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There is a recent surge of interest in maintenance processes in working memory, such as articulatory rehearsal,
elaboration, and attentional refreshing. Yet, we know little about the central attentional demand of these pro-
cesses. It has been assumed that articulatory rehearsal does not require central attention at all (Vergauwe,
Camos, & Barrouillet, 2014), being in essence a cost-free strategy. In contrast, elaboration and attentional re-
freshing are assumed to incur large and continuous costs on central attention. We tested these assumptions in
three experiments in which participants were presented with a varying number of words to rehearse.
Participants were instructed to rehearse the words aloud, or to elaborate them by creating interactive images.
Attentional refreshing was examined in a condition in which words were to be maintained during articulatory
suppression. During retention participants carried out a series of choice reaction tasks, which were used to
measure central attentional demands of the maintenance strategies. Articulatory rehearsal had costs on pro-
cessing RTs that lasted for 10s. Maintenance of words during articulatory suppression did not yield persistent
costs on central attention, implying that participants did not continuously refresh the words. Finally, the current

results cast doubt on the idea that elaboration requires central attention for an extended period of time.
All experimental scripts and data sets reported here are available online (https://osf.io/69p8j/).

Introduction

The ability to keep information in mind for carrying out complex
tasks relies on working memory (WM). The capacity of WM to keep
representations accessible is severely limited. In an attempt to bypass
their severe WM capacity limits, people often engage in maintenance
processes, which can be generically subsumed under the term rehearsal.
Here, we distinguish between three types of rehearsal that have been
proposed in the WM literature: articulatory rehearsal, elaboration, and
attentional refreshing. The aim of the present study is to investigate the
attentional demands of these three forms of rehearsal.

Three forms of rehearsal

Articulatory rehearsal is the overt or covert speaking of verbal ma-
terial to oneself (e.g., Baddeley, 1996). Everyday observation, studies
using overt-rehearsal protocols (Rundus & Atkinson, 1970; Tan & Ward,
2008), and laboratory self-report measures (Bailey, Dunlosky, & Kane,
2011; Dunlosky & Kane, 2007) show that people can engage in ar-
ticulatory rehearsal, and often do so spontaneously. Accordingly, many
models of WM attribute to articulatory rehearsal an important function
for the retention of information over the short term (e.g., Baddeley,

1986; Camos, Lagner, & Barrouillet, 2009). Whether articulatory re-
hearsal really helps short-term retention is a matter of ongoing debate
(Lewandowsky & Oberauer, 2015). In contrast, the role of articulatory
rehearsal in establishing durable representations over the long term has
been found to be minimal at best. Greene (1987) reviewed several
studies that investigated the role of articulatory rehearsal for long-term
retention, and concluded that articulatory rehearsal benefits recogni-
tion but not recall, in line with the assumption that rehearsal
strengthens item memory but hardly memory for relations.

Although overt and covert rehearsal differ in terms of motor pro-
cessing (e.g., overt rehearsal requires an overt articulation and a pre-
paration thereof, but covert rehearsal does not), their effects on
memory are the same. In an immediate serial recall task, Tan and Ward
(2008) observed equivalent overall performance, as well as similar se-
rial position curves and effects of presentation rate, when participants
completed the task under an overt rehearsal or a silent instruction.
Research from our lab (Souza & Oberauer, unpublished) replicated Tan
and Ward’s findings and extended them to conditions in which pre-
sentation of memoranda was interleaved with distraction (i.e., a com-
plex-span task) in line with the idea that the effects of covert and overt
articulatory rehearsal on memory are the same.

Elaboration consists of enriching to-be-remembered items with
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already existing representations in long-term memory (LTM; Craik &
Tulving, 1975). These representations can be of any type, for example
semantic or visual. Elaboration also includes the build-up of new rela-
tions between the items to be remembered, such as connecting the
words of a list to be remembered in a sequence (Craik & Tulving, 1975;
Greene, 1987). Laboratory self-report measures (Bailey et al., 2011;
Dunlosky & Kane, 2007) show that in about one third of the trials
participants spontaneously engage in elaboration during a WM task
using words as memoranda. Elaboration has a beneficial effect on re-
membering items over the long term (Craik & Tulving, 1975), but
whether it has a beneficial effect over the short term is currently un-
clear. Recent experimental evidence suggests elaboration does not im-
prove WM (Bartsch, Singmann, & Oberauer, 2018), but there is corre-
lational evidence in support of a beneficial effect of elaboration from
studies asking trial-by-trial reports of rehearsal strategies (Bailey,
Dunlosky, & Kane, 2008).

Lastly, attentional refreshing involves briefly thinking of a re-
presentation in WM, hence bringing this representation to the focus of
attention, and thereby extending and/or augmenting its accessibility
(Raye, Johnson, Mitchell, Greene, & Johnson, 2007). Refreshing is as-
sumed to be a sequential process, in which only one item can be re-
freshed at any point in time (but see Portrat & Lemaire, 2014), and the
time required for refreshing one item has been estimated to around
35-50 ms (Vergauwe, Camos, & Barrouillet, 2014; Vergauwe & Cowan,
2014). The role of refreshing for maintenance in WM has been mainly
inferred from the observation of better memory performance when
participants have some free time in between the memoranda or pro-
cessing episodes in WM tasks (Barrouillet, Bernardin, & Camos, 2004;
Camos et al., 2009). Only a few studies actually manipulated atten-
tional refreshing as an independent variable in a WM task and ex-
amined its effects on short-term memory performance (Bartsch et al.,
2018; Souza & Oberauer, 2017; Souza, Rerko, & Oberauer, 2015; Souza,
Vergauwe, & Oberauer, 2018; Vergauwe & Langerock, 2017). For ex-
ample, Souza et al. (2015) investigated refreshing by asking partici-
pants to attend to individual visual WM representations during the
retention interval. That study showed that the number of refreshing
attempts positively affected WM. In contrast, the study by Bartsch et al.
(2018) did not find a beneficial effect of refreshing on WM.

Attentional costs of rehearsal

Here, we are interested in the degree to which articulatory re-
hearsal, elaboration, and refreshing demand central attention. Central
attention is a capacity-limited processing mechanism that has been
characterized as a bottleneck that enforces serial processing (Pashler,
1994), or a processing resource that constrains the speed of parallel
processes (Tombu & Jolicoeur, 2003). Dual-task studies have shown
that central attention is involved in response selection and retrieval
from LTM (Johnston, McCann, & Remington, 1995). Here we ask to
what extent the three forms of rehearsal rely on central attention.

Knowledge about the central attentional demands of different forms
of rehearsal plays an important role in determining how they can be
applied in a WM task. Moreover, an understanding of how much central
attention is needed for a specific rehearsal strategy is essential in pre-
dicting how these strategies can be combined. For example, the time-
based resource sharing (TBRS) model of WM assumes that articulatory
rehearsal and refreshing can be applied simultaneously in WM tasks
(Camos, 2015; Camos & Barrouillet, 2014; Camos et al., 2009; Mora &
Camos, 2015; Mora & Camos, 2013). The assumption within the TBRS
model is that articulatory rehearsal does not require central attention at
all, being in essence a cost-free strategy. In contrast, refreshing is as-
sumed to depend on central attention. Therefore, carrying out other
attentionally demanding tasks either postpones refreshing, or execution
of these tasks is postponed because refreshing is taking place (hence
showing a trade-off). If, however, articulatory rehearsal is not atten-
tionally demanding, it can be applied simultaneously with refreshing
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with no trade-offs.

The assumption that articulatory rehearsal does not demand (or
demands very little) central attention rests on the findings of two early
studies (Guttentag, 1984; Naveh-Benjamin & Jonides, 1984). In the
following, we will briefly summarize these studies and discuss why
conclusions from them regarding the central attentional demands of
articulatory rehearsal are problematic.

Guttentag (1984) examined the trade-offs between carrying out
overt articulatory rehearsal of a memory list simultaneously with a
finger tapping task. Specifically, he compared how many times per
minute children from different age groups were able to tap with their
forefinger in a single-task condition, and in a dual-task condition si-
multaneously requiring articulatory rehearsal. A core result of his ex-
periments was that articulatory rehearsal led to severe costs on the
tapping task. The dual-task costs correlated negatively with the age of
the children. The interpretation of Guttentag was that articulatory re-
hearsal becomes more and more automatized with age, which is why
his paper is often cited in support of articulatory rehearsal being non-
demanding in adults. However, the dual-task cost of articulatory re-
hearsal in the oldest children (mean age = 11.5 years) was still around
15%, clearly speaking against complete automatization of articulatory
rehearsal.

Naveh-Benjamin and Jonides (1984) used a sophisticated design to
examine several questions concerning articulatory rehearsal and ela-
boration. Participants were given three two-digit numbers on every trial
to remember for immediate recall (pre-load task). Next, two words were
presented to be rehearsed during retention of the numbers. One group
was instructed to rehearse synchronously with a metronome (articu-
latory rehearsal group); the other group was instructed to elaborate the
words independently of the metronome beat (elaboration group).
Whereas the elaboration group was informed about a delayed re-
cognition test of the words at the end of the experiment, the articulatory
rehearsal group was not. A dot appeared on the screen either 0.850s,
4.675s, or 12.325s after presentation of the two words (hence while
participants were rehearsing or elaborating the two words). Partici-
pants were instructed to press a button as soon as they detected the dot
on the screen. After that, recall of the three two-digit numbers was
required, ending the trial. The most important result for the present
examination is that the reaction time (RT) to detect the dot was on
average 22 ms faster when it appeared 12.325 s after start of rehearsal
than when it appeared 4.675 s thereafter. There was no such decrease in
RTs over time for the elaboration group. Based on these results, the
authors concluded that articulatory rehearsal — but not elaboration —
can be executed without the requirement of attention after an initial
set-up stage.

There are several reasons why these two studies do not allow clear
statements about the central attentional demands of rehearsal to be
made. First, both studies assessed dual-task costs on tasks that do not
require response selection. Work with the psychological refractory
period (PRP) effect has shown that simple RT tasks such as the ones
employed in these studies do not engage the central attentional bot-
tleneck (Pashler, 1994). Based on this research, it is difficult to argue
that what was measured by the RT tasks in Guttentag (1984) and
Naveh-Benjamin and Jonides (1984) was central attention. Never-
theless, the dual-task cost of rehearsal on tapping in Guttentag’s study
was substantially larger than zero across all age groups, contrary to the
assumption that articulatory rehearsal is cost-free.

Second, in the experiment by Naveh-Benjamin and Jonides there
was no control condition to compare the effects of rehearsal to.
Therefore, it is unclear whether dual-task costs remained for articu-
latory rehearsal even after 12s or more. Accordingly, this study may
have led to an underestimation of the attentional cost of articulatory
rehearsal. Third, the requirement to rehearse in synchrony with a me-
tronome could have compromised the measurement of attentional costs
of articulatory rehearsal in Naveh-Benjamin and Jonides’ (1984) study.
The longer RTs to dots presented earlier during the rehearsal time could
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reflect some initial attentional cost of adapting the pace of articulatory
rehearsal to the metronome. Similarly, the fact that RTs in the ela-
boration group did not decrease over the processing phase may be
because participants did not have to align their rehearsal with the
metronome. To summarize, the evidence that articulatory rehearsal
does not require central attention based on these two studies is weak, at
best.

The present study

The concerns raised above indicate that it is time to revisit the at-
tentional demands of rehearsal. In the present experiments we made an
effort to obtain a proper estimate of the central attentional require-
ments associated with articulatory rehearsal and elaboration while
avoiding the pitfalls previously mentioned. In addition, we assessed the
attentional demands of a condition in which participants were required
to perform articulatory suppression (AS) during maintenance of a
memory list. Vergauwe et al. (2014) have argued that blocking the use
of articulatory rehearsal with AS prompts participants to resort to re-
freshing of the memoranda. Our goal was to evaluate whether atten-
tional costs in this condition are consistent with the idea that partici-
pants spontaneously engage in refreshing.

Experiment 1 examined the central attentional demands of articu-
latory rehearsal and elaboration in a design closely modeled after
Naveh-Benjamin and Jonides (1984). The benefit of this design is that
participants executing articulatory rehearsal do not anticipate the
memory test for the rehearsed material, and therefore have no incentive
to engage in additional processing of the rehearsed material. In this
way, central attentional requirements of articulatory rehearsal can be
measured while controlling for any additional type of rehearsal that
participants may spontaneously use. In Experiment 2 we zoomed in on
articulatory rehearsal because of the importance of the assumption that
it is a cost-free strategy in the TBRS model (e.g., Camos et al., 2009). We
investigated the attentional costs of articulatory rehearsal with a
paradigm previously used by proponents of the TBRS theory to in-
vestigate attentional costs of maintenance processes (Vergauwe et al.,
2014). In Experiment 3, we again compared articulatory rehearsal and
elaboration with each other, and we assessed whether people sponta-
neously engage in refreshing under AS.

In all three experiments we used a choice RT (CRT) task to probe the
attentional demand because this task requires response selection, and
hence requires central attention (Pashler, 1994). Furthermore, we ap-
plied the overt rehearsal methodology (Rundus & Atkinson, 1970) to
check for compliance with the articulatory rehearsal instruction.
Without requiring overt responses, it is difficult to make inferences
about the use of articulatory rehearsal. Moreover, we tested for LTM at
the end of the experiments to assess whether participants engaged in
elaboration.

To foreshadow our results, articulatory rehearsal yielded dual-task
costs on CRT, which increased with the number of items to be re-
hearsed. The costs of both articulatory rehearsal and elaboration van-
ished after about 5s when no WM test was forthcoming. When a WM
test was expected, these costs persisted until the end of the processing
period (10s). In contrast, we did not observe persistent dual-task costs
on CRTs in the AS condition supposed to engender refreshing (cf.
Vergauwe et al., 2014).

Experiment 1

In Experiment 1 we gauged the attentional costs of articulatory
rehearsal and elaboration in an adapted version of Naveh-Benjamin and
Jonides (1984) experiment. As in their seminal study, we assigned
participants to one of two groups: Articulatory Rehearsal or Elabora-
tion. In each trial, participants were presented with 2 words, which
they had to read aloud. Thereafter, the Articulatory Rehearsal group
was instructed to continuously rehearse the words aloud, whereas the
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Elaboration group was instructed to create vivid and interactive mental
images of the meaning of these words. To control for compliance with
the instructions, we recorded the speech of participants in the Articu-
latory Rehearsal group. Moreover, we presented a delayed recognition
test of the memoranda at the end of the experiment. In keeping with
Naveh-Benjamin and Jonides (1984), the Elaboration group, but not the
Articulatory Rehearsal group, was informed at the beginning of the
experiment about the final memory test. This information served as a
motivation to carry out the elaboration strategy. Better delayed re-
cognition performance of the Elaboration group in comparison to the
Articulatory Rehearsal group is expected if they complied with the in-
structions.

To assess the time course and magnitude of the attentional costs of
articulatory rehearsal and elaboration, offset of the words was followed
by a 10-s processing phase in which dots were presented at un-
predictable, irregular periods, and participants made speeded judg-
ments about their locations. Our testing of the attentional costs of re-
hearsal deviates from Naveh-Benjamin and Jonides (1984) in five
regards. First, a CRT was used instead of a simple RT (SRT) to measure
central attentional demand. Second, a control condition was included in
which no words had to be rehearsed at all, hence serving as a single-
task baseline for the CRT task within each group. Third, the processing
phase in every trial lasted 10s and was divided into five segments.
Within each segment, a CRT stimulus was shown with a fixed prob-
ability. Fourth, we omitted the pre-load of three two-digit numbers used
by Naveh-Benjamin and Jonides (1984) to avoid any possible con-
founds between the costs of rehearsing the words and any other po-
tential rehearsal participants would attempt to maintain the pre-load
memoranda. Fifth, we also dropped the requirement for participants to
articulate in synchrony with a metronome. The requirement to align a
speech output with a metronome may need central attention, which
would have compromised the attempt to measure the central atten-
tional demands of articulatory rehearsal alone.

To summarize, Experiment 1 had three independent variables: re-
hearsal instruction (articulatory rehearsal vs. elaboration, varied be-
tween-participants), set size (two vs. zero words to be rehearsed, varied
within participants), and time segment within which a processing sti-
mulus was presented (1-5, varied within-participants).

Method

Participants

Fifty-four university students (34 women; M = 26years old,
SD = 5.4years) were randomly assigned to one of two groups:
Articulatory Rehearsal or Elaboration. All participants in the experi-
ments reported here were compensated with partial course credit or 15
Swiss Francs for one 1-h session. All participants were university stu-
dents and native speakers of German. They provided written informed
consent and were debriefed in the end of the experiment. Moreover,
participants were informed that their speech during the experiments
would be recorded and inspected to control for compliance with the
instructions.

Materials and procedure

All experiments reported here were programmed in MATLAB using
the Psychophysics Toolbox 3 (Brainard, 1997; Pelli, 1997). Participants
were tested in individual booths where they sat at a distance of ap-
proximately 50 cm from the computer screen. They wore headphones
equipped with a microphone for recording of their speech.

Lists were generated randomly for each participant. First, 100 two-
word lists were constructed by randomly selecting (without replace-
ment) from a pool of 200 mono- and disyllabic German nouns. Second,
forty control lists with the letter string “xxxxx” were added to this pool,
resulting in 140 lists. Finally, on every trial of the rehearsal task, one
list was randomly sampled without replacement from this pool.

In every trial, the two rehearsal words were presented
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Fig. 1. Illustration of the sequence of events in a trial in Experiment 1 (panel a) and Experiments 2 and 3 (panel b). Panel a: In the beginning of each trial, two words
for the rehearsal task were displayed simultaneously. Next, a 10-s period started in which participants were instructed to continuously rehearse the words while
concurrently performing a dot CRT task. The dot task was divided into five 2-s segments. In each segment, a dot was presented with p = 0.46. The black frames
represent segments of 2000 ms, in which no processing stimulus happened to be presented. Panel b: In Experiments 2 and 3, the memory words were presented
sequentially. The first stimulus of the CRT was presented immediately after offset of the last word, and each CRT response was immediately followed by the next CRT
stimulus until 10s had elapsed. After that, participants were requested to attempt typed forward serial recall of the words. Stimuli are not drawn to scale.

simultaneously in the center of the screen for 600 ms followed by a
blank delay of 400 ms (see Fig. 1a). Next, a 10-s interval followed in
which the rehearsal task was combined with a CRT processing task
(described below). Participants in the Articulatory Rehearsal group
were instructed to uninterruptedly rehearse the words aloud during the
processing phase. Participants in the Elaboration group were instructed
to continuously elaborate the words during the processing phase for a
subsequent delayed memory test. Participants were informed that in the
2-word condition their main task was to rehearse the two words ac-
cording to their group's instruction, and their secondary task was to
respond to the dot task. In the 0-word condition, when the “xxxxx”-
string was presented on the screen, they were instructed to simply re-
spond to the dot task (0-word condition); in the Articulatory Rehearsal
group they were instructed to remain silent during that time. The 0-
word condition served as a single-task baseline of responses to the dot
task.

As in Naveh-Benjamin and Jonides’s (1984) study, the Elaboration
group was informed that elaboration is particularly helpful for re-
membering the words in the long-term. More specifically, participants
in this group were told to: “Create a mental image of the two words. Then,
try to make an image incorporating both images, such that they interact with
each other. And try continuously to change their interaction or make the
image more vivid.”

In the processing task, participants had to indicate as fast and as
accurately as possible whether a dot (occurring at unpredictable in-
tervals) was shown above or below the horizontal screen midline by
pressing the up or down arrow keys on the keyboard. The total duration
of the processing task was 10s, which was divided into five 2s-seg-
ments. Within every segment, a dot (diameter = 60 pixels) was shown
with p = 0.46. To create uncertainty about the dot’s location, its hor-
izontal position was randomly selected from a uniform distribution
ranging from —250 to +250 pixels in relation to the center of the
screen. The vertical position of the dot was selected such that 4/5 of the
dot (48 pixels) fell either in the upper or lower part of the screen. If a
dot was selected to be shown within a given 2-s time segment, its onset
after the beginning of the segment was sampled from a uniform dis-
tribution between 300 and 1000 ms. The dot remained visible until an
answer was given or after 500 ms of the next time segment had elapsed.
An answer was counted as valid if it occurred while the dot was

onscreen; otherwise, a time-out was recorded. In case an answer to a
presented dot was not given in the same time segment but in the 500 ms
of the next time segment, and another dot was scheduled to be pre-
sented in that time segment, the overlap of that response into the new
time segment was added to the onset time of the next dot (which was
again sampled from a uniform distribution between 300 and 1000 ms).
The overlap was however not added to the total duration of the pro-
cessing task, which did never outlast 10 s. This procedure assured that
time pressure was within a reasonable range.

After completion of the 140 trials of the main experimental task, a
delayed recognition test of the rehearsal words was presented for all
participants. The main purpose of this test was to ensure that the
Elaboration group complied with the instruction to elaborate on the
presented words. For the Articulatory Rehearsal group, the delayed
recognition test was a surprise. The first five and the last five rehearsal
word lists were excluded from this test to control for primacy and re-
cency effects. One noun of each of the remaining 90 lists was randomly
selected as a cue. Each trial in the delayed recognition test consisted of
the presentation of a cue on the left side of the screen, and a set of four
candidate words (the correct word and three distractors) on the right
side of the screen. One distractor was a word presented in another
memory list (intrusion), and the remaining two distractors were new
words selected from a pool of 180 mono- and disyllabic German nouns.
Participants were instructed to select among the set of candidate words
the one that was presented together with the cue during the rehearsal
task. Participants responded by clicking with the left mouse button on
one of the four words. The order of testing of the rehearsal words was
randomly determined for each participant.

Results

Statistical framework

We used Bayesian statistics for all analyses. Bayesian statistics
overcome some of the shortcomings associated with conventional null-
hypothesis significance testing (Wagenmakers, 2007). In the Bayesian
framework (for an introduction see Kruschke, 2011), prior knowledge
about the credible values of the model parameters is expressed as
probability distributions known as priors. These priors are updated in
light of the data to yield posterior distributions. The posterior reflects
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the knowledge about credible values of model parameters after taking
into account the data.

In addition to the posteriors of credible model parameters, the re-
lative credibility of two models can be computed with the Bayes Factor
(BF). The BF is the ratio of the marginal likelihoods of two models
(Rouder, Morey, Speckman, & Province, 2012). By formulating two
hypotheses of interest as statistical models and assuming equal priors
for the two models, the BF quantifies how many times more likely one
hypothesis is than the other, given the data. For the comparison of a
null hypothesis with an alternative hypothesis on a parameter of in-
terest (e.g., the difference between two groups in a t-test, or an effect in
an ANOVA design), the point null hypothesis is represented by a model
in which the prior of the relevant parameter is set to 0. The inter-
pretation of the BF is straightforward. A BF of 1 states that the data are
ambiguous, providing no evidence favoring one model or the other.
Although a BF between 1 and 3.2 states that one model is more likely
than the other, it is usually “not worth more than a bare mention” (Kass
& Raftery, 1995). A BF from 3.2 to 10 is regarded as substantial evi-
dence, a BF from 10 to 100 as strong evidence, and a BF larger than 100
as decisive evidence for one model over the other.

One advantage of Bayesian statistics is that sample size does not
have to be determined a priori to data collection because the chance of
making a Type I error does not increase with optional stopping (Rouder,
2014). Accordingly, data collection can be continued until the evidence
for the null hypothesis or the alternative hypothesis is substantial. In
this and the remaining experiments in this article, an initial sample size
was set to values that in our experience are sufficient to obtain robust
evidence for medium-sized effects in within-subjects (and mixed) de-
signs. Whenever evidence for the main hypotheses under consideration
was ambiguous, we continued data collection until evidence was, at
least, in the substantial range.

Compliance with task instructions

Six participants were excluded due to responding close to chance
level in the CRT task.' Another participant in the Articulatory Rehearsal
group was excluded because this participant mentioned after the ex-
periment to have expected the delayed recognition test and used ela-
boration to better remember the words. Six additional participants were
excluded, because they did not adhere to the rehearsal instructions, as
assessed by the inspection of the speech recordings of the trials. For
example, some participants articulated the “xxxxx”-string in the control
condition instead of remaining silent, some read wrong words or only
sporadically rehearsed some of the word lists. This resulted in a final
sample of 41 participants, with n = 23 in the Elaboration group and
n = 18 in the Articulatory Rehearsal group.

Delayed recognition

Next, we analyzed the responses in the delayed recognition test to
assess whether the elaboration instruction worked. If participants in the
Elaboration group complied with the instruction, we expect to observe
better LTM for the rehearsal word pairs compared to the Articulatory
Rehearsal group, replicating the results of Naveh-Benjamin and Jonides
(1984). Responses in the delayed recognition test were classified into
three categories: hits (selection of the correct alternative), intrusions
(selection of the alternative with a word from another list), and false
alarms (selection of one of the new words). The proportion of responses
in each of these categories is shown in Table 1. Hits (log-odd trans-
formed) in the Articulatory Rehearsal condition and the Elaboration
condition were compared with a Bayesian linear regression model.

The regression model was run via JAGS (Plummer, 2003), which
was accessed via the R statistical computing environment (R

! They fell below the 99.9% quantile of a binomial distribution with mean 0.5
(i.e., less than 190 correct responses across the 325 CRT episodes presented
over the experiment).
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Table 1
Proportion of responses in each response category in the delayed recognition
test in Experiment 1.

Condition
Response category Articulatory rehearsal Elaboration
Hits 0.425 0.818
Intrusions 0.293 0.095
False alarms 0.141 0.043

Note. False-Alarm rate was divided by 2, because the probability of making a
False Alarm was twice that of making a Hit or an Intrusion.

Development Core Team, 2015) with the rjags package (Plummer,
Stukalov, & Denwood, 2015). We approximated the BF of the difference
between conditions via the Savage-Dickey density ratio. This method
obtains the BF for two nested models, such as a Null model assuming
that the effect is zero, and an alternative model that allows the effect to
vary freely. The first step is to obtain the posterior of the parameter of
interest — here, the size of the difference between conditions in the
probability of a hit — in the alternative model. The BF is then obtained
by dividing the height of the posterior by the height of the prior at the
parameter value assumed in the Null model (Lee & Wagenmakers,
2014; Wetzels, Raaijmakers, Jakab, & Wagenmakers, 2009). The BF was
8.42 x 10° for the Alternative hypothesis over the Null, which is de-
cisive evidence for better delayed recognition in the Elaboration group
than in the Articulatory Rehearsal group.

Processing task

RT and accuracy to respond in the processing task served as the
dependent variables. RTs were trimmed as follows. First, RTs associated
with incorrect answers and time-outs were removed (15.57% of all RTs
available for analysis). Second, RTs that exceeded or fell below the
individual mean * 3 standard deviations in each time segment were
excluded (0.87% of the remaining RTs). The remaining RTs were
averaged within each segment in each set-size condition (2 words vs. 0
words) and group (Articulatory Rehearsal vs. Elaboration). In Fig. 2,
RTs (panel a) and accuracies (panel b) are plotted against segment. RTs
and accuracies (log-odds transformed) were analyzed separately with
2 X 2 x 5 Bayesian ANOVAs using the BayesFactor package 0.9.10-2
(Morey & Rouder, 2014), which is available in R. For all analyses with
the BayesFactor package in this article we used the default combination
of JZS priors (Cauchy prior on effect size, Jeffreys prior on the var-
iance).

For each ANOVA, the winning model was selected as the one with
the highest BF in comparison to the null model. Evidence for each effect
included in the winning model was gauged by comparing the winning
model to a model derived from it by dropping the effect in question.
Conversely, evidence against an effect excluded from the winning
model was assessed by adding it to the winning model.

For RTs, the winning model included fixed effects of segment,
group, set size, set size x segment, and a by-subjects random intercept
(BF = 6.11 x 102 over the null model). Next, we describe the evidence
for each effect of theoretical relevance. The Elaboration group re-
sponded more slowly than the Articulatory Rehearsal group (BF = 3.8).
Rehearsal slowed responding in the processing task, as indicated by the
slower RTs in the 2-words condition compared to the 0-word control
condition (BF = 458). Moreover, RTs decreased across the five time
segments (BF = 1.39 x 10°). The costs of rehearsal (2-words vs. O-
words) decreased over segment (segment x set size, BF = 71.6). There
was not enough evidence to support a difference between the
Elaboration group and the Articulatory Rehearsal group on the decrease
of RTs over segment (segment x group, BF = 1.7). The evidence was
against the two-way interaction of group x set size (BF = 0.19; hence
indicating that the Null was supported by a factor of 5.3). This indicates
that the time cost resulting from rehearsing 2 words versus not
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Fig. 2. RTs (panel a) and accuracies (panel b) plotted over segment for each set size and rehearsal group in Experiment 1. Error bars represent standard errors for

within-subjects designs (Bakeman & Mcarthur, 1996).

rehearsing at all did not differ between the two rehearsal instructions.
Moreover, there was also evidence against the three-way interaction
(BF = 0.16, evidence for the Null equals 1/0.16 = 6.25), indicating
that the decrease in the costs of rehearsal over segment was similar for
both rehearsal groups.

For accuracies, the winning model included the fixed effects of re-
hearsal group and of set size, and a by-subject random intercept
(BF = 11’238 over the Null). The BF in favor of rehearsal instruction
was 4.7, indicating that participants in the Articulatory Rehearsal group
responded more correctly, on average, than participants in the
Elaboration group. The higher accuracies and faster RTs in the
Articulatory Rehearsal group compared to the Elaboration group rule
out a speed-accuracy trade-off to explain the group difference. The
main effect of set-size yielded a BF = 2397, which implies that re-
hearsing 2 words credibly reduced accuracy in the processing task. The
BF was 23 against the set size x segment interaction, which is strong
evidence that the set-size costs on accuracy did not decrease over the
processing period.

Discussion

Two observations support the conclusion that participants complied
with the rehearsal instructions. First, elaboration led to far better per-
formance in the delayed recognition test than articulatory rehearsal.
Second, inspection of the recorded speech confirmed that the partici-
pants in the Articulatory Rehearsal group were articulating the words
continuously.

The main findings of Experiment 1 can be summarized as follows.
First, responses in the processing task were initially slower when par-
ticipants had to rehearse 2 words compared to the control condition
with 0 words. This shows that articulatory rehearsal and elaboration
require central attention for some period of time. Second, the atten-
tional costs of both forms of rehearsal decreased over time. Visual in-
spection suggests that the time costs of both types of rehearsal vanished
after about five seconds; the costs on accuracy, however, were un-
affected by time. Third, the magnitude of the attentional costs of re-
hearsal did not differ between the two rehearsal groups, showing that
both articulatory rehearsal and elaboration engage central attention to
a similar extent.

Using an optimized experimental design to measure central atten-
tional demands, our results confirm the most important conclusion of
Naveh-Benjamin and Jonides (1984) that articulatory rehearsal is in-
itially attentionally demanding, but the demand declines within the
first 55, after which the RT costs disappear. Costs on accuracy, how-
ever, remained. Different from Naveh-Benjamin and Jonides (1984),
the present results suggest that the attentional cost of elaboration
likewise declines over the first 5s elaboration. Taken together, our
findings suggest that both examined rehearsal strategies always incur
an attentional cost. This cost is unlikely to vanish during a typical WM
task such as complex span (in which memoranda and processing epi-
sodes are interleaved), because a new rehearsal process has to be in-
itiated every time a new item is presented, and that usually happens at a
rate of 1-5s.

We observed an unexpected difference in RTs and accuracies
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between the two groups: Even when there were no words to be re-
hearsed (set size = 0), the Elaboration group was slower and less ac-
curate than the Articulatory Rehearsal group. This difference cannot be
attributed to rehearsal of items presented on the current trial. One
potential cause of this group difference is that participants in the ela-
boration group, expecting the final recognition test, engaged in addi-
tional elaboration of items presented on previous trials. This could also
explain why in Naveh-Benjamin and Jonides (1984) the RT costs per-
sisted only in the elaboration group but not in the articulatory rehearsal
group. We further examined this issue in Experiment 3.

The observation of central attentional demands of articulatory re-
hearsal clashes with the conclusions reached in a recent study by
Vergauwe et al. (2014). Vergauwe and colleagues presented a varying
number of verbal memoranda followed by a 12s processing period.
These authors did not observe a delay of responding to the very first
CRT in a trial for memory set sizes of up to four words, compared to a O-
words control condition. They assumed that the absence of the set-size
effect on CRT was due to participants maintaining the words through
articulatory rehearsal. However, in their study, participants were not
explicitly instructed to rehearse the words, and no record of their ar-
ticulatory rehearsal was made. This makes it impossible to verify
whether participants in their experiments were actually engaging in
articulatory rehearsal, or any other form of rehearsal. In the present
experiment, in contrast, participants were explicitly instructed to re-
hearse the words, and we did observe a rehearsal cost on processing
RTs, especially the first one. Our findings suggest therefore that parti-
cipants in Vergauwe et al.’s (2014) experiments may not have rehearsed
the words at all.

One may wonder, however, whether the attentional costs of ar-
ticulatory rehearsal as estimated in Experiment 1 are specific to the
design employed in this study. Experiment 1 did not require immediate
recall of the words in the end of the trial, the words were presented
simultaneously, and the processing stimuli were presented only spor-
adically. In addition, participants had to rehearse two words at most,
which can be considered as a rather small memory load. This contrasts
with the more typical WM set-up used by Vergauwe et al. (2014), which
consisted of a Brown-Peterson WM task with a processing task that had
to be carried out continuously during the retention interval. To firmly
establish the generality of the attentional costs of articulatory rehearsal,
in Experiment 2 we assessed the attentional costs of articulatory re-
hearsal using the experimental set-up of Vergauwe et al. (2014).

Experiment 2

Experiment 1 showed that articulatory rehearsal is not a cost-free
strategy. Given the importance of this cost-free assumption in the TBRS
theory, in Experiment 2 we sought to replicate the finding of sustained
attentional demands of articulatory rehearsal in a more typical WM task
set-up. For that purpose, we combined the overt rehearsal protocol of
Experiment 1 with a Brown-Peterson WM task as used by Vergauwe
et al. (2014). We chose to model Experiment 2 closely on the one of
Vergauwe et al. (2014) because the main conclusion from Experiment 1
contradicts their conclusion that articulatory rehearsal does not require
central attention.

The goals of the present experiment were twofold. First, we aimed at
replicating the attentional costs of articulatory rehearsal in a more ty-
pical WM set-up. Second, we increased the maximal number of words to
be rehearsed and manipulated set size in a more fine-grained manner by
asking participants to hold between 0 and 4 items in WM. This allowed
us to better estimate the attentional cost of adding each additional word
to the rehearsal set.

Methods

General design
On every trial, a variable number of words had to be retained in WM
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for a subsequent forward serial order recall test. Thus, different from
Experiment 1, participants knew that they had to remember the words
over the short term. Set size (from 0 to 4) and the number of syllables of
the words in each memory list (mono- or disyllabic) were in-
dependently varied as within-subjects factors. Presentation of the words
was followed by a 10s processing phase in which participants re-
sponded to a CRT task. Participants were instructed to cumulatively
rehearse the memoranda aloud throughout the processing phase. In
contrast to Experiment 1, CRT stimuli were presented continuously
during the processing phase, imposing a demand on central attention
with high temporal density.

Participants

Twenty-one university students (17 women; M = 24 years old,
SD = 3.9years) took part in Experiment 2. One participant was re-
moved from the final analyses because rehearsals were not recorded
due to experimenter error and hence we could not check for compliance
with the instructions. This resulted in a final sample of 20 participants.

Materials

For each combination of set size (1-4) and number of syllables (one-
or disyllabic), twelve wordlists were constructed, yielding 96 trials.
Wordlists were constructed for every participant by randomly selecting
words (without replacement) from either a pool of 120 monosyllabic or
a pool of 120 disyllabic German words. We added 24 trials with
memory load of 0, resulting in a total of 120 trials.

The processing task in Experiment 2 comprised a visuospatial fit
judgment task similar to the one employed by Vergauwe et al. (2014).
In this task, participants had to judge whether a horizontal bar fitted in
the space between two dots (see Fig. 1b). The horizontal distance be-
tween the two dots was randomly sampled in every processing episode
with replacement from a set of six values. These six values were ob-
tained by dividing the width of the screen by six values equally spaced
from 15 to 30 (including 15 and 30). The bar was on each side either 10
pixels longer or shorter than the distance between the two dots. For
every decision, it was randomly selected whether the bar appeared
above or below the two dots to reduce the probability of the same
constellation to appear on several subsequent processing decisions.

Procedure

The sequence of events in each trial is illustrated in Fig. 1b. Every
trial began with the presentation of a message announcing the number
of words to be remembered on the forthcoming trial. Participants self-
initiated the trial by pressing the spacebar. After a 1000 ms blank in-
terval a fixation cross was presented in the middle of the screen for
500 ms, followed immediately by the onset of the first word (for trials
with set size > 0). Words were presented sequentially in the center of
the screen for 1000 ms. There was no blank interval between the pre-
sentations of two successive words. We instructed participants to ar-
ticulate the words aloud at the time of their presentation to assure that
the processing RTs do not reflect the demands of transforming a visual
input into a speech plan. After presentation of the last word, they were
instructed to rehearse all words aloud in cumulative forward order until
the end of the processing period. They were asked to remain silent in
trials with 0 words.

Directly after presentation of the last word (or after the fixation
cross in O-word trials), the first processing stimulus was shown.
Participants were instructed that their main task was to remember the
words in their serial order with high accuracy. At the same time, they
should try to respond as fast and accurately as possible to the processing
task. The processing period lasted exactly 10s. Each processing sti-
mulus remained onscreen until participants responded by pressing the
left or right arrow keys to indicate a fit or not-fit response, respectively.
Each response was followed immediately by the presentation of the
next processing stimulus. Participants responded to as many processing
stimuli as possible within the 10-s period.
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At the end of the 10-s processing period, participants were
prompted to recall the words in the order of their presentation using the
keyboard. We required the participants to type only the first three
letters of each word to minimize their need for typing. They were
consecutively cued with the position of the next word to be recalled.
The typed letters were shown on the screen, and typos could be cor-
rected by using the backspace key. When satisfied with their answer,
participants pushed the return key to confirm their response. Upper and
lower case was irrelevant for scoring the responses. The experiment
started with 5 practice trials with set size ranging from 0 to 2, which
were excluded from the final analyses.

Results

Only RTs in trials in which all words were recalled in their correct
serial position at the end of the trial entered the analysis. This criterion
resulted in the exclusion of 4.54% of all trials (representing 5.68% of
trials with set size > 0). From this pool, RTs associated with incorrect
processing responses were excluded (3.44% of remaining RTs). Hence,
accuracy in the processing task was generally high. An analysis not
reported here showed that accuracy in the processing task did not vary
credibly with set size. Next, very long RTs (> 5s) were also removed
(0.01% of the RTs). Mean RTs are plotted against processing position in
Fig. 3.

Three sets of responses were used for assessing the costs of articu-
latory rehearsal over the processing period: (a) responses to the very
first processing stimulus in each trial (henceforth referred to as first
RTs), which were analyzed separately because they partially reflect the
switch costs between encoding the memoranda and preparing for the
processing task; (b) average RTs to all subsequent processing stimuli in
the trial (henceforth subsequent RTs), which allow for the estimation of
the sustained costs of rehearsal if there is one; and (c) response to the
very last processing stimulus in each trial (henceforth referred to as last
RTs). We analyzed the last RTs separately to test whether central at-
tentional costs of articulatory rehearsal persist even when a substantial
amount of rehearsal has happened. Fig. 4a—c shows first, subsequent,
and last RTs, respectively, as a function of set size.

Number of syllables was excluded from the analyses, because an
initial analysis (not reported here) revealed substantial evidence
against an effect of number of syllables (BF = 7.7, 6.7, and 9.1 in favor
of the Null for the analysis of first, subsequent, and last RTs, respec-
tively). This initial analysis already implies that any potential costs of
articulatory rehearsal are not related to the duration or complexity of
articulation (Baddeley, Thomson, & Buchanan, 1975; Service, 1998).
We will come back to this issue in the Discussion.

The regression models were run via JAGS. The graphical re-
presentation of the models and the respective priors are shown in Fig. 5.
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Fig. 3. Mean RTs over processing position presented separately for each set
size. Processing position counts the answers to the different stimuli presented
during the 10-s processing phase. We only plotted data until processing position
12 because after that there were only few observations. Error bars represent
standard errors for within-subjects designs (Bakeman & Mcarthur, 1996).
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The model included a fixed effect of set size as a continuous predictor, a
random intercept, and a random slope for the effect of set size, allowing
the set-size effect to differ between participants (for the importance of
including random slopes see Thalmann, Niklaus, & Oberauer, 2017).
We approximated the BFs of the fixed set-size effect via the Savage-
Dickey density ratio. For models including random slopes, we ad-
ditionally report the deviance information criterion (DIC, Spiegelhalter,
Best, Carlin, & van der Linde, 2002). Here, we report DICs for models
including the set-size effect in comparison to models omitting it (see
Table 2). The model comparisons support a linear slowing of processing
RTs as a function of set size in all three processing positions. Hence,
there was clear evidence for a linear set-size effect on processing RTs for
the whole 10-s processing period.

Inspection of panels a — ¢ of Fig. 4 suggests that the delaying effect
on processing RTs is disproportionately driven by set size 4. Up to set
size 3 the set-size effect is much flatter. To compare the present results
with the contrast of set-size 0 vs. 2 in Experiment 1, we additionally
analyzed whether there is a credible difference between set sizes 0 and
2 for first and subsequent RTs, using the same models as above but
entering set size as a categorical predictor. The BFs in favor of the set-
size effect were 0.85 and 3.90 for first and subsequent RTs, respec-
tively.? The average costs for rehearsing two items were 45ms and
22 ms for first and subsequent RTs, respectively (i.e., on average 23 ms
and 11 ms per additionally rehearsed item). Hence, the additional
analyses show that the attentional demand of articulatory rehearsal
increases disproportionally when three or more words have to be re-
hearsed.

A final analysis focused on the question whether articulatory re-
hearsal is gradually automatized, as suggested by Naveh-Benjamin and
Jonides (1984). This gradual automatization would be reflected in a
decrease of the set-size effect over processing positions. The second row
of Fig. 4 suggests such a decrease: The posterior of the set-size effect on
RTs had a smaller mean for subsequent RTs compared to first RTs.
However, this tendency most likely appeared because there was large
uncertainty about the set-size effect of first RTs. Assessment of the in-
terval covering 95% of the posterior density (hereafter 95% highest
density interval, HDI) is informative regarding parameter uncertainty
(Kruschke, 2011). It can be seen in the lower panels of Fig. 4 that the
HDI was much larger for first RTs compared to subsequent RTs and last
RTs. To formally test for a decline of the set-size effect over processing
position, we ran a further Bayesian linear model on first, subsequent,
and last RTs together, adding processing position (first, subsequent, or
last) as further continuous predictor with a random slope. The BF for
the main effect of processing position was 14.4, providing strong evi-
dence for slower RTs in the first position compared to subsequent po-
sitions. Most importantly, the BF for the interaction of set size x pro-
cessing position was 0.33, indicating that the Null hypothesis should be
favored by a factor of 3. The slight evidence against the interaction
between set size and processing position suggests that the attentional
costs of articulatory rehearsal rather do not decline over time.

Discussion

Experiment 2 demonstrated in a Brown-Peterson task that articu-
latory rehearsal delays concurrent processing. This confirms that ar-
ticulatory rehearsal demands central attention. The analyses showed
that (a) the attentional costs are largely due to an uptick in the atten-
tional demand at set sizes 3 and especially 4 and (b) that the attentional
costs persisted until the end of the processing period.

The result that up to two words could be rehearsed with negligible
costs could be explained by assuming a phonological loop that is limited
to the rehearsing of speech of about 2s length (Baddeley, 2001). Once

2The BFs in favor of the set-size effect were 1.85 and 383 for first and sub-
sequent RTs, respectively, when comparing set sizes 0 and 3.
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b. Subsequent Response
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Fig. 4. First RTs (panel a), subsequent RTs
(panel b) and last RTs (panel c) for mono-
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the limit is exceeded, an additional, attentionally demanding process
(e.g., refreshing of the memory items) is recruited, as proposed by
Vergauwe et al. (2014), which would explain the substantial increase in
processing RTs from set size 3 on. However, the current data cast doubt
on that explanation. A core assumption of the phonological loop model is
that long words take longer to rehearse, so that fewer of them can be held
in the loop (the word-length effect; Baddeley, 2012; Baddeley et al.,
1975). This would have predicted an effect of the number of syllables on
processing RTs. Yet, the BF provided evidence against an effect of
number of syllables. Therefore, we have to consider different explana-
tions for the pronounced increase of processing RTs with set size 4. One
tentative explanation is that the attention participants require mon-
itoring and potentially preventing rehearsal errors increases ex-
ponentially with set size. Similarly, rehearsal of a word may also require
more attention the less accessible the representation of that word is in
WM. That is, rehearsing a word requires retrieving a representation from
WM (Tan & Ward, 2000; Watkins & Peynircioglu, 1982), which is ar-
guably more difficult the more words are stored in WM.
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Table 2

BFs and DICs for the models including the set-size effect over the Null model
(i.e., omitting it).

Measure
Processing position BF ADIC
First 3 —-112
Subsequent 2330 —247
Last 53 -35

Note. ADIC (Difference) = DIC (set size) — DIC (Null). Because smaller DIC
values reflect better fit, ADIC values below zero favor the set-size model.

At first glance, the persistent attentional costs over the whole pro-
cessing period, and the ambiguous evidence for a set-size effect when
only considering set sizes 0 and 2, deviate from the results of
Experiment 1. However, the comparison of processing RTs between
Experiment 1 and Experiment 2 is not straightforward because the
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Fig. 6. Posteriors for the difference between rehearsing 0 and 2 words from the
data of Experiments 1, 2, and 3 (only from the articulatory rehearsal condition).

presentation of the CRT stimuli was probabilistic in Experiment 1. The
first CRT stimulus could appear in any of the five segments. For a
comparison between the two experiments we re-analyzed the data from
Experiment 1, separating first and subsequent processing responses in
each trial, regardless of which segment of the trial the first response
occurred in. It can be seen in Fig. 6 that the posteriors of the set-size
effects for 0 vs. 2 words largely overlap between experiments. This
shows that the results from the two experiments are in agreement with
each other, and it suggests that if there are any attentional costs of
rehearsing two words, they must be fairly small, particularly during
subsequent RTs.

To conclude, Experiment 2 showed that articulatory rehearsal
cannot be carried out without any central attentional costs. The costs
persisted over a 10s processing period and they started to magnify
especially from set sizes 3 and 4.

Experiment 3

The goal of Experiment 3 was to assess again the attentional costs of
rehearsal and elaboration, and in addition to assess whether partici-
pants engaged in refreshing, or in elaboration, when rehearsal was
prevented through articulatory suppression (AS).

Vergauwe et al. (2014) investigated the set-size effect on processing
RTs when people were asked to engage in AS. They assumed that AS
forced participants to abandon articulatory rehearsal and to resort to
refreshing, a more attentionally demanding maintenance process. They
observed substantial set-size effects in the AS condition, which ex-
ceeded those in their silent condition. To firmly conclude that AS leads
people to use a maintenance strategy more attentionally demanding
than articulatory rehearsal, the attentional costs of overt articulatory
rehearsal and of maintenance under AS have to be compared in the
same experiment. Another possibility is that under AS, participants
resort to elaboration rather than to refreshing. Self-report strategy data
indicate that participants tend to use elaboration in about 1/3 of the
trials in WM tasks (Bailey et al., 2008; Bailey et al., 2011; Dunlosky &
Kane, 2007). Elaboration is also assumed to be attentionally de-
manding. Although Experiment 1 indicated that the attentional costs of
elaboration were brief, this strategy may be more demanding when set
size is increased, as was the case for articulatory rehearsal in Experi-
ment 2. Experiment 3 was designed to assess the plausibility of these
conjectures.

Experiment 3 combined features of Experiments 1 and 2.
Participants were assigned to one of two groups (Elaboration or No
Elaboration) and their memory for the word lists was assessed again in
a surprise delayed-recognition test. There was an immediate memory
test in all experimental conditions, and the processing task required
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responses throughout the processing period.

To investigate the attentional costs of maintenance processes other
than articulatory rehearsal, participants were required to perform AS in
half of the trials. Hence, participants in the No Elaboration group were
instructed to either engage in overt articulatory rehearsal (AR condi-
tion), or to perform only AS (AS condition). Participants in the
Elaboration group were instructed to either engage in elaboration si-
lently (EL condition), or to perform AS in addition to elaboration
(EL + AS condition). Finally, we also varied the concreteness and im-
ageability of the words to be remembered to explore whether ela-
boration is more beneficial for concrete words with high imageability,
which should be easier to elaborate, in comparison to abstract, difficult
to imagine words.

This experimental design accomplished three goals. First, it allowed
us to replicate the persistent costs of articulatory rehearsal, and its in-
crease with set size. Second, it allowed us to assess whether the costs of
elaboration would persist throughout the processing period with in-
creased set sizes, and when a WM test was expected, unlike what we
found in Experiment 1. Third, by assessing set-size effects under AS
(with or without the instruction to use elaboration), we could measure
the putative attentional costs of other maintenance processes partici-
pants may resort to in the absence of articulatory rehearsal. Under AS
participants may do one of three things: (a) Refreshing, as postulated by
Vergauwe et al. (2014). This should lead to a substantial set-size effect
on first and subsequent RTs, as observed by Vergauwe and colleagues.
(b) Elaboration — this should lead to attentional costs that are similar to
the ones observed under the instruction to elaborate under AS. (c)
Participants might simply do nothing apart from the requested AS.
Overtly articulating irrelevant syllables such as “babibu” could entail its
own attentional demand (yielding a main effect of AS), but this cost
should not increase with memory load. Hence, in this case we expect no
effect of memory set size on CRTs.

The design of Experiment 3 allowed us to test additional predictions
arising from possibilities (a) — (c). A summary of the predictions is
presented in Table 3. If people are elaborating spontaneously in the AS
condition, performance in the AS condition should look similar to the
EL + AS condition not only with regard to CRT dual-task costs, but also
with regard to delayed recognition and WM performance. Concerning
delayed recognition, we expect both elaboration (Craik & Tulving,
1975) and refreshing to increase delayed recognition (e.g., Grillon,
Johnson, Krebs, & Huron, 2008; Johnson, Reeder, Raye, & Mitchell,
2002; Johnson et al., 2013; Loaiza, Duperreault, Rhodes, & McCabe,
2014; Loaiza & McCabe, 2012). Therefore, the elaboration conditions
should lead to better delayed recognition performance than the AR
condition. If people elaborate or engage in refreshing in the AS condi-
tion, that condition should also lead to improved delayed recognition,
whereas if they do nothing, their delayed recognition should be no

Table 3
Predictions for performance in the AS condition depending on the type of
maintenance process used by participants.

Hypothetical maintenance strategy

Predicted effect (a) Refreshing (b) Elaboration  (c) Nothing

Processing RTs:
Set-size effect First RTs and =EL + AS Absent
subsequent RTs

Memory:
Delayed test > AR > AR = AR

= EL + AS < EL + AS
WM test ? =EL + AS < EL + AS
Concreteness effect = AR =EL + AS = AR

(immediate and delayed
test)

Note. AR = Articulatory rehearsal; EL = Elaboration; AS = Articulatory sup-
pression.
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better than in the AR condition.

Concerning WM performance, correlational self-report studies
(Bailey et al., 2008; Bailey et al., 2011; Dunlosky & Kane, 2007) sug-
gested that elaboration improves WM performance. Our design allows a
first experimental test of that conjecture: WM recall in the EL condition
should be better than in the AR condition. If participants in the AS
condition engage in elaboration, it should improve WM performance
too. At the same time, AS is known to decrease WM performance.
Therefore, the beneficial effect of spontaneous elaboration in the AS
condition can only be gauged by comparing WM performance in the AS
condition to the EL + AS condition: If participants in the AS condition
elaborate spontaneously, their WM performance should be comparable
to that in the EL + AS condition, because the instruction to elaborate
would make little difference to what people do spontaneously during
AS. In contrast, if participants in the AS condition do nothing, their WM
performance should be worse than in the EL + AS condition. No pre-
diction can be made for the possibility that participants in the AS
condition refresh, because we do not know whether refreshing leads to
better or worse WM performance than elaboration.

Finally, we aimed to use the concreteness effect as a diagnostic tool
to distinguish between different types of rehearsal. If concrete, highly
imageable words benefit more from elaboration than abstract, poorly
imageable words, participants in the elaboration conditions (EL and
EL + AS) should show a larger concreteness effect in immediate and
delayed memory tests compared to the AR condition. If this is the case,
we can use the magnitude of the concreteness effect to diagnose whe-
ther people engage in elaboration in the AS condition.

Methods

Participants

Eighty university students (60 women; M = 25years old,
SD = 4.4years) were randomly assigned to one of two groups: No
Elaboration (n = 40) or Elaboration (n = 40). One participant from the
No Elaboration group mentioned after the experiment to have expected
the delayed memory test. But given that this participant did not men-
tion having used any additional strategy to remember the memoranda,
the data were retained for analysis. The data from two subjects (one per
group) were excluded. One subject’s mother tongue was not German;
the other subject already participated in Experiment 2, and the ex-
perimenter only realized that after data were collected. These two
subjects were replaced by two additional subjects (two women of ages
22 and 23). From the remaining data set four participants were ex-
cluded due to low accuracy in the processing task (processing accu-
racy < 0.65).

Materials

In the present experiment, we manipulated three variables within
participants: set size (0, 2, or 4 words), word concreteness and image-
ability (concrete, highly imageable words vs. abstract, poorly image-
able words), and articulatory suppression (without or with AS). For
each condition created by the combination of these three variables,
eight word lists were generated. Two sets of German words were
compiled from the “Semantischer Atlas” data base (Schwibbe, n.d.).
One set consisted of words with high ratings of concreteness and im-
ageability (henceforth the concrete word pool, consisting of 96 items),
whereas the other set consisted of words with low ratings on both di-
mensions (abstract word pool, also with 96 items). The word sets were
equated for mean word length (mean = 7.8 characters) and frequency
(mean log frequency among 4.5 million words = 4.9). For each parti-
cipant, the memory lists were created by randomly sampling (without
replacement) from the respective word pools.

The delayed recognition test was constructed in a similar fashion as
described in Experiment 1 with the following exceptions. First, we al-
ways selected the first word of a word list as the cue and the second
word of that wordlist as the correct alternative to control for serial

11

Journal of Memory and Language 105 (2019) 1-18

position across lists with different lengths. There were 64 recognition
trials in total — 32 trials for abstract words and 32 for concrete words —
that were presented in a randomized order. The correct answer had to
be selected amongst an intrusion word from another trial and two new
words. Two pools of 64 new words were randomly sampled without
replacement from the “Semantischer Atlas” with the only exception that
they were not already used for the memory lists. New words for con-
crete recognition trials were taken from the first pool, new words for
abstract recognition trials came from the second pool. The intrusion
words selected from another trial could come from any serial position
within that trial. Every intrusion probe appeared only once during the
recognition test.

Procedure

Experiment 3 combined the procedures of Experiment 2 and
Experiment 1. As in Experiment 1, participants were assigned to one of
two groups that differed regarding the type of rehearsal instruction (No
Elaboration or Elaboration). The sequence of events within a trial was
exactly as described in Experiment 2 (see Fig. 1b), with the following
exceptions. First, set size was manipulated in a less fine-grained level.
Across trials, participants were presented either with 0, 2, or 4 words.
Moreover, unbeknownst to the participants, half of the lists consisted of
concrete words, and the other half of abstract words. Third, the sup-
pression condition (without or with EL instruction) was manipulated
between blocks of trials.

Half of the participants in each group started the experiment with
the AS condition (AS or EL + AS), and completed the rehearsal condi-
tion without AS (AR or EL) in the second half of the experiment. For the
remaining participants, the order of these conditions was reversed. At
the beginning of each condition, detailed instructions were displayed
on the screen explaining the rehearsal or AS requirements. In the
conditions requiring AS, participants were instructed to always articu-
late “babibu”, even when set size was zero. In contrast, in the conditions
requiring articulatory rehearsal or elaboration (without AS), partici-
pants were instructed to remain silent in 0-words trials. The instruction
was followed by three practice trials, one for each memory load (ex-
cluded from final analyses).

Results

Delayed recognition

Due to experimenter error the delayed recognition test stopped after
10 trials for four subjects and it stopped after 16 trials for another four
subjects. This resulted in only few trials per design cell (set size X word
concreteness x AS) for these subjects and therefore we excluded them
from the following analysis.

How effective were the different maintenance strategies in laying
down an accessible LTM trace? Delayed recognition hit rates are plotted
in Fig. 7. They were log-odds transformed before the analysis. The
upper part of Table 4 shows the BFs for the contrasts of interest. First,
there was a main effect of group, with better delayed memory for the
group instructed to elaborate. The beneficial effect of elaboration was
also evident when focusing on the two conditions without AS, re-
plicating Experiment 1 and confirming that participants adhered to the
elaboration instruction. The latter replicates once more that elaboration
is beneficial for long-term memory. Compared to the articulatory re-
hearsal condition, the beneficial effect of elaboration was also present
in the condition where participants elaborated and performed con-
current articulatory suppression (EL + AS). Concrete words were re-
membered better than abstract words, but the evidence was ambiguous
on the question whether elaboration increased the concreteness benefit,
in the overall analysis and when only focusing on the two conditions
without AS. Comparison of the AS conditions provided no evidence for
differences between groups. This indicates that performance in the
group told to simply repeat “babibu” aloud (AS condition) and of the
group told to repeat this aloud while elaborating (EL + AS) tended to
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Fig. 7. Average hit rates in the delayed recognition test for concrete and abstract words in the four rehearsal conditions in Experiment 3. Error bars represent

standard errors for within-subjects designs (Bakeman & Mcarthur, 1996).

Table 4

Upper panel: Bayes factors for the contrasts of the model predicting proportion
of delayed recognition hit rates and several t-tests for pairwise comparisons.
Lower panel: Bayes factors for the contrasts of the model predicting serial recall
accuracy in the WM recall test (proportion correct) and several t-tests for
pairwise comparisons.

Conditions Effect BF
Delayed test
All data Word concreteness 1.2 x 10%°
Group (No Elaboration vs. Elaboration) 5.6
Word concreteness X Group 1.9
No AS conditions t-test: Articulatory rehearsal (AR) vs. 72
Elaboration (EL)
Word concreteness X rehearsal instruction 0.50
AS conditions t-test: Articulatory suppression (AS) vs. EL + AS 0.49
Word concreteness X rehearsal instruction 2.3
No elaboration t-test: AR vs. AS 18
Word concreteness X rehearsal instruction 0.43
AR, EL + AS t-test: AR vs. EL + AS 136
WM test
All data Word Concreteness 7.3 x 10*®
AS 6.2 x 10%7
Group 1.5
Word concreteness X AS 2.2
Word concreteness X Group 2.5
AS x Group 1.9
Word concreteness X AS X Group 0.95
AS conditions t-test: AS vs. EL + AS 4.8
Word concreteness X Condition (AS vs. 16

EL + AS)

be similar. Fourth, within the No Elaboration group, delayed recogni-
tion was worse when participants rehearsed aloud than when they
engaged in AS, replicating a result of Camos and Portrat (2015). The
finding of better delayed memory in the AS condition suggests that
participants used a different maintenance process than articulatory
rehearsal in this condition; but it is unclear whether this process is
refreshing or elaboration.

WM recall

Our analysis of WM recall was limited to set-size 4, because recall at
set-size 2 was very close to ceiling. For brevity, we concentrate on those
contrasts that could be informative about which maintenance process
participants might have used. Accuracies were log-odds transformed
before the analysis (see Fig. 8 for the data and the lower part of Table 4
for the BFs).

Concrete words were remembered better than abstract words, and
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AS decreased serial recall accuracy. The effect of the elaboration in-
struction on serial recall accuracy overall was ambiguous. Similarly, the
interaction between the elaboration instruction and word concreteness
was ambiguous. However, when focusing on the AS conditions, there
was strong evidence for the latter interaction, which was driven by a
comparatively large concreteness effect in the EL + AS condition. This
suggests that participants in the EL + AS condition elaborated the
words more than participants in the AS condition.

Processing task

The main dependent variable of interest in this task was RT.
Processing accuracy was overall high (M ~ 95%) and there was no
evidence for an effect of any of the manipulated variables in this
measure (analysis not reported here).

For the analysis of RTs, we only included trials in which participants
succeeded in recalling all memoranda in their correct serial position in
the WM task. This led to the exclusion of 15.42% of all trials (re-
presenting 25.61% of all trials with set size > 0). RTs in the retained
trials were further trimmed by removing incorrect responses in the
processing task (4.59% of the remaining responses), and by dropping
RTs that exceeded 5s (0.03%). Processing RTs are plotted against
processing position for every combination of rehearsal instruction and
suppression condition in Fig. 9.

Our main interest was in estimating the attentional costs of each
rehearsal strategy as reflected in the slope of the set-size effect. We
excluded word concreteness from these analyses because an initial
analysis showed that word concreteness had no influence on processing
RTs (BFs = 5.72, 5.71, and 5.48 in support of the Null for first, sub-
sequent, and last RTs, respectively). In order to estimate the posterior of
the set-size slope in each condition and for each measure of interest
(first, subsequent, and last RTs), we entered set size (as a numerical
predictor) and rehearsal condition as predictors (including random
slopes for these variables) in a hierarchical Bayesian regression model
(henceforth called the full model) that was run via JAGS. Specifically,
we estimated the set-size slope in each condition and computed the BF
for this effect against the Null. In addition, we computed the pairwise
comparisons of the set-size slopes between conditions. For all analyses
we report the BFs and DICs (see Table 5). The graphical representation
of the full model and the respective priors are shown in Fig. 10.

Empirical RT means are plotted as a function of set size in Fig. 11,
and the means of the set-size posteriors are shown in Table 6. We ob-
served credible CRT costs in the AR condition that persisted until the
end of the processing period, replicating the finding of Experiment 2.
The set-size posteriors for first and subsequent RTs only using set sizes 0
and 2 are shown in Fig. 6 for comparison with Experiments 1 and 2. AS



M. Thalmann et al. Journal of Memory and Language 105 (2019) 1-18

No Elaboration Elaboration
) 9.
5 5 )
5 - = N
9 0.8 T
=]
Qo T
2 o
= 0.7 1 L
©
5 T
o o
0.6 1 T L
o
L
Concrete Abstract Concrete Abstract

- No AS ©- AS

Fig. 8. Mean serial recall accuracy in the WM test as a function of word concreteness in the four rehearsal conditions in Experiment 3. Error bars represent standard
errors for within-subjects designs (Bakeman & Mcarthur, 1996).

and EL + AS delayed processing even more than AR in the beginning of somewhat in between: They were neither clearly distinguishable from
processing. However, the costs in these conditions decreased over the those in the AR condition nor from those in the AS and EL + AS con-
processing period and were no longer distinguishable from zero in the ditions. The posterior means of the set-size slopes (Table 6) show that
last processing episode. The CRT costs in the EL condition were the CRT costs in the EL condition were persistent throughout the
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Fig. 9. RTs as a function of processing position. Panels represent the four different rehearsal conditions in Experiment 3. The numbers in the graphs represent the

three set-size conditions that are also plotted in different colors. Error bars represent standard errors for within-subjects designs (Bakeman & Mcarthur, 1996).

13



M. Thalmann et al.

Table 5
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BFs and DICs of the set-size effect in the four conditions (upper table) and of the pairwise comparisons between the set-size slopes in the four conditions.

Processing Position

First Subsequent Last
Comparison BF ADIC BF ADIC BF ADIC
Set-size effect in each condition
AR 59 —-180 4 x 10 —412 1.5 x 107 -71
AS 1.7 x 10° —253 3.8 -91 0.4 1
EL 38,949 —220 2.1 x 1012 -211 3,496 —40
EL +AS 313,319 —346 24 -93 0.071 3
Pairwise comparison of the set-size effect between conditions
AR vs. EL 0.09 1 7.1 -9 0.28 -5
AR vs. AS 60 -71 112 —153 45 -19
AR vs. EL +AS 7.4 -4 33 -3 327 —-12
EL vs. AS 7.2 -6 0.2 -3 0.57 -4
EL vs. EL +AS 1.6 —-118 0.1 -6 1.6 1
AS vs. EL +AS 0.11 1 0.07 2 0.051 3

Note. ADICs in the upper half of the table represent DIC (set size model) — DIC (Null model). Hence, values below zero favor the set-size model. ADICs in the lower half
of the table represent the DIC difference between a model that allows the set-size slopes to differ between the two conditions to be compared and a model in which
the difference is 0. Hence, values below zero favor the model in which the slopes differ between conditions. Italic values indicate divergence between the BF and the

DIC measures.

retention interval. However, compared to the AR condition they were
numerically larger in the beginning of processing but numerically
smaller in the end of processing.

This pattern does not align nicely with the idea that only elabora-
tion has persistent central attentional costs but articulatory rehearsal
does not (Naveh-Benjamin & Jonides, 1984). We evaluated the hy-
pothesis of Naveh-Benjamin and Jonides in an additional analysis, fo-
cusing only on the AR and EL conditions, and testing whether the CRT
cost (i.e., the set-size effect) decreases from first to last RTs more for
elaboration than for articulatory rehearsal. RTs were predicted by set
size, condition (AR vs. EL), and processing position (first or last RTs)
and all their interactions. Random effects were specified for all main
effects as well as the intercept. The three-way interaction is shown in
Fig. 12 as the two-way interaction between condition and position
contrast on the set-size slopes. The BF for the three-way interaction was
7.4, suggesting a tendency that the costs in the EL condition decreased
more over time than in the AR condition. This trend is the opposite of
the one reported by Naveh-Benjamin and Jonides (1984). Even though
this analysis shows a stronger decrease in the EL condition than in the
AR condition, it also shows that RT costs in both conditions are per-
sistent over the whole processing period.
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Discussion

Experiment 3 shed light on the attentional costs of all three forms of
rehearsal: Articulatory rehearsal, elaboration, and refreshing. First, we
discuss the findings regarding elaboration and articulatory rehearsal.
Then, we consider the most elusive of the three processes, refreshing.

The results of Experiment 3 corroborate the findings of Experiment
1 with regards to the time course of the attentional demand of ela-
boration and articulatory rehearsal. In both the EL and AR conditions
the attentional demand peaked at the first processing RT. Although the
set-size slope tended to decrease more in the EL condition than in the
AR condition, the attentional costs persisted until the end of the pro-
cessing period in both conditions. That suggests that setting up ela-
boration and articulatory rehearsal requires somewhat more central
attention than continuously carrying them out. With regards to ela-
boration it could imply that generating an interactive image of the
words is attentionally more demanding than maintaining it. Similarly,
setting up a rehearsal scheme for articulatory rehearsal may be atten-
tionally more demanding than carrying out rehearsal itself.

Could the similarities between the EL condition and the AR condi-
tion be explained by assuming that subjects in both conditions just used
the same maintenance process (i.e., articulatory rehearsal or

Fig. 10. Graphical representation of the re-
gression models run in JAGS used to predict RTs
for each condition in Experiment 3. The circle
shaded in gray represents the data, the circles
without shading represent variables to be esti-
mated. The c-plate indicates independent re-
petitions over C conditions, the n-plate over N
participants, and the i-plate over I trials.
SS = set size.
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Fig. 11. Empirical RT means as a function of set size for first (panel a), sub-
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scales on the y-axes in the panels. Error bars represent standard errors for
within-subjects designs (Bakeman & Mcarthur, 1996).

Table 6
Posterior mean slopes of the set-size effect (ms per word) for each of the four
rehearsal conditions in Experiment 3.

Processing position

First Subsequent Last
AR 44 29 25
AS 122 9 3
EL 58 16 15
EL + AS 117 11 2
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Fig. 12. Posterior means and 95% HDIs of the three-way interaction of re-
hearsal instruction x position contrast x set size in Experiment 3. The three-way
interaction is presented as a two-way interaction of rehearsal instruction x
position contrast on set-size slopes.

elaboration)? The results clearly rule this possibility out. As Experiment
1, Experiment 3 showed that delayed recognition was far better in the
EL condition than in the AR condition. A simple explanation of that is
that subjects in both conditions adhered to the instructions - that is,
people in the EL condition elaborated the words, whereas people in the
AR condition used articulatory rehearsal.

A tentative explanation for the similar pattern of attentional costs in
the EL condition compared to the AR condition is that subjects used
articulatory rehearsal in addition to elaboration in the EL condition,
hence the parallel. This explanation implies that at least part of the
central attentional costs observed in the EL condition is due to articu-
latory rehearsal. Then, the costs in the EL condition would represent a
mixture between those of articulatory rehearsal and those of elabora-
tion. In the extreme case elaboration has no persistent central-atten-
tional costs. This was supported by better delayed memory in the
EL + AS condition compared to the AR condition and by the fact that
the set-size slope in the EL + AS condition could not be discriminated
from zero for last RTs anymore.

What can we learn from Experiment 3 about refreshing? Vergauwe
et al. (2014) assumed that AS motivates participants to engage in re-
freshing of a verbal memory list. This should lead to a substantial effect
of memory set size on RTs. In our AS condition we observed a large set-
size effect only on the first RTs of each processing period, whereas the
set-size effect on subsequent RTs dropped to a low level. This was also
observed in the EL + AS condition. Compared to the AR condition, the
AS condition was attentionally more demanding only in the initial
phase of maintenance. The opposite was true for subsequent and last
RTs, in which the demands on central attention were larger in the AR
condition than in the AS condition. This contradicts the assumption that
participants continuously engage in refreshing during AS throughout
the retention interval.

We considered the possibility that participants in the AS condition
may use elaboration rather than refreshing. If that was the case, the AS
condition should yield comparable effects on CRTs and on memory
performance as observed for the EL + AS condition. The evidence for
this prediction is mixed. On the positive side we observed similar set-
size slopes on CRTs, and both conditions increased delayed recognition
relative to the AR condition to about the same degree. On the negative
side the concreteness effect in immediate recall was larger with
EL + AS than with AS alone. However, the memory results from the
WM and the delayed test together do not support the idea that the
concreteness effect is meaningfully impacted by elaboration. The cur-
rent results rather suggest that superior memory for concrete words
than for abstract words is due to automatic semantic encoding
(Campoy, Castella, Provencio, Hitch, & Baddeley, 2015; Nittono,
Suehiro, & Hori, 2002).
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The AS condition tended to result in better long-term memory than
the AR condition, a finding replicating a similar observation by Camos
and Portrat (2015), and implying that participants in the AS condition
did something to improve memory. It appears plausible that partici-
pants in the AS condition engage in some attention-demanding process
— which may be refreshing or elaboration — briefly at the beginning of
the processing interval, which is reflected in their large set-size effect
on first RTs, and which caused a modest improvement of long-term
memory. In sum, the most parsimonious explanation for our results
pertaining to the AS condition is that, after a brief initial effort, parti-
cipants in this condition engaged in no attention-demanding main-
tenance process at all.

General discussion

We examined the central attentional costs of articulatory rehearsal
and elaboration, and assessed the plausibility that people resort to re-
freshing when articulatory rehearsal is blocked (i.e., under AS). Prior
investigations did not allow conclusions about the central attentional
costs of these rehearsal mechanisms for several reasons. The studies of
Guttentag (1984) and Naveh-Benjamin and Jonides (1984) used a
processing task that did not require response selection. Response se-
lection is critical for measuring central attentional costs (Pashler,
1994). Vergauwe et al. (2014) used a processing task requiring response
selection, but participants were not explicitly instructed to perform
articulatory rehearsal or refreshing. Therefore, whether and how par-
ticipants actually rehearsed or refreshed could not be ascertained. We
overcame these limitations by using a CRT to measure central atten-
tional costs, and by instructing participants to engage in overt cumu-
lative articulatory rehearsal, or in elaboration.

The primary finding is that articulatory rehearsal clearly requires
central attention throughout the retention interval when at least three
to four words have to be rehearsed.’ The fact that rehearsal requires
attention confirms the conclusion of Naveh-Benjamin and Jonides
(1984). In contrast to these authors, we show that the attentional cost
persists for at least 10 s when the memory set consists of more than two
or three words.

The fact that about two to three words can be rehearsed with very
little costs could be explained by assuming a phonological loop, which
has a capacity of about 2 s of speech (Baddeley, 2001). Building on this
assumption, Vergauwe et al. (2014) argued that the attentional de-
mands increase from set size 4 because people start to use refreshing
once the capacity of the phonological loop is exceeded. Alternatively, it
could be that people start to use elaboration in addition to articulatory
rehearsal at higher set sizes. Experiment 3 showed that none of these
two possibilities is plausible, because conditions in which articulatory
rehearsal was blocked did not yield substantial attentional costs. Fur-
thermore, Experiment 2 showed that it is unlikely that the attentional
costs of articulatory rehearsal are due to the overload of the phonolo-
gical loop. A phonological loop account predicts larger attentional costs
for disyllabic than for monosyllabic words because longer words take
more time to be rehearsed, exceeding the phonological-loop capacity
already at smaller set sizes (Baddeley et al., 1975). No such effect was
observed in Experiment 2, and Vergauwe et al. (2014; Experiment 5)
also did not find an effect of the number of syllables on CRTs. A pos-
sibility is that participants increasingly monitor their rehearsal output
when set size increases to prevent potential rehearsal errors. Or it could
be that rehearsal of more words requires more attention because the
accessibility of an individual representation becomes worse the more

3 Additional evidence that the RT costs can be attributed to central attention
from set size 4 on comes from analyses with the EZ diffusion model
(Wagenmakers, Van Der Maas, & Grasman, 2007). The analysis scripts together
with the data from Experiment 2 and Experiment 3 are available on the OSF
page (https://osf.i0/69p8j/).
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words have been stored in WM.

The second finding was that whatever people do when instructed to
elaborate requires central attention. It is clear that participants in-
structed to elaborate used elaboration — this is shown by their superior
delayed memory compared to articulatory rehearsal. It is less clear that
elaboration caused the attentional cost we measured in that group. An
alternative interpretation is that people additionally perform articu-
latory rehearsal when instructed to elaborate, and the persistent at-
tentional demand we observed in the EL condition arose from articu-
latory rehearsal. This would explain why the costs of elaboration were
not persistent in the EL + AS condition, when participants had to ela-
borate under articulatory suppression that prevented articulatory re-
hearsal.

Our conclusions regarding the third rehearsal strategy, refreshing,
are only based on the results of the AS condition in Experiment 3.
Participants in the AS condition appeared to engage in an attentionally
demanding strategy briefly after encoding: The set-size slopes on first
processing RTs were larger with AS than with articulatory rehearsal.
The shallow set-size effect on subsequent RTs implies that memory
maintenance in the AS condition demands no central attention.
Moreover, the set-size effect completely vanished for the last processing
RTs. These results imply that asking participants to engage in AS does
not induce a persistent attentionally demanding strategy.

In many regards — in particular the time course of the attentional
demand - the AS condition looked similar to a condition with instructed
elaboration (EL + AS). Both conditions resulted in better long-term
memory than articulatory rehearsal. One noticeable difference between
AS with and without elaboration was that instructed elaboration spe-
cifically improved WM for concrete words. The same effect was, how-
ever, not observed for delayed memory. Therefore, at present we cannot
decide whether the spontaneous maintenance strategies participants
engage in during AS and the EL + AS are qualitatively different (i.e.,
refreshing as opposed to elaboration) or merely quantitatively different
(namely, less systematic elaboration across trials in the AS condition
compared to the EL + AS condition).

Could the slowing of RTs observed in the AR conditions in
Experiments 1 and 3 be explained as irrelevant sound effects? Irrelevant
sound has detrimental effects on verbal serial recall (Salamé &
Baddeley, 1982), so it appears plausible that it could also delay re-
sponse selection in a CRT task. Three arguments speak against this
explanation. First, whereas there is ample evidence for a detrimental
effect of irrelevant speech or sound on memory, there is only one study
investigating its effect on choice RTs, and that study found no effect
(Venetjoki, Kaarlela-Tuomaala, Keskinen, & Hongisto, 2006). Second,
distraction by the irrelevant sounds generated through overt rehearsal
predicts a main effect of distraction, not the observed effect of memory
set size on RT. Third, in the AS condition of Experiment 3 — the only
condition in which participants generated speech sound that was ac-
tually irrelevant to their task — the set-size slopes vanished quickly over
the processing period, in contrast to the persistent set-size slopes in the
AR condition.

To conclude, we showed that articulatory rehearsal delays con-
current processing. The RT costs were most noticeable with set size 4
and were persistent until the end of a 10 s processing period. RT costs
were initially larger when people were instructed to elaborate, but
decreased within a few seconds, and persisted throughout the retention
interval only when, in addition to elaboration, participants could also
resort to articulatory rehearsal. Finally, preventing articulatory re-
hearsal through AS does not induce participants to engage continuously
in an attention-demanding strategy such as refreshing or elaboration.

These findings require a re-conceptualization of the costs of dif-
ferent rehearsal processes in WM models in three regards. First, because
articulatory rehearsal does to some extent require central attention, it
cannot be assumed to operate in parallel with refreshing without costs,
contrary to what has been proposed by Camos et al. (2009). Rehearsing
and refreshing in parallel should be possible when people only have to
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remember two or three words. However, so far no one has claimed that
several rehearsal mechanisms are required to remember only two or
three words; experiments investigating WM usually involve larger set
sizes. Second, contrary to Vergauwe et al. (2014), people do not
spontaneously engage in persistent refreshing, or any other central-at-
tention demanding strategy, when maintaining a list of verbal items
while engaging in articulatory suppression. Finally, our results indicate
that elaboration is initially more demanding than articulatory re-
hearsal. Whether elaboration has persistent attentional costs is, how-
ever, still an open question that we leave open for future research.
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