd one out of a trio, they should report the
correct location of the odd one out in the sequence recall, rather
than the erroneously reported location. When a frame was selected,
it turned red for 200 ms. When a sequence of six (or eight) trios
had been presented, a sequence of six (or eight) reported locations
was required before proceeding to the CJ. The Likert scale was pre-
sented on the screen with the prompt “Wie sicher bist du?” (how
sure are you?) and participants clicked with the mouse on the scale
to give one of seven discrete CJ values regarding their confidence
in their sequence recall. A small round white marker was presented
for 1 s on the Likert scale to indicate the value selected by the partic-
ipant. A blank black screen was presented for 500 ms before the next
trial began.

The experiment had a 2 (sequence length: six, eight) x 2 (task dif-
ficulty: easy, hard) within-subjects design, resulting in four unique
trial types, which each repeated 28 times throughout the experimental
session. In total, 392 hard and 392 easy odd one out trios were pre-
sented (28 x 6+28 x 8). When a hard trio was presented in the
experiment, one of the 132 trios was sampled randomly without
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replacement until all had been presented once; then, this procedure
was repeated twice more. On average, each of the 132 hard trios
was presented 3 times throughout the experiment. For each trio within
each sequence, the location of the deviant was randomly chosen.
Participants first completed eight practice trials, followed by 14 exper-
imental blocks composed of eight trials each. Within each block of
eight trials, each unique trial type was repeated twice and was pre-
sented in a random order. Participants could take self-paced breaks
between the blocks, and the whole session lasted approximately
75 min.

Data Analysis

Data were analyzed using R (R Core Team, 2021). Practice trials
were discarded before analysis. Four dependent measures were ana-
lyzed via repeated measures analyses of variance with the within-
subject factors sequence length (2) and task difficulty (2). The
four dependent measures were: the mean time taken to identify devi-
ants in a trial, the proportion of correctly identified deviants in a trial,
the proportion of the sequence correctly recalled, and mean CJs. For
the recall accuracy score, one point was awarded for each item cor-
rectly recalled in the correct serial position in a sequence and this
value was converted to a proportion by dividing by the sequence
length (six or eight). For ANOVAs, the Greenhouse—Geisser correc-
tion was used to adjust p-values where appropriate, and partial
eta-squared (nﬁ) effect sizes are provided.

Metacognitive monitoring accuracy and the influence of working
memory and task difficulty demands on monitoring accuracy were
assessed via cumulative link mixed models (CLMMs). Predictor
variables were recall accuracy (centered), sequence length, and
task difficulty (both categorical variables were treatment coded).
This approach to analysis has the advantage of assessing what con-
tributes to CJs on a single trial level, and CLMMs were employed
rather than linear mixed effect models due to the ordinal nature of
the dependent variable (CJs were given on a 7-point Likert scale).
Monitoring accuracy is defined as the relationship between monitor-
ing judgments and performance; as such, a significant effect of recall
accuracy within the CLMM indicates monitoring accuracy (and is
the equivalent of a significant correlation in typical resolution mea-
sures). An interaction of another factor with recall accuracy, for
example, a Sequence Length x Recall Accuracy interaction, indi-
cates that the extent to which recall accuracy contributes to Cls is
affected by this factor (e.g., sequence length). This can be interpreted
as indicating that monitoring accuracy is affected by sequence
length. The CLMM analysis aimed to determine the best fitting
model via model selection (following the procedure described by
Barr et al., 2013). The full model included all predictors and their
two-way interactions as fixed effects. The model was iteratively
reduced by one term and compared to the more complex model
using likelihood ratio tests. The best fitting CLMM is presented in
tabular form. CLMMs were conducted using the R package ordinal
(Christensen, 2019) using a logit link function, and random inter-
cepts were permitted to vary for each participant.

In the spirit of a multiverse analysis (Steegen et al., 2016), we also
analyzed our data in the more traditional way of first calculating
gamma correlations between recall accuracy and CJ for each partic-
ipant and each experimental condition and submitting these to a
repeated measures ANOVA with the within-subjects factors
sequence length and task difficulty. Goodman—Kruskal gamma

correlations were calculated using the R package RoCoCo
(Bodenhofer et al., 2013; Bodenhofer & Klawonn, 2008).

An additional correlational analysis analogous to the typical indi-
vidual differences approach taken in other studies was conducted
with these data. First, each participant’s dataset was split in two
(odd-numbered trials comprised one dataset, even-numbered trials
comprised the other). With one half of the data, the gamma correla-
tion between CJ and recall accuracy was calculated as a measure of
relative monitoring accuracy. With the other half of the data, mean
recall accuracy was calculated as a measure of working memory per-
formance. As a measure of the relationship between working mem-
ory performance and monitoring accuracy, a Pearson correlation
between the two variables was calculated for the sample.

Stimuli and data for each of the three experiments are freely acces-
sible on the Open Science Framework: https://osf.io/ar5ht/.

Results
Working Memory Performance and Confidence Judgments

On average, it took participants 1,134 ms to identify a deviant in
an easy task difficulty trial, and 1,846 ms to identify a deviant in a
hard task difficulty trial, and this was reflected in a significant
main effect of task difficulty, F(1,19)=154.38, p<.001,
ng =.89. Time to identify a deviant was not affected by sequence
length, F(1, 19) =0.03, p = .855, ng < .01, nor was there a signifi-
cant Sequence Length x Task Difficulty interaction, F(1,19)=
0.66, p = .427, ng =.03. Similarly, participants correctly identified
a higher proportion of deviants in easy (M =0.98) than hard
(M = 0.93) trials, F(1,19) =41.24, p < .001, ng = .68, and identifi-
cation accuracy did not vary as a function of sequence length, F(1,
19) =0.28, p =.605, ng =.01. However, a significant interaction,
F(1,19)=4.76, p = .042, ng = .20, indicated that the task difficulty
effect on the proportion of correctly identified deviants was slightly
larger when sequence length was eight than when it was six.

Recall accuracy can be seen in Figure 2A. Participants correctly
recalled a greater proportion of the sequence when it was easy to
identify the deviants than when it was hard, F(1, 19) =29.54, p
<.001, ng =.61, and when sequence length was six than when it
was eight, F(1,19) =72.66, p <.001, n3=.79. The two factors
did not significantly interact, F(1, 19) =0.02, p = .887, ng <.01.

As can be seen in the mean ClJs displayed in Figure 2B, partici-
pants reported higher confidence when task difficulty was easy
than hard, F(1, 19) =39.43, p <.001, ng =.67, and when sequence
length was six than when it was eight, F(1, 19) = 82.50, p <.001,
ngz .81. There was no significant interaction, F(1,19)=1.91,
p=.183, ;= .09.

Metacognitive Monitoring Accuracy

The best fitting CLMM is presented in Table 1 and for illustrative
purposes vincentized data of the relationship between recall accu-
racy and CJ is presented in Figure 2C. Likelihood ratio tests indi-
cated that recall accuracy significantly improved the model,
x*(1) =869.96, p <.001, and the positive estimate in Table 1
reveals a positive association between participants’ CJs and recall
accuracy, that is, significant monitoring accuracy. The best fitting
CLMM additionally indicated a significant effect of sequence
length, x*(1) = 105.86, p < .001, a significant effect of task diffi-
culty, x*(1) = 59.00, p < .001 as well as significant interactions of
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Figure 2
Results From the Visuo-Spatial Complex Span Task in Experiment 1

Note.

Mean recall accuracy (A), monitoring judgment (B), and monitoring accuracy (C) as a function of sequence length and task difficulty. In panels A and

B, trials composed of easy-to-identify deviants are depicted in solid lines, trials containing hard-to-identify deviants are depicted in dashed lines, error bars
represent + 1 SE. In panel C, confidence judgment is plotted against recall accuracy. For illustration single trials were vincentized based on recall accuracy
(single trial data entered the data analysis). That is, the first vincentile in each panel represents 33% of trials with the lowest recall accuracy for each participant

by condition; the second contains the next 33% of trials with lowest recall accuracy, and so on. Error bars represent + 1 within-subject SE.

sequence length and recall accuracy, y*(1) = 6.41, p = .011, and of
sequence length and task difficulty, x*(1) = 5.75, p = .016. The cru-
cial interaction for our hypothesis is the Sequence Length x Recall
Accuracy interaction and it is clear from Figure 2C and the negative
estimate value in Table 1 that this reflects that objective performance
(recall accuracy) contributes less to the monitoring judgment as the
sequence length increases (solid lines are slightly steeper than
dashed lines). This could be interpreted as poorer monitoring accu-
racy as working memory demands increase. The Sequence
Length x Task Difficulty interaction perhaps requires some further
explanation—this shows that the contribution task difficulty makes
to CJs decreases as sequence length increases.

The repeated measures ANOVA of gamma correlations (a
more traditional measure of the relative monitoring accuracy) con-
firmed the above data pattern. Crucial for our hypothesis, gamma
correlations were higher in the low (y = 0.71) than high (y = 0.59)
sequence length,! F(1,19)=8.24, p=.010, n;=.30. Additio-
nally, a significant Sequence Length x Task Difficulty interaction
reveals a larger effect of sequence length on monitoring accuracy

Table 1
Estimates for Fixed Effects in the Best Fitting CLMM for Experiment 1
Predictor Estimate (SE) 95% CI p Value
Recall acc. 0.06 (0.003)  [0.06, 0.07] <.001
Task diff.* —0.40 (0.11) [—0.62, —0.18] <.001
Seq. length® —0.60 (0.11) [—0.82, —0.38] <.001
Recall Acc. x Seq. Length  —0.83 (0.32) [—0.01, —0.002] .009
Task Diff. x Seq. Length —0.41 (0.16) [—0.72, —0.11] .008

Note. Confidence judgment is the dependent variable, p-values are based
on the Wald statistic. CLMM = cumulative link mixed model; CI=
confidence interval.

 Baseline: easy. ® Baseline: sequence length of six.

when the task was easy than hard, F(1, 19)=4.51, p=.047,
nﬁ:.19. A main effect of task difficulty was not observed,
F(1,19)=1.03, p =323, n; = .05.

Individual Differences Analysis

The Pearson correlation between individual participants’ monitor-
ing accuracy score (gamma correlation coefficient calculated with
half of the trials) and their working memory task performance
(mean recall accuracy calculated with the other half of the trials)
was r=.77, p < .001. This correlation can be interpreted as indicat-
ing that individuals who perform better in the odd one out task also
monitor their own performance in the odd one out task more
accurately.

Discussion

Both manipulations (visual similarity and sequence length)
affected working memory performance—recall was worse when
the task was harder and when more items had to be recalled from
working memory. Participants had rather accurate introspections
about their own performance, as their mean CJs reflected the same
data pattern. In terms of sensitivity to trial-by-trial variations in per-
formance, participants showed rather accurate monitoring, which
slightly suffered when participants had to maintain longer sequences
in memory. This data pattern is consistent with the idea that holding
items in working memory and metacognitive monitoring have a
dependent relationship. One possible interpretation is that when

! To enable comparison with the effect sizes used in the power analysis, the
data were also analyzed with a paired-samples #-test and Cohen’s d calcu-
lated. There was a significant effect of sequence length, #(19)=3.20,
p=.005,d=0.72.



cognitive resources were occupied processing the primary working
memory task, fewer resources were left for monitoring processes
and monitoring accuracy suffered. Specifically, working memory
load affected monitoring accuracy, whereas visual similarity (i.e.,
perceptual task load) did not. In Experiment 2, we applied the
same experimental approach to a different type of working memory
task, that is, one involving sentence processing, to evaluate the gen-
eralizability of this finding.

Experiment 2: Verbal Complex Span Task

Experiment 2 was a verbal complex span task, in which partici-
pants had to judge the veracity of sentences and then recall the last
word of these sentences. Working memory demands were manipu-
lated via the number of to-be-recalled words (four or six), and to
examine the impact of another task difficulty manipulation the
semantic complexity of the sentences was manipulated in three
ways (see Apparatus and Stimuli below). The sentences were
designed such that a deeper level of processing would be required
to correctly judge the veracity in more complex sentences.

Method
Participants

Twenty participants (14 identified as female, six as male) recruited
from the University of Tiibingen completed the experiment for pay-
ment or course credit. Their mean age was 24.0 years (range 20—
36), all were right handed and all reported normal or corrected vision.

Apparatus and Stimuli

In Experiment 2, participants gave responses to the working mem-
ory task via computer keyboard and gave their CJs via mouse.
Sentences that were to be judged as true or false were presented in
white, Arial font, size 18 in the center of a black screen.
Moreover, 372 sentences were generated: 186 designed to be easy
and 186 designed to be hard. The difficulty of sentences was manip-
ulated in three different ways: contrast distance, negation, and cate-
gory exemplar. Contrast distance refers to whether a comparison is
made between two units that are far apart (e.g., a day is longer
than a minute; easy) or close together (e.g., an hour is longer than
a minute; hard). Negation (e.g., Dudschig & Kaup, 2020) refers to
the fact that confirmations (e.g., Easter is in spring; easy) are easier
to process than negations (e.g., Easter is not in winter; hard).
Category exemplar refers to the hierarchical nature of categories
(e.g., Vandierendonck, 1991), whereby categories at higher levels
of the hierarchy include categories of lower levels. We created
easy sentences by transcending only one level of the hierarchy
(e.g., animals can move) and hard sentences by transcending more
than one level (e.g., lizards can move). Sentences were created in
sets of four within which two were true and two were false, two
were easy and two were hard, and either all four final words were
identical or two sets of identical final words were identical. The
word length of the sentences ranged from three to seven, with a
median of four words. Word length was also kept mostly constant
within the sets of four. The full set of sentences (in the German lan-
guage) is available online (https://osf.io/ar5ht/). A pilot study (with
n=10) indicated that participants were 292 ms slower, #(9) =

—6.44, p <.001, and 3.92% less accurate, #(9) =2.70, p =.024,
to correctly respond to the hard than the easy sentences.

ClJs were collected on the 7-point Likert scale described previ-
ously for Experiment 1. Participants gave their judgments via
mouse click.

Procedure and Design

An illustration of a Reading Span trial is provided in Figure 1B.
Each trial began with the presentation of a sentence, randomly
selected from the easy or hard sentences depending on the trial
type. Participants pressed the “J” button (for Ja, yes) to indicate
that the sentence was true, and the “F” button (for Falsch, false)
to indicate that the sentence was false. Participants were explicitly
instructed to respond based on whether the sentence was typically
true or false. After responding to a sentence, a 500-ms blank screen
was presented before the next sentence. In this experiment, sequence
lengths of four and six were selected after pilot testing was con-
ducted to achieve a recall accuracy of approximately 70%. After a
sequence of four or six sentences had been presented, participants
were asked to type the last word of each sentence in the correct
order, prompted by the message “Please enter the last word of
each sentence and press Enter after each word (1/4).” After entering
all four or six words, a 500-ms blank screen followed and then the
participants indicated their confidence in their sequence recall on
the 7-point Likert scale by clicking with the mouse. The intertrial
interval was 1 s. In the practice block, if participants did not give
their veracity judgment within 4 s, the sentence was removed and
they received immediate feedback that they should respond more
quickly. In the experimental blocks, if participants did not give
their veracity judgment within 3 s the trial continued and they
received feedback at the end of the trial.

The experiment had a 2 (sequence length: four, six) x 2 (task diffi-
culty: easy, hard) within-subjects design, resulting in four unique trial
types, which each repeated 15 times throughout the experimental ses-
sion. In total, 150 hard and 150 easy sentences were presented (15 x 4
+ 15 x 6); they were randomly selected without replacement from the
186 sentences in each difficulty set. Participants first completed four
practice trials, followed by six experimental blocks composed of 10 tri-
als each. Participants could take self-paced breaks between the blocks,
and the whole session lasted approximately 60 min.

Data Analysis

One participant provided a CJ of one on 59 out of 60 trials. Their
data were not included in further analysis. Practice trials were not
included in analysis. As in Experiment 1, there were four dependent
measures: the mean response time to give a veracity judgment in a
trial, the proportion of correct veracity judgments in a trial, the pro-
portion of the sequence correctly recalled (recall accuracy), and the
mean CJ. In calculating the recall accuracy, one point was awarded
for each correct word in the correct position in a sequence and this
value was converted to a proportion depending on whether it was
a four- or six-item sequence. Words with minor typographical errors
were accepted as correct. Each dependent variable listed above was
entered into a repeated measures analysis of variance with the
within-subject factors sequence length (2) and task difficulty (2).
The Greenhouse—Geisser correction was used to adjust p-values
where appropriate, and partial eta-squared (n?,) effect sizes are
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provided. The monitoring accuracy and individual differences anal-
ysis was conducted in the same way as for Experiment 1.

Results
Working Memory Performance and Confidence Judgments

Participants were 209 ms faster to respond to the sentences in easy
than hard trials, F(1, 18) =99.77, p < .001, ng =.85, and a signifi-
cant interaction indicated that this task difficulty effect was larger
when sequence length was four than when it was six, F(1, 18) =
7.46, p=.014, né =.29. There was, however, no main effect of
sequence length on mean response time to give veracity judgments,
F(1,18)=0.18, p=.678, nl%: .01. Participants also made more
accurate veracity judgments in easy (0.89) than hard trials (0.81),
F(1,18)=70.19, p < .001, nﬁ = .80, and in short (0.86) than long
(0.84) sequences, F(1, 18) =4.74, p =.043, n,z, = .21. The interac-
tion of task difficulty and sequence length was not significant,
F(1,18)=0.26, p = .617, n’> = .01.

As can be seen in Figure 3A, participants’ memory recall was bet-
ter when the sentences had been easy than hard, F(1, 18) =7.20,
p=.015, nﬁ: .29, and in short than long sequences, F(1,18)=
126.05, p <.001, n[z) = .88, indicating that both manipulations
affected working memory performance. The two factors did not,
however, interact, F(1, 18) =0.05, p = .823, nﬁ <.01.

Figure 3B depicts mean monitoring judgments, and it can be seen
that participants reported higher confidence regarding their recall
accuracy in easy than hard trials, F(1, 18)=5.95, p=.025,
nﬁ: .25, and in short than long sequences, F(1, 18)=107.48, p
<.001, nﬁ =.86. As with the performance data, the two factors
did not interact, F(1, 18) =2.76, p = .114, nf, =.13.

Metacognitive Monitoring Accuracy

Participants in Experiment 2 also showed a positive association
between recall accuracy and their CJs; in other words, accurate mon-
itoring. The best fitting CLMM (summarized in Table 2) indicated
significant effects of recall accuracy, x*(1) = 363.83, p < .001 and
sequence length, x> (1)=238.19, p<.001, only. These effects
reflect, on the one hand, a general sensitivity to trial-by-trial varia-
tion in performance (i.e., monitoring accuracy), and on the other
hand, that as sequence length increases, lower CJs are given (dashed
lines shifted downward compared to solid lines in Figure 3C).
Important for our hypothesis, the Sequence Length x Recall
Accuracy interaction did not significantly improve the model,
reflected in the observation from Figure 3C that solid lines and
dashed lines have a very similar slope.

The repeated measures ANOVA of gamma correlations confirmed
the above data pattern. Gamma correlations were high (y =.57) and
unaffected by sequence length,2 F(1,18)=0.70,p = 415, ng =.04,
task difficulty, F(1, 18) = 2.84, p = .109, nﬁ = .14, and there was no
significant Sequence Length x Task Difficulty interaction, F(1,
18) < 1, p=.968, n> < .0L.

Individual Differences Analysis

The Pearson correlation between individual participants’ monitor-
ing accuracy score (gamma correlation coefficient calculated with
one half of trials) and their working memory task performance
(mean recall accuracy calculated with the other half of trials) was

r=.58, p=.009. In contrast to the equivalent result from
Experiment 1, this result indicates a moderate between-subjects rela-
tionship between recall accuracy and monitoring accuracy.

Discussion

As in Experiment 1, both the semantic complexity and sequence
length manipulations affected recall accuracy in the reading span
task. Again, on the mean level, the objective data pattern was well
reflected in participants’ ClJs, indicating that participants were aware
of the impact of these manipulations on their performance, and the
CLMM confirmed a significant contribution of recall accuracy to
ClJs (i.e., high relative monitoring accuracy). Unlike Experiment 1,
monitoring accuracy was not affected by any of the experimental
manipulations. Instead, only performance on the task and the
sequence length of to-be-recalled words contributed to CJs. One pos-
sible explanation for this is that the semantic complexity manipulation
utilized in this experiment operated very differently than the visual
similarity manipulation utilized in Experiment 1. This will be elabo-
rated on in the General Discussion. Next, in Experiment 3, a different
type of working memory task structure was employed, namely an
updating design rather than a complex span design.

Experiment 3: Updating Task

Experiment 3 was an updating task, in which participants had to
continuously update the contents of their working memory with a
certain number of previously presented digits. Working memory
demands were manipulated via the number of to-be-recalled digits
(four or eight). To examine the impact of another task difficulty
manipulation, in half of the trials, the digits were visually degraded
to increase perceptual task-encoding load.

Method
Participants

Twenty participants with a mean age of 24.5 years (range 20-36)
were recruited from the University of Tiibingen and took part in the
study for course credit or payment. Five identified as male and 15 as
female, three were left handed (17 were right handed), and all
reported normal or corrected vision.

Apparatus and Stimuli

Stimuli were 284 x 256-pixel images of black digits from 1 to 9
on a white background. Static Gaussian noise of either low
(Var=1) or high variance (Var=10) was added to the image
(using the function “imnoise” in MATLAB and a similar procedure
as in Kattner & Bryce, 2022) to manipulate perceptual task diffi-
culty. To the participants, the background screen appeared gray
throughout the experiment. Participants provided their serial recall
via mouse click on a numeric pad presented on the screen. Cls
were given as in the previous experiments on a 7-point Likert
scale, this time presented in black on a gray background.

2 To enable comparison with the effect sizes used in the power analysis, the
data were also analyzed with a paired-samples #-test and Cohen’s d calcu-
lated. There was no significant effect of sequence length, #(18)=1.12,
p=.277,d=0.26.



Figure 3
Results From the Verbal Complex Span Task in Experiment 2

Note. Mean recall accuracy (A), monitoring judgment (B), and monitoring accuracy (C) as a function of sequence length and task difficulty. In panels A and
B, trials composed of sentences whose veracity was easy to judge are depicted in solid lines, trials containing sentences whose veracity was hard to judge are
depicted in dashed lines, error bars represent + 1 SE. In panel C, confidence judgment is plotted against recall accuracy. For illustration, single trials were
vincentized based on recall accuracy (single trial data entered the data analysis). That is, the first vincentile in each panel represents 33% of trials with the
lowest recall accuracy for each participant by condition; the second contains the next 33% of trials with lowest recall accuracy, and so on. Error bars represent

+ 1 within-subject SE.

Procedure and Design

An illustration of one trial is provided in Figure 1C. Each trial began
with a cue, presented for 1 s, informing participants how many (n) dig-
its they should maintain in memory and report at the end of the
sequence (e.g., “Letzte 4 Ziffern”; last four digits). This was followed
by a 200-ms blank screen, and then a sequence of digits was presented
in succession each for 1 s. These digits could be easy or hard to iden-
tify, manipulated via perceptual noise. At the end of the sequence of
digits, there was a 200-ms interval before the numeric pad was pre-
sented and participants entered the “n” last digits in the order they
recalled seeing them. After another 200 ms blank screen, the CJ was
collected via mouse click. An intertrial interval of 1 s then followed.

Two levels of n (four and six) were selected in this experiment
based on pilot testing aiming for a recall accuracy of approximately
70%. Before being prompted to recall the “n” last digits, participants
experienced a sequence (“run”) of digits that varied in length.
Sequences couldben +0, 1,2, 3,4, 5, or 6, translating to run lengths
of 4-10 and 6-12 (when n is four and six, respectively). It was
deemed important to include some run lengths of n+0 to ensure
that participants really engaged in updating from the start of the
trial. In run lengths of nine or less, unique digits were randomly

Table 2

Estimates for Fixed Effects in the Best Fitting CLMM for Experiment 2
Predictor Estimate (SE) 95% CI p Value

Recall acc. 0.04 (0.002) [0.04, 0.05] <.001

Seq. length * —0.79 (0.13) [—1.04, —0.54] <.001

Note. Confidence judgment is the dependent variable, p-values are based
on the Wald statisticc. CLMM = cumulative link mixed model; CI=
confidence interval.

 Baseline: sequence length of four.

selected and presented in random order. In run lengths of 10 or
more, direct repetitions of digits within the run were prohibited.

The experiment had a 2 (n: four, six) x 2 (task difficulty: easy,
hard) within-subjects design, resulting in four unique trial types,
which each repeated 40 times throughout the experimental session.
Participants first completed 12 practice trials, followed by 10 exper-
imental blocks composed of 16 trials each. Participants could take
self-paced breaks between the blocks, and the whole session lasted
approximately 90 min.

Data Analysis

Performance in the 12 practice trials was not analyzed. Recall accu-
racy, that is, the proportion of the n digits correctly recalled, and CJs
were analyzed in repeated measures analysis of variance with the within-
subjects factors n (2) and task difficulty (2). The Greenhouse—Geisser
correction was used to adjust p-values where appropriate, and partial
eta-squared effect (nﬁ) sizes are provided. As in Experiments 1 and 2,
a CLMM analysis tested for the best fitting model from a full model con-
taining the effects of n, task difficulty and recall accuracy and their two-
way interactions. The individual differences analysis was conducted fol-
lowing the method described in Experiment 1.

Results
Working Memory Performance and Confidence Judgments

Memory recall is depicted in Figure 4A. Participants recalled a
higher proportion of items in the “recall 4” than “recall 6” condi-
tion, F(1, 19) =83.48, p <.001, nﬁ = .81, whereas task difficulty
(i.e., the level of perceptual noise added to digits) did not affect
recall, F(1,19)=0.15,p =.702, ng =.01 and the two-way interac-
tion did not reach significance, F(1, 19) = 0.03, p = .867, nf, <.0l.
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Figure 4
Results From the Updating Task in Experiment 3

Note. Mean recall accuracy (A), monitoring judgment (B), and monitoring accuracy (C) as a function of n to-be-recalled and task difficulty. In panels A and
B, trials with low perceptual noise are depicted in solid lines, trials with high perceptual noise are depicted in dashed lines, error bars represent + 1 SE. In panel
C, confidence judgment is plotted against recall accuracy. For illustration, single trials were vincentized based on recall accuracy (single trial data entered the
data analysis). That is, the first vincentile in each panel represents 33% of trials with the lowest recall accuracy for each participant by condition; the second
contains the next 33% of trials with lowest recall accuracy, and so on. Error bars represent + 1 within-subject SE.

The same effects were reflected in CJs (Figure 4B). While partici-
pants reported higher confidence in the “recall 4” than the “recall 6”
condition, F(1, 19)=122.69, p < .001, nz = .87, task difficulty did
not affect CJs, F(1, 19) = 0.84, p = .371, n; = .04, and the interaction
did not reach significance, F(1, 19) = 0.47, p = .503, ng =.02.

Metacognitive Monitoring Accuracy

As in previous experiments, a positive relationship between
recall accuracy and CJs can be observed in Figure 4C, reflecting
monitoring accuracy. The best fitting CLMM, reported in
Table 3, contained recall accuracy, xz(l) =1,724.60, p <.001
and n to-be-recalled, x*(1) = 228.23, p < .001, as well as the sig-
nificant interaction of n to-be-recalled and recall accuracy,
%*(1) =39.86, p < .001. This interaction indicates that increasing
the working memory demand in this experiment resulted in recall
accuracy contributing less to CJs, which can be interpreted as
poorer monitoring accuracy when participants had to recall more
digits. This pattern can be observed in Figure 4C (solid black
lines steeper than gray dashed lines).

The repeated measures ANOVA of gamma correlations confirmed
the above data pattern. Gamma correlations were higher when partic-
ipants had to recall fewer (y =0.81) than more (y = 0.63) digits,3
F(, 19)=61.04, p <.001, ng =.76. There was no significant
effect of task difficulty, F(1, 19)=0.66, p = .427, nﬁ: .03, nor
was there a significant Sequence Length x Task Difficulty interac-
tion, F(1, 19)=0.17, p = .638, mp = .01.

Individual Differences Analysis

The Pearson correlation between individual participants’ monitor-
ing accuracy score (gamma correlation coefficient calculated with
half of the trials) and their working memory task performance

(mean recall accuracy calculated with the other half of the trials)
was extremely high in Experiment 3, r=.92, p <.001. Similar to
Experiment 1, this indicates that the better one performs in this
updating task, the more accurately they can monitor their own
performance.

Discussion

Overall, these results were consistent with the results of
Experiment 1—increasing the working memory demands resulted
in less sensitive trial-by-trial monitoring. This is consistent with
the idea that when cognitive resources are occupied by the pri-
mary working memory updating task, fewer resources are avail-
able to effectively monitor and consequently monitoring
judgments become less accurate. In this experiment, manipulating
the task difficulty via visual degradation did not affect memory
recall, CJs or monitoring accuracy. One could question whether
this manipulation was successful in terms of increasing perceptual
task-encoding load. Interestingly, the individual differences anal-
yses also indicated a very high correlation between participants’
performance on the updating task and their monitoring accuracy,
which is also consistent with Experiment 1 and previous
literature.

General Discussion

In a series of metamemory experiments, we aimed to better under-
stand the role that working memory plays in monitoring processes.

3To enable comparison with the effect sizes used in the power analysis,
the data were also analyzed with a paired-samples #-test and Cohen’s d calcu-
lated. There was a significant effect of sequence length, #(19)=6.78, p
<.001,d=151.



Table 3

Estimates for Fixed Effects in the Best Fitting CLMM for Experiment 3
Predictor Estimate (SE) 95% CI p Value

Recall acc. 0.05 (0.002) [0.05, 0.06] <.001

n to-be-recalled® —1.06 (0.07) [—1.20, —0.93] <.001

Recall Acc. x n —0.01 (0.002) [—0.01, —0.007] <.001

Note. Confidence judgment is the dependent variable, p-values are based
on the Wald statisticc. CLMM = cumulative link mixed model; Cl=
confidence interval.

4 Baseline: n to-be-recalled of four.

More specifically, we aimed to establish whether working memory
and monitoring processes have a dependent relationship or whether
a positive relationship between the two skills is observed for other
reasons. To this end, across three experiments working memory
demands and some other aspects of task difficulty were varied,
and the impact of these manipulations on relative monitoring accu-
racy was assessed. Due to the heterogeneity of methods used in
working memory research, this approach was applied to three differ-
ent types of working memory tasks: a visuospatial complex span
task, a verbal complex span task, and an updating task. Likewise,
task difficulty was manipulated in different ways in each experiment,
namely via visual similarity, semantic complexity, and visual degra-
dation. In summary, in all three experiments, participants demon-
strated high levels of relative monitoring accuracy, as recall
accuracy (objective performance) made a large and significant con-
tribution to CJs (monitoring judgment). Further, in Experiments 1
and 3, and consistent with Touron et al. (2010), monitoring accuracy
was negatively impacted by increases in working memory demands,
delivering evidence for a dependent relationship between working
memory and monitoring processes. As such, the weight of evidence
from this series of experiments supports a competition for resources
explanation for the relationship between working memory and mon-
itoring. Alternative explanations, challenges to this conclusion and
open questions are discussed in the following.

As reviewed in the Introduction, three explanations for the posi-
tive relationship between working memory and monitoring accuracy
have been outlined in the literature. Aside from the competition for
resources account, these include the idea that individuals with better
monitoring skills go on to implement more effective working mem-
ory strategies (monitoring-based strategy improvements) and that
individuals with better working memory can better select and inte-
grate cues when giving their monitoring judgments (selection of
valid cues). As already discussed in the Introduction, it is hard to rec-
oncile the monitoring-based strategy improvements explanation
with the within-participants effects reported here. Indeed, such
monitoring-based strategy improvements may exist and contribute
to the correlations reported in the individual differences analyses
(namely, that better monitoring accuracy in one half of the experi-
ment is associated with better working memory performance in
the other half of the experiment). However, it is hard to imagine
that differences in monitoring accuracy across conditions drive the
differences in working memory performance within one experiment,
particularly when participants are not able to predict the working
memory demands of the upcoming trial. Indeed, as acknowledged
by Griffin et al. (2008), “it is unclear how any construct that could
reasonably be labeled metacognitive monitoring would not be a
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secondary process to whatever is being monitoring [sic] at the object
level” (p. 100). That is, we posit that while this explanation may hold
some truth for the observation that individuals with better monitor-
ing also perform better in working memory tasks, it is not sufficient
to explain the effects observed here.

Evidence for the use of cues to produce monitoring judgments, and
thereby for the latter explanation, can be evaluated based on the data
collected here. That is, if information other than objective perfor-
mance contributes to CJs, this would be reflected in a significant effect
of that variable in the best fitting CLMM and a vertical shift in the
lines in panel C of each results figure. For instance, in Experiment
1, we can see that when sequence length was eight (gray lines),
task difficulty made a greater contribution to CJs than when sequence
length was six. One could interpret this as showing that when working
memory was maximally taxed, participants used task difficulty as a
cue and thus lowered their CJ by a relatively fixed amount when the
task was hard. This does not reflect accurate relative monitoring, as
the slope of the Recall Accuracy x Confidence Judgment function
does not change. In Experiment 2, we observe a significant effect of
sequence length in the CLMM, indicating that longer sequences
receive lower CJs over and above what would be expected based on
objective performance. As such, we could interpret this as indicating
that sequence length was used as a cue. In Experiment 3, we also
observe that the number of items to be recalled makes a significant
contribution to CJs, over and above what would be expected based
on objective performance. As such, data from all three experiments
indicate that participants utilized various cues in making their moni-
toring judgments. That is, as well as using the most valid information
available to them (namely, recall accuracy) participants used other
contextual features of the trial when providing their monitoring judg-
ments (namely, sequence length and task difficulty). However, the
strong contribution of objective performance to CJs in all three exper-
iments suggests that participants do indeed engage in a direct “online”
type of monitoring in this context. The fact that relative monitoring
accuracy was affected by fluctuations in working memory demands
across trials in two out of three experiments provides strong evidence
for a dependent relationship between them, even if monitoring judg-
ments are additionally influenced by other sources of information.

Recent contributions from the field of computational neurosci-
ence have drawn similar conclusions as those above. The primary
aim of these studies has been to establish what information forms
the basis of confidence (or uncertainty) judgments in visual working
memory” tasks, and the evidence is consistent with the idea that par-
ticipants can engage in direct access monitoring of the strength of
their memory representations (Geurts et al., 2022; Honig et al.,
2020; Li et al., 2021; van den Berg et al., 2017). More specifically,
an fMRI-derived measure of the encoding noise associated with a
specific memory item is positively related to both the accuracy and
variability of memory recall, and the confidence reported by partic-
ipants about their recall (Honig et al., 2020; Li et al., 2021).
Importantly, these authors also highlight that a lot of unexplained
noise affects CJs (Geurts et al., 2022), that individuals’ prior expec-
tations regarding stimuli can also contribute to metacognitive judg-
ments (Honig et al., 2020), and that other sources of information

“ Note that while the authors of these studies refer to their tasks as assess-
ing visual working memory, they notably differ from the ones employed in
the current study as they do not require information manipulation.
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such as the time taken to recall the memory also positively correlate
with encoding noise and participants’ CJs (Li et al., 2021). The find-
ings from the current study suggest that not only are there likely
interindividual differences in the information that forms the basis
of confidence in our memory recall, but there may also be intraindi-
vidual differences as well. That is, the weighting of information may
vary across experimental conditions, and across trials with different
working memory demands. From this perspective, perhaps an
increased working memory load hinders the system’s ability to
extract or evaluate the probabilistic information regarding the preci-
sion of the memory representation, resulting in other sources of
information contributing more to our feeling of confidence.

The main challenge to the conclusion that working memory and
monitoring are in a dependent relationship concerns the lack of sup-
port for this from Experiment 2. In this verbal complex span task,
although monitoring was quite accurate, monitoring accuracy was
not affected by variations in working memory demands. Another
notable way in which Experiment 2 differed from the other experi-
ments is in the overall working memory performance—on average
participants recalled only 44% of the words in Experiment 2, com-
pared to 74% of the deviant locations in Experiment 1 and 59% of
digits in Experiment 3. However, there does not appear to be a
floor effect at play here. CJs reflected these overall differences in per-
formance, with average CJs of 3.6 in Experiment 2, and 4.2 in
Experiments 1 and 3. Further, the task difficulty manipulation in
Experiment 2 (increased semantic complexity of sentences) argu-
ably necessitated a deeper level of processing than was required in
Experiments 1 and 3 (where some aspect of perceptual load was
manipulated). Thus, the processing of the sentences in Experiment
2 may have drawn on the same cognitive resources as working mem-
ory and monitoring. As such, perhaps Experiment 2 was so challeng-
ing that participants’ resources were almost fully occupied
processing the primary working memory task, making concurrent,
direct monitoring (or the extraction of probabilistic information
regarding encoding precision) no longer possible. Consequently,
participants may have generated their monitoring judgments differ-
ently in this context, namely with a greater reliance on cues available
posttask (such as their beliefs about the effect of sequence length on
their memory). Thus, the within-task manipulations of working
memory load did not further affect monitoring accuracy (see
Griffin et al., 2008 for a similar argument). One can also infer
from the current results that monitoring was overall less accurate
in Experiment 2 than the other experiments, as the B-estimate for
recall accuracy and the mean gamma correlations were much lower.

A strength of the current study is that the data could also be ana-
lyzed analogously to how such data have been analyzed in previous
studies, namely an individual differences approach. In all three
experiments, these analyses indicated that individuals who perform
better in working memory tasks also monitor their own performance
more accurately. This finding is consistent with Adam and Vogel
(2017) and also with the interpretation that working memory and
monitoring compete for resources. That is, individuals who have a
greater working memory capacity and/or are more skilled at updating
their working memory use up fewer cognitive resources when
engaging in working memory tasks and therefore have more
resources available to them to simultaneously monitor. The fact
that the individual differences correlation was descriptively stronger
in experiments in which the working memory demands also affected
monitoring accuracy (Experiments 1 and 3) is consistent with the

within- and between-participants effects having the same source
(although it must be acknowledged that a formal test of the related-
ness of these effects was not possible).

Limitations

The current study is not exempt from criticism and some limita-
tions should be acknowledged. One challenge to the generalizability
of these findings regards the method used to collect CJs. In all three
experiments, a visual analog scale labeled “very unsure” to “very
sure” was employed to collect CJs. This decision was taken to
avoid providing participants with additional cues regarding the
sequence length of the trial just processed and to maintain the
same scale across conditions and experiments. However, it is not
known whether these data patterns would be replicated with alterna-
tive ways of providing CJs (i.e., an absolute estimate of number of
items correctly recalled). As has already been acknowledged, mon-
itoring is not a unitary process (McDonough et al., 2021) and differ-
ent effects can be observed when judgments are collected via
different measures (Mengelkamp & Bannert, 2010). As such, testing
the generalizability of these findings with other types of monitoring
judgments may be a fruitful line of subsequent research. Further, our
use of rather abstract labels for the scale may have introduced vari-
ability regarding how participants mapped their internal feeling of
confidence to this scale. Individual differences in how people map
their feeling of confidence to a scale are assumed, but also a chal-
lenge to evaluate within the current dataset. We have, however, con-
ducted simulations to investigate if any systematic approaches to
mapping confidence to the scale could account for our data pattern
(in the case where there were no true differences in monitoring accu-
racy), and a report of this can be found at https://osf.io/arSht/. Based
on these simulations, we consider it extremely unlikely that the data
patterns observed in Experiments 1 and 3 are mere artifacts of our
confidence reporting method.

The samples recruited are highly educated young adults and as such
somewhat distinct from the previous studies reviewed in the
Introduction section, which often focused on aging populations.
One could question whether this sample is representative of the
wider population and more recent advances in online experimentation
may make it possible to recruit a sample that is more diverse in terms
of age and education in future studies. While a range of tasks and task
features were intentionally employed in order to assess the generaliz-
ability of the findings across different working memory tasks, this task
heterogeneity could limit our ability to draw strong conclusions. In
particular, the fact that overall performance and the nature of the
task difficulty manipulation are confounded in Experiment 2 makes
it hard to pinpoint why the results deviated in Experiment 2. Future
studies could directly examine this verbal complex span task in
more detail, for instance by comparing the effect of a perceptual
load and cognitive load manipulation within the same experiment.
While the current study achieved its aim of manipulating working
memory load and observing the impact on monitoring accuracy, the
selected experimental design had one drawback—sequence length
and working memory load are confounded. An alternative design in
which participants’ working memories are taxed outside of the pri-
mary task (e.g., as a third task) may provide further clarity regarding
the role of working memory in monitoring processes. On a theoretical
level, one could question whether a strong association between perfor-
mance and monitoring judgments is conclusive evidence that direct
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access monitoring is taking place. It is conceivable that participants
use some other cues that happen to be highly correlated with their per-
formance. The approaches being applied in computational neurosci-
ence reviewed above seem promising to address this issue. While of
theoretical interest, understanding the basis of confidence may be
less important than understanding what affects the accuracy of our
confidence (although the two endeavors may prove inseparable). At
least for self-regulation, it is important that participants gain accurate
information through their monitoring processes, on which to base sub-
sequent adjustments in their behavior.

Implications

The current findings suggest that in cases where monitoring accu-
racy is particularly important, we should make efforts to offload or
reduce the working memory demands of the task to improve our
chances of making accurate monitoring judgments. This raises the
question whether working memory training to increase capacity or
optimize updating would also lead to improvements in monitoring
accuracy. In turn, an exciting avenue for future research would be
to investigate whether we can flexibly allocate our cognitive
resources between working memory encoding and/or maintenance
and our monitoring processes, or whether the primary task always
takes precedence. Further, we posit that these findings not only
apply to this rather artificial context in which participants have to
monitor their working memory performance directly, but that this
interaction between working memory and monitoring would occur
in any task with a working memory component. Indeed, these find-
ings mirror recent findings in a dual-task processing context
whereby monitoring accuracy was greatly improved when the work-
ing memory demands of the task were reduced (Bryce & Bratzke,
2022). One remaining open question is why are working memory
and monitoring in a dependent relationship? Which cognitive
resource are they in competition for, or (taking the computational
neuroscience perspective) why would increased working memory
demands reduce our access to a measure of encoding precision of
a memory representation? In our view, further research is needed
to definitively answer this, but the current results suggest new
lines of research that could be followed to consider not only interin-
dividual differences but also intra-individual differences in the infor-
mation contributing to monitoring judgments. Further, these results
highlight another mechanism by which working memory may con-
tribute to learning and academic success. Not only does it assist with
the processing of a primary task, but it may allow for more efficient
metacognitive monitoring which in turn allows individuals to more
effectively direct and control their own future learning.

Conclusion

The current study aimed to elucidate the cognitive basis of meta-
cognitive monitoring, with a particular focus on the role of working
memory. Previous correlational studies reported a positive relation-
ship between performance on working memory tasks and the accu-
racy of monitoring processes. Taking an experimental approach, we
directly tested the effect of increasing working memory demands on
the accuracy of monitoring judgments and observed in two out of
three experiments that monitoring accuracy suffered when working
memory demands increased. These findings are consistent with a
dependent relationship between monitoring accuracy and working
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memory. As such, monitoring accuracy can fluctuate during a task
depending on the current working memory demands, and individu-
als with poorer working memories are less able to effectively mon-
itor themselves simultaneously. These findings provide important
insights into what might determine an individual’s monitoring accu-
racy in a particular context, suggesting a dynamic interaction
between the cognitive processing taking place in the primary task
and metacognitive monitoring processes.
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