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Longer free time between presentation of verbal list items often leads to better immediate serial recall.
The present series of three experiments demonstrates that this beneficial effect of time is more general
than has been known: It is found for verbal items presented visually and auditorily (Experiments 1 and
2), and also when people engage in concurrent articulation during presentation, thereby preventing re-
hearsal (Experiment 3). The effect of time is to improve memory most strongly for the later part of the
list, contrary to what is predicted from the assumption that time between items is used to bolster mem-
ory traces of already encoded items through rehearsal, refreshing, or elaboration. The data are compati-
ble with a ballistic form of short-term consolidation, and with the assumption that encoding an item into
working memory partially depletes a limited resource, which is replenished over time.
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This article is about the role of time in working memory (WM).
WM is a representational medium for temporarily holding represen-
tations available for processing.When thinking of time in the context
of short-term or working memory, researchers usually think of it as
the enemy of maintenance. In line with people’s strong intuition that
we tend to forget information as time passes, many theories of WM
assume that information decays over time unless maintained by
some process such as rehearsal (Ricker, Vergauwe, & Cowan,
2016). This strong focus on the assumed detrimental effect of time
might be in part responsible for why researchers have largely
neglected another effect of time on immediate memory: Under many
circumstances, longer time leads to better performance in immedi-
ate-memory tests. This beneficial effect of time is the topic of the
work presented here. My aim is to map out the empirical landscape
of this effect through a parametric variation of time, and to test some
of the possible explanations for the effect. I will focus on the immedi-
ate serial recall of verbal items because this task has been the main
experimental work horse for much of the research onWM.

The Free-Time Benefit for Serial Recall

The beneficial effect of time on immediate serial recall has been
known for more than five decades: When lists are presented more
slowly—that is, with more free time between one item and the
next—serial recall is often found to improve. This effect has been
shown robustly for verbal items presented visually (Dornbush,

1968a, 1968b; Fell & Laugherty, 1969; MacKworth, 1962; Tan &
Ward, 2008). With auditorily presented verbal lists, however, no
consistent effect of longer interitem intervals has been found in
early studies, with some finding a beneficial effect (Fell & Laugh-
erty, 1969; Gerver, 1969), whereas others found a detrimental
effect of slower presentation rate (Conrad & Hille, 1958; Dorn-
bush, 1969; MacKworth, 1964; Posner, 1964). Some authors have
found positive effects of presentation rate for visual and negative
effects for auditory presentation in the same experiment (Sanders
& Willemsen, 1978; Sherman & Turvey, 1969). Sherman and Tur-
vey (1969) explained this interaction by assuming that, with visual
presentation, people could maintain stimuli in a visual store while
rehearsing them in an acoustic mode. With this separation, they
could rehearse earlier items acoustically while encoding new items
visually, without confusing them. When items are presented
acoustically, there is more risk of confusing rehearsed items with
newly presented ones, and therefore people engage in rehearsal
less.

Rehearsal of a phonological code through covert articulation
could explain the beneficial effect of slower presentation. People
often engage in articulatory rehearsal during encoding and mainte-
nance of verbal lists, and many researchers have assumed that re-
hearsal is beneficial to immediate serial recall (for a review see
Oberauer, 2019a).1 Slower presentation rates allow more re-
hearsal, and in particular more cumulative rehearsal, which in turn
is positively correlated with recall performance (Souza & Obera-
uer, 2018; Tan & Ward, 2008). Therefore, the beneficial effect of
slower presentation rates could arise because they enable more re-
hearsal. Several authors have tested this idea by combining presen-
tation-rate variations with concurrent articulation, which is
assumed to prevent articulatory rehearsal. The results of some of
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concurrent articulation whereas the latter is not (Besner, 1987).
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these studies present perplexing interactions, but taken together,
they provide little support for a role of articulatory rehearsal. One
study has found that serial recall of spoken digits improved with a
slower presentation rate in the silent control condition, but with
concurrent articulation during encoding, slower presentation rates
led to worse recall. Both these presentation-rate effects, however,
disappeared when concurrent articulation extended through re-
trieval (Baddeley & Lewis, 1984). Another study from the same
lab (Baddeley et al., 1984) measured serial recall of spoken words
or letters and found that slower presentation rate led to better recall
with and without concurrent articulation. This was the case regard-
less of whether concurrent articulation was required only during
encoding, or also during recall.2 Longoni et al. (1993), imposing
concurrent articulation during presentation and recall of auditorily
presented words, observed better serial recall with slower presen-
tation. Ritchie et al. (2015) also reported better performance with
slower presentation, with concurrent articulation during presenta-
tion only. A study with free recall, however, found that slower pre-
sentation rate led to worse memory of words with concurrent
articulation during encoding only (Grenfell-Essam et al., 2013). In
sum, the majority of previous studies showed a beneficial effect of
longer interitem times for serial recall regardless of whether or not
articulatory rehearsal was presented through concurrent articula-
tion, though the possibility remains that this is not the case for
digit lists, as used by Baddeley and Lewis (1984).
More recently, the beneficial effect of time has resurfaced in the

context of the complex span paradigm. In complex span, encoding
of items for serial recall is interleaved with short periods of activ-
ity on a distractor task, such as solving arithmetic equations, or
making judgments on stimuli unrelated to the memory items (see
Figure 1). The pace at which cognitive operations on the distractor
task are required has been found to affect serial recall: The less
time is available for each equation to solve, or for each judgment
on a stimulus, the more recall is impaired by the distractor task.
This effect has been called the cognitive-load effect (Barrouillet
et al., 2007). Cognitive load is defined as the ratio between the
time demand of the distractor operations and the time available for
them. It can be varied in three ways: (a) Holding the nature and
the number of distractor operations constant, cognitive load can be

reduced by adding free time between each distractor operation and
the next. (b) Holding the distractor operations and the interitem
interval constant, cognitive load can be reduced by reducing the
number of operations to be carried out in that interval. (c) Cogni-
tive load can also be reduced by making the distractor operation
easier, so that it takes less time to complete, while holding the
available time constant. All three manipulations of cognitive load
come down to adding free time—time not occupied by carrying
out distractor operations—between one item and the next. Hence,
the cognitive-load effect can be described a beneficial effect of
time (Oberauer et al., 2012). More specifically, research on the
effect of cognitive load shows that it is free time, not time per se,
that improves serial-recall performance (Barrouillet et al., 2007).

Further research with the complex-span paradigm has shown
that memory benefits not only from a longer time allowance for
the distractor task, but also by adding free time between each item
and the onset of the distractor episode. This effect has been attrib-
uted to short-term consolidation of the preceding item (Bayliss
et al., 2015). De Schrijver and Barrouillet (2017) independently
varied the free time between items and distractors, and the time
available for each distractor operation, and found that both time
manipulations had comparable effects. Hence, it does not appear
to matter where free time is added between one list item and the
next.

Explanations for the Free-Time Benefit

What could explain the beneficial effect of free time? An
obvious candidate is that people use free time to engage in some
form of rehearsal. We can distinguish three forms of rehearsal
(Oberauer, 2019a): Articulatory rehearsal refers to the—usually
subvocal—articulation of verbal lists. Refreshing is defined as
briefly directing attention to individual items’ WM representa-
tions. It is assumed to rely on a limited central-attentional capacity
(Navon & Miller, 2002; Pashler, 1994), and therefore cannot pro-
ceed concurrently with other processes, in particular, distractor
operations in complex span tasks. Some authors have argued that
refreshing proceeds much faster than articulatory rehearsal, at a
rate of 50 ms per item (Vergauwe et al., 2014). Elaborative re-
hearsal (or briefly: elaboration) refers to the enrichment of the
given items by knowledge associated to them, such as forming a
word from the letters in a list, forming a sentence integrating the
words in a list, or constructing a visual image of what the list
words refer to. Rehearsal is often assumed to increase the strength
or accessibility of information in WM. In the context of decay the-
ories of WM, articulatory rehearsal and refreshing are assumed to
counteract time-based decay (Camos et la., 2009). If that is their
only effect, then they could not contribute to the free-time benefit:
At best, articulatory rehearsal and refreshing could keep memory
strength from declining over the free-time interval. However, an
alternative possibility is that rehearsal improves memory strength
above its initial level after encoding. This assumption is generally

Figure 1
Three Ways of Reducing Cognitive Load in Complex Span

Note. Cognitive load (CL) is the ratio of time occupied by distractor
processing (the length of the boxes labeled D) to the total time between
one memory item (box labeled M) and the next. Relative to a time sched-
ule with high CL (first row), CL can be reduced by increasing the free
time following each distractor (second row), by reducing the number of
distractors (third row), or by shortening the duration of distractor process-
ing (last row).

2Whereas Baddeley and Lewis (1984) presented their results as
supporting a prediction from decay-rehearsal theory, Baddeley et al. (1984)
framed their opposing results as an investigation of the interaction of
phonological similarity and concurrent articulation, without mentioning the
implications of their findings for the decay-rehearsal assumption.
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made with respect to elaborative rehearsal. If it is true, then more
free time for rehearsal should lead to better memory performance.
Another process that could plausibly cause the free-time benefit

is short-term consolidation (Ricker et al., 2018). Consolidation
transforms an initial, fragile representation of a stimulus into a
more robust WM representation. Consolidation is similar to
refreshing in that it is also assumed to rely on central attention.
The key difference is that consolidation of an item, once inter-
rupted, cannot be resumed, so that only the last-presented item can
be consolidated, whereas refreshing can be flexibly allocated to
any representation in WM. Another difference is that consolidation
is assumed to be complete after some time, usually estimated to be
around .5 to 1 s per item, whereas refreshing can keep boosting an
item’s memory strength.
Increasing the time between list items could also increase their

temporal distinctiveness. In temporal-distinctiveness models of
memory, such as SIMPLE (Brown et al., 2007), temporal distinc-
tiveness of a list item increases with its temporal separation from
other list items, and decreases with the temporal distance of the
item’s presentation from the time at which it is to be recalled.
Increasing the interitem intervals increases both time variables, so
that the net effect on temporal distinctiveness is not unambigu-
ously positive. Below I will present simulations with SIMPLE
demonstrating that, for the present experiments, a positive effect
can be expected.
Free time could also be used to outsource information from

WM to long-term memory (LTM). This possibility has been dem-
onstrated with a two-list procedure, in which participants initially
encode two short lists into WM and subsequently are cued to use
one of them for a memory-based cognitive operation, such as a
recognition decision. After that, a second cue indicates either the
same or the other list as relevant for a second operation. The
response times for the memory-based operations depend only on
the set size of the list currently cued as relevant, not on the set-size
of the currently irrelevant list, and this has been interpreted as evi-
dence that the currently irrelevant list is temporarily removed from
WM, while still being maintained in LTM (Oberauer, 2001, 2005).
When the second cue demands a list switch, that list can be
retrieved back into WM, as indicated by the fact that the response
time to the second operation now depends on the set size of the ini-
tially irrelevant, but now relevant list. Further support for the tem-
porary outsourcing of WM contents comes from studies using
multivariate fMRI or EEG signals to decode the contents of WM.
After cuing one list as relevant, only the relevant list’s content cate-
gory can be recovered from the neural signals, whereas the other
list’s representations appear to be maintained in a neurally silent
state (LaRocque et al., 2013; Lewis-Peacock et al., 2012). Critically
for the present discussion, outsourcing information from WM takes
time: The response times become independent of the set size of the
irrelevant list only about 1 s after the list cue (Oberauer, 2001,
2005). Therefore, longer free time between items could facilitate
outsourcing of the partial list encoded up to now, thereby freeing
capacity for the remainder of the list.
LTM could also contribute to the free-time benefit in another

way. When people commit new information to WM, they probably
also form a trace of that information in episodic LTM at the same
time. At retrieval, people can draw on both the memory represen-
tations in WM and those in episodic LTM. In particular, the latter
can help out when the former yields little or no information

(Oberauer, Awh, & Sutterer, 2017). It is plausible that longer free
time leads to stronger episodic memory traces. This could happen
simply because the information is held in WM for longer (Hart-
shorne & Makovski, 2019), or because it is attended longer (Craik
et al., 1996). In support, manipulations of free time in simple se-
rial-recall tasks (Souza & Oberauer, 2017) and in complex-
span tasks (Camos & Portrat, 2015) have been found to improve
episodic WM in a delayed memory test. These effects could be
caused by refreshing or elaboration: Refreshing is defined as
attending to WM contents, and attention is known to be critical for
encoding into LTM (Craik et al., 1996). Elaboration has long been
known to improve episodic LTM (Craik & Tulving, 1975). By
contrast, articulatory rehearsal is unlikely to contribute to the for-
mation of LTM representations that could assist serial recall
(Camos & Portrat, 2015; Greene, 1987).

A final potential explanation for the free-time benefit arises
from a new hypothesis that Popov and Reder (2020) have pro-
posed for episodic LTM. They assume that encoding an item into
episodic memory requires a limited resource that is partially
depleted by encoding and gradually replenished in the time after.
If we apply this idea to encoding into WM, it implies that longer
free time between items allows for more replenishment of the
encoding resource, so that more of it is available for subsequent
items, allowing them to be encoded more strongly. If the encoding
resource hypothesis does not apply to WM, it could still apply to
episodic LTM, and then longer free time would lead to better epi-
sodic memory traces, which would assist WM at retrieval.

The Present Study

The purpose of the present study is twofold. My first aim was to
clarify the empirical situation in several regards: (a) Most studies
so far varied presentation rate over only two or three levels, usu-
ally within a small range of values. The present experiments use a
parametric variation of free interitem intervals over a broad range
to map out the time accuracy function. (b) So far it remains
unclear whether the beneficial effect of free interitem time is also
observed for acoustic presentation, and whether it is also found
with concurrent articulation. The latter is particularly important to
evaluate the role of articulatory rehearsal. The present Experiment
2 uses auditorily presented stimuli, and Experiment 3 compares
the free-time effect with and without concurrent articulation. (c)
Different findings in previous studies could be due, in part, to the
use of different materials. Therefore, in the present experiments I
used lists of digits, letters, and words.

My second aim was to test predictions from the hypothetical
explanations discussed above by which we can begin to adjudicate
between them. One such prediction was already mentioned: If the
free-time benefit arises from articulatory rehearsal, it should be
abolished by concurrent articulation. Another prediction can
be made specifically for elaborative rehearsal: Elaboration should
be difficult for digits, which afford few distinct semantic associa-
tions, perhaps somewhat easier for consonants, and relatively easy
for words. Moreover, elaboration should be easier for concrete,
highly imageable words than for abstract words with low image-
ability. Therefore, if elaboration contributes to the free-time bene-
fit, then that benefit should be larger for words than for digits, and
larger for concrete, high imageable words than for abstract, less
imageable ones. In addition, I will test two further sets of

WORKING MEMORY AND TIME 3

T
hi
s
do
cu
m
en
ti
s
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

Ps
yc
ho
lo
gi
ca
lA

ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le
is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al
us
e
of

th
e
in
di
vi
du
al
us
er

an
d
is
no
tt
o
be

di
ss
em

in
at
ed

br
oa
dl
y.



predictions that pertain to entire categories of explanations: The
interaction of presentation rate with serial position, and the effect
of proactive interference.

Predictions for the Interaction of Free Time With Serial
Position

The above explanations differ in what they predict for the inter-
action of a variation of free interitem time with serial position.
Figure 2 shows results from simple simulations showing how a
parametric variation of interitem interval translates into memory
strength, or memory accessibility, according to most of these
explanations; details about the simulations are given in the
Appendix.3

Rehearsal can only be applied to items already in WM. There-
fore, any beneficial effect of the three forms of rehearsal must be
retroactive: Rehearsal during a particular interitem interval boosts
memory performance for the items presented up to that interval.
Items yet to be presented cannot be rehearsed during that interval,
and therefore, any beneficial effect of rehearsal on them could
only be indirect (e.g., through stabilizing earlier items so that they
do not need to be rehearsed later). If we assume—as most theories
invoking rehearsal do—that rehearsal is distributed among all
items currently in WM, then this retroactive effect implies that
free time must have its largest benefit on early list items. This is
because each list item is rehearsed during every interitem interval
following it, and early list items are followed by more such inter-
vals, so they are rehearsed more often. For articulatory rehearsal,
studies using overt rehearsal have confirmed that early list items
gain disproportionally more rehearsals when the interitem interval
is made longer (Souza & Oberauer, 2018; Tan & Ward, 2008). For
these reasons, all three forms of rehearsal lead to the prediction
that longer free time should have a larger benefit early compared
with later in the list.
The predictions for consolidation depend on what we assume

about the allocation of central attention to the consolidation of list
items. I will consider two options: Consolidation 1 starts from the
assumption that encoding of a new item disrupts ongoing consoli-
dation. Hence, each item is consolidated until the next item is pre-
sented. With this assumption, longer interitem times prolong the
consolidation time for each list item to the same degree, leading to
a beneficial effect that does not interact with serial position. Con-
solidation 2 instead builds on the assumption that consolidation,
once started, proceeds ballistically until its natural completion
(Ricker & Hardman, 2017). In its original formulation by Ricker
and Hardman, ballistic consolidation is maximally resource-
greedy: Each consolidation process monopolizes a central atten-
tional resource, which thereby operates as a bottleneck that
accommodates only one process at a time. At short interitem inter-
vals this must lead to a precipitous drop of memory strength from
the first item to the second, because the second item’s consolida-
tion is nearly always delayed so much that it has little chance to be
consolidated at all before the third item is presented. Therefore,
here I consider a version of ballistic consolidation that allows
sharing of the central resource (Navon & Miller, 2002). Every
new consolidation process grabs half of the remaining central
resource, so that later items are never completely prevented from
entering the consolidation process, but they are given, on average,
less of the necessary resource, resulting in weaker memory

strength. When a consolidation process finishes, it releases its
resource share. Longer interitem times mean that fewer consolida-
tion processes have to proceed in parallel, reducing the competi-
tion for the processing resource particularly for later list items.
Therefore, Consolidation 2 predicts an interaction such that later
list items benefit more from longer free time.

To obtain predictions from the temporal-distinctiveness expla-
nation I ran a simulation with SIMPLE (Brown et al., 2007).
Figure 2 shows that longer interitem intervals increase temporal
distinctiveness primarily toward the end of the list, for the follow-
ing reason: Temporal distinctiveness increases as the temporal dis-
tance between items increases. When the interitem time is
increased throughout the list, this effect benefits items in all serial
positions equally. In addition, temporal distinctiveness decreases
as the interval between encoding and retrieval becomes longer.
With longer interitem intervals, this interval increases in particular
for early list items. On balance, therefore, the net effect of slower
presentation is strongly beneficial toward the end of the list, but
less so—and potentially even harmful—at the beginning.

What can we predict from the assumption that time is used for
establishing LTM representations? When free time during the
interval between two items is used to outsource the list presented
up to that point into LTM, then this frees WM capacity for the re-
mainder of the list, leading to a benefit for items subsequently
encoded. Hence, the free-time benefit should increase toward the
end of the list. That said, longer time for outsourcing could also
lead to better LTM representations of the outsourced part of the
list, so that earlier list items could benefit as much as later ones
from longer free time. Therefore, the outsourcing explanation does
not lead to an unambiguous prediction for the interaction of free
time with serial position.

By contrast, if free time is used to form an LTM representation
in addition to maintaining the complete list in WM, so that at test
both sources of information are available, then the beneficial effect
should be concentrated on early list items, because those are the
ones held in WM—and potentially refreshed or elaborated—for the
longest time. The predictions for this version of the LTM-based ex-
planation are the same as for elaborative rehearsal and refreshing.

Predictions for the Interaction of Free Time With Proactive
Interference

A second prediction can be made for how free time modulates
the effect of proactive interference. Episodic LTM is known to be
prone to proactive interference between successively studied
memory lists (Craik & Birtwistle, 1971; Gardiner et al., 1972). In
contrast, there is substantial evidence for the assumption that WM
is largely immune to proactive interference from earlier trials
(Cowan et al., 2005; Halford et al., 1988; Oberauer et al., 2017;
Oberauer & Greve, 2021; Wickens et al., 1963). The latter
assumption has been contested (Beaudry et al., 2014), and I defend
it in detail elsewhere (Oberauer et al., 2017). For the present pur-
pose, it is sufficient to say that most of the studies Beaudry et al.
(2014) cite as evidence for PI in WM used an item-recognition
procedure. As Beaudry et al. (2014) note, PI in item recognition is

3 These simulations serve to work out the predictions for how each of
the hypothetical processes considered here affects memory strength—they
are not meant to be complete explanations of the data patterns.
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likely to rely on a different mechanism—misleading familiarity—
than PI in recall tasks, which probably arises from cue overload.
The assumption that WM is immune to PI from previous trials at
least in recall tasks stands on sufficiently solid ground for making
predictions for the present experiments, which use a serial-recall
task.
The two explanations assigning a role to LTM imply that with

longer free time, the role of LTM for recall performance becomes
stronger, and therefore, the effect of proactive interference should
become larger. If free time is used to outsource part of the list to
LTM, then that part must be retrieved from LTM, and therefore

becomes vulnerable to proactive interference. When LTM is used
to create a second memory trace that could supplant information
from WM, then the contribution of LTM to recall performance is
compromised by proactive interference, so that a condition gener-
ating high proactive interference would reduce the gain from lon-
ger time.

To test these predictions, I varied proactive interference in
the following way: Trials are organized into miniblocks of five
with the same class of materials (digits, letters, concrete words,
or abstract words); from one miniblock to the next the material
class changes. This should lead to a build-up of proactive

Figure 2
Simulations of Six Potential Explanations of the Effect of Presentation Rate

Note. Each line represents a level of ISI, color coded in the same way as in Figure 4. For
explanations of the six explanations see the main text; the Appendix gives the formal details
of the simulations. See the online article for the color version of this figure.
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interference within each miniblock, and release from proactive
interference when switching to a new miniblock (Bunting,
2006). The effect of proactive interference would be a decline of
serial recall across the five trials in a miniblock. If LTM contrib-
utes to the free-time benefit, then this decline should be stronger
with longer interitem times.

Experiment 1

Method

The design had four independent variables, all varied within
subjects: The interstimulus interval (ISI) between list items varied
over six levels (.2, .4, .6, 1.0, 2.0, and 5.0 s). The materials had
four levels: Digits, letters, concrete words, and abstract words.
Trials were organized into miniblocks of five with the same mate-
rial, after which the material was changed for the next miniblock.
The trial’s position within a miniblock was the third independent
variable; the fourth was serial position of an item in its list. All
data reported in this article are available on the OSF: osf.io/
3g8hm (Oberauer, 2022).

Participants

Eight students of the University of Zurich took part in four 1-
hour sessions in exchange for partial course credit or monetary
compensation (15 Swiss Francs per hour). The sample size, and
the number of trials per participants, for this and the following
experiments were chosen to ensure a degree of measurement preci-
sion sufficient for unambiguously revealing the effect of presenta-
tion rate and its interaction with serial position. I planned to add
further participants in case the data pattern was not clear, or an im-
portant Bayes factor was in the ambiguous range (i.e., between 1/
10 and 10); this was necessary only in Experiment 3.

Material

Memory lists were drawn at random from one of four sets: (a) The
digits 1 to 9, (b) the consonants of the Swiss German alphabet, (c) a
set of 101 German nouns high in concreteness and imageability, and
(d) a set of 100 German nouns low in concreteness and imageability.
The nouns were taken from the “Semantischer Atlas” database
(Schwibbe, 1988), which contains, among other information, word
frequency statistics as well as ratings of concreteness and imageabil-
ity (which are highly correlated). The word sets were selected to be
approximately equated for word length and frequency (see Table 1).
The list length was nine digits, seven letters, and seven words; these
different list lengths were chosen to approximately compensate for
the differences in difficulty of serial recall across materials. The font
size was set to 1/12 of the screen height.

Procedure

Each session began with eight practice trials, two from each ma-
terial class, with an ISI of 1 s. This was followed by 120 test trials
(4 materials 3 6 ISIs3 5 trials per miniblock). The order of mate-
rials over miniblocks was fixed for each participant, and counterbal-
anced across participants with a Latin square, with the constraint
that concrete and abstract words were always separated by one
intervening miniblock of digits or letters, because the transition
from one noun class to the other might not create as much release
from proactive interference as the transition between words, letters,
and digits. The order of ISIs was likewise counterbalanced across
participants with a Latin square, with half the participants moving
in ascending, and the other half in descending order through the six
ISI levels. The variation of materials across four miniblocks was
embedded within the variation of ISI, so that participants worked
with the same ISI for 20 successive trials.

Each trial started with a central fixation cross for .5 s, followed
by the sequential visual presentation of the list stimuli, centrally
on the screen. Each item was displayed throughout the ISI, and
then immediately replaced by the next. After a study-test delay of
.5 s, recall was prompted by a question mark. Participants were
instructed to recall the list in forward order, and they had to enter
as many responses as there were items on the list, guessing if nec-
essary. Participants typed their responses, which appeared to the
left of the question mark. For digits and letters, participants could
type the list in an uninterrupted sequence of key strokes, each of
which—if entering a symbol from the correct class—replaced the
preceding response on the screen. For words, letter strings had to
be finished by pressing the Return key. Word responses were
counted as correct if the first three letters matched the correct
word (ignoring case), and participants were informed that typing
the first three letters is sufficient. After an intertrial interval of
2.5 s, the next trial began. After every five miniblocks (20 trials),
participants were invited to take a break.

Data Analysis

Responses were scored as correct when the correct item was
reported in the correct list position.4 Where necessary, I obtained
statistical support for the described effects from Bayes factors. I
analyzed the number of correct responses in each trial with a
Bayesian logistic mixed model using the brms package (B€urkner,
2017) in R (R Core Team, 2020) with ISI, trial position in a mini-
block, and material as predictors. Variables on an ordinal scale
(ISI and trial position in a miniblock) were entered as continuous
predictors. Material was coded by three orthogonal contrasts: Con-
trast 1 contrasted the single-character items (digits and letters) to
words; Contrast 2 compared concrete to abstract words; Contrast 3
compared digits to letters. I report only results for Contrast 1 and 2
because the third contrast is of no theoretical interest. All predictor
variables were z-standardized so that they are mean-centered, and
the effect sizes are on a standardized scale; this makes it reasona-
ble to use default priors for the estimation of Bayes factors
(Rouder et al., 2012). I used Cauchy distributions with scale = .5
as default priors because they represent the range of plausible

Table 1
Mean Characteristics of Words (Standard Deviation in
Parentheses)

Characteristic Concreteness Imageability Length Frequency

Concrete 6.1 (0.56) 6.2 (0.37) 7.7 (2.2) 0.48 (0.48)
Abstract 3.1 (0.44) 3.4 (0.43) 8.1 (1.8) 0.51 (0.49)

4 Plots for the more lenient item-memory score, reflecting the proportion
of list items recalled regardless of their position, can be found on this
project’s OSF page.
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effect sizes in logistic models with standardized predictors (Obera-
uer, 2019b). Models were estimated with eight MCMC chains of
30,000 steps each. I estimated Bayes factors using the bridge sam-
pling method (Gronau et al., 2018). I started each analysis with the
full model including random effects of subjects, and random
slopes for the main effects and the two-way interactions, and elim-
inated effects step by step if warranted by model comparison,
starting with the random slopes, followed by the interactions, then
the main effects. The Bayes factors reported in favor (BF10) or
against (BF01) an effect come from comparing models that dif-
fered only in whether or not the effect in question was included.
Table 2 provides an overview of the Bayes factors for all experi-
ments in this report.

Results

Figure 3 shows the time-accuracy curves for the four material
classes. It is clear that serial-recall performance improved continu-
ously with longer ISIs, in a decelerating fashion. This was the case
across all four materials. The beneficial effect of time was smaller
for abstract than concrete words.
Figure 4 plots the serial-position curves as a function of ISI for

each material class. They show a consistent fanning-out pattern:
The benefits of free time increased toward the end of the list, with
the exception of abstract words, where performance was close to
floor toward the end of the list.
Figure 5 shows performance as a function of ISI and trial position

within a miniblock. There was no hint of any build-up and release
from proactive interference regardless of ISI (BF01 = 10 against the
effect of trial position; BF01 = 14 against the interaction with ISI).

Discussion

The results of Experiment 1 document the time-accuracy curves
of serial recall of digits, letters, and words. For all these materials,
serial recall improved with longer time between successive items.
This effect took the form of a steep increase up to an ISI of about
1 s, then decelerated but continued to increase up to the longest
ISI measured (5 s).
The results support some conclusions about possible explana-

tions of the free-time benefit. The interaction of serial-position
with ISI is compatible with Consolidation 2, where early list items
are prioritized for consolidation at the expense of subsequent ones;

it is compatible with a temporal-distinctiveness explanation, and
with the assumption of an encoding resource that is gradually
replenished over time. This interaction pattern is not compatible
with explanations invoking any form of rehearsal, as well as with
Consolidation 1, where consolidation of an item is interrupted by
the onset of the next. Moreover, the complete absence of any evi-
dence for proactive interference questions the assumption that im-
mediate serial recall of verbal materials is supported by episodic
LTM traces in more than a negligible way, regardless of ISI.
Therefore, explanations of the free-time benefit assuming that time
is used to form an LTM representation of (parts of) the list do not
appear promising.

Experiment 2

The second experiment replicates the first with auditorily pre-
sented materials.

Table 2
Bayes Factors for the Effects of Interitem Interval, Proactive Interference, and Material Contrasts, for Experiments 1 to 3

Measure Exp. 1 Exp. 2 Exp. 3 Quiet Exp. 3 Articulation

Time (T) 3,134.0 9.1 447 11.2
Proactive interference (PI) 0.2 7.7 600 472
Material Contrast 1 (M1, characters vs. words) 295 249 373 9.0
Material Contrast 2 (M2, concrete vs. abstract) 52.3 23.9 22,766 35,147
T 3 PI 0.07 0.12 2.9 0.59
T 3 M1 0.06 0.08 0.08 0.04
T 3 M2 16.8 0.41 95.8 491
PI 3 M1 1.05 0.16 0.03 0.04
PI 3 M2 1.00 0.05 0.05 0.07
Three-way 0.0006 0.0009 0.0025 0.0002

Note. Proactive interference is the trial position (1 to 5) in a miniblock. Material Contrast 1 compares single-character stimuli (digits and letters) to
words; Material Contrast 2 compares concrete to abstract words.

Figure 3
Time-Accuracy Plots From Experiment 1

Note. Error bars are 95% confidence intervals for within-subjects com-
parisons. See the online article for the color version of this figure.
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Method

Participants

Twelve students of the University of Zurich participated in
four 1-hour sessions in exchange for partial course credit or a
compensation of 15 Swiss Francs per hour.

Material

Audio files were created for the stimulus sets of Experiment
1 with a speech synthesizer.5 The sound files were edited to
300 ms spoken durations for digits and letters, and to 500 ms
for words. A few longer words for which this made compre-
hension difficult were removed from the pool, leaving 90 con-
crete and 82 abstract words.

Procedure

The procedure was the same as for Experiment 1, except that the
list items were presented auditorily through headphones. Because
spoken words could not be compressed to less than 500 ms without
compromising comprehension, the smallest ISI was .6 s.6

Results

Figures 6–8 show the results in the same format as for Experiment
1. It is clear that longer ISIs improved serial recall. The time-accuracy
function appears flatter than in Experiment 1, in part because the two

Figure 4
Serial-Position Curves From Experiment 1

Note. See the online article for the color version of this figure.

5 https://www.naturalreaders.com/.
6 I had planned to test digits and letters also at an ISI of 0.3 s, but this

was foiled by a programming error.
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shortest ISIs, over which the increase was steepest in the first experi-
ment, are missing here. Nevertheless, memory increased with interi-
tem time, regardless of material: None of the interactions of ISI with a
material contrast was supported (see Table 2).
The serial-position curves show the same interaction of free

time with serial position as before. Contrary to Experiment 1, here
there was moderate evidence for proactive interference, BF10 = 7.
There was evidence against an interaction of proactive interference
with ISI, BF01 = 8.3.

Discussion

Experiment 2 confirms that the beneficial effect of slower presen-
tation rates (i.e., longer free time) is also found with auditory presen-
tation. In addition, this experiment replicates the fanning-out pattern
of serial positions as a function of interitem time, speaking against
the contribution of rehearsal to the free-time benefit. It also replicates
the evidence against a contribution fromLTM to the effect: Although
there was a hint of a build-up of proactive interference within a mini-
block of trials with the same material, that trend did not interact with
ISI, implying that any contribution of LTM to performance did not
increase with longer free time.
Why did several previous studies fail to find a beneficial effect

of slower presentation with auditory stimuli, and sometimes even
observe a detrimental effect? A comparison of method details
between those earlier studies and the present experiment revealed
no difference that suggests an obvious explanation. One hint could
come from the fact that earlier studies investigated a much smaller
range of presentation rates, usually spanning 1 to 1.5 s per item.
One earlier study that used a larger range of presentation rates

(five levels between .5 and 3.0 s per item) is the one of Fell and
Laugherty (1969), and this study found a beneficial effect of
slower presentation for auditory material. As the slope of perform-
ance over presentation rate was fairly shallow in the present
experiment, it might be easy to miss with a smaller range of pre-
sentation rates. That does not explain, however, why the majority
of older studies found a detrimental effect of slower presentation.

A second hint comes from the observation of Hockey (1973) with
the running-span paradigm, in which participants were to recall in
order as many items as possible from the end of a long list. Lists
were presented auditorily at three rates (.33, .5, and 1.0 s per item).
Participants instructed to concentrate on the items and try to organize
them showed better performance with slower presentation, whereas
participants instructed to listen passively and pay no special attention
to the items performed better with faster presentation. Although gen-
eralization from running span to serial recall is risky, this result sug-
gests an explanation for why many earlier studies found a detrimental
effect of slower presentation of auditory lists: Participants might have
engaged in a rather passive encoding strategy. They might have been
tempted to do so because with auditory presentation, serial-order
memory suffers less from withdrawing attention from the stimuli
than with visual presentation (Dornbush, 1970). With a passive
encoding strategy, serial recall could rely to a larger extent on audi-
tory sensory memory and less on WM, and as auditory sensory mem-
ory decays (Cowan, 1984; Cowan et al., 1997), faster presentation
would be advantageous with a passive strategy. It is possible that ex-
perience with a larger range of presentation rates—including fairly
slow rates, at which an active encoding strategy would be advanta-
geous—discouraged participants from relying on a passive, inatten-
tive strategy in the present experiment, and the one of Fell and
Laugherty (1969).

Two further findings lend some support to this interpretation.
First, in comparison with incidental encoding, intentional encoding

Figure 5
Effect of Trial Number Within a Miniblock, Experiment 1

Note. Material class remained constant within each miniblock of five tri-
als and changed between miniblocks. Data are averaged across material
classes; lines represent presentation times. Error bars are 95% confidence
intervals for within-subjects comparisons. See the online article for the
color version of this figure.

Figure 6
Time-Accuracy Plot From Experiment 2

Note. Error bars are 95% confidence intervals for within-subjects com-
parisons. See the online article for the color version of this figure.
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of a list of words for the purpose of a memory test leads to better im-
mediate recall, and in particular to an increased primacy effect
(Oberauer & Greve, 2021). In the present experiment, the serial
position curves were characterized by a substantial primacy effect,
as would be expected from intentional encoding. A second piece of
evidence comes from a few studies that have varied presentation
rate in serial recall of stimuli that were presented visually, but read
aloud by participants (Bhatarah et al., 2009; Jahnke, 1968; Tan &
Ward, 2008). In most respects, this condition leads to modality
effects comparable to auditory presentation (Penney, 1975). Yet, all
three studies using this technique observed better serial recall with
slower presentation. This could be because when participants have
to read each item aloud themselves, they have to pay attention to
them more than when they can simply listen to them. Future
research could test these speculations by using the instruction
manipulation of Hockey (1973), or a comparison of auditory to

self-read presentation, to determine how these variables modulate
the beneficial effect of free time.

Experiment 3

The third experiment replicates the design of Experiment 1
again and adds a comparison between a quiet condition and a con-
dition with concurrent articulation.

Method

Participants

Participants were 23 students of the University of Zurich who
took part in eight 1-hour sessions in exchange for partial course
credit or a compensation of 15 Swiss Francs per hour. Data from

Figure 7
Serial-Position Curves From Experiment 2

Note. See the online article for the color version of this figure.
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three participants who did not finish the experiment were excluded.
In addition, three participants had initially not understood the con-
current-articulation instruction correctly and were corrected after
their initial sessions. The sessions preceding the correction (four in
total) were excluded from analysis. Further, data for digit and letter
recall from two participants had to be excluded because they

pressed the Return key after each response, thereby inadvertently
skipping every second item.

Materials and Procedure

Lists of digits, letters, and concrete and abstract words were
composed from the same stimulus sets as for Experiment 1. The
procedure was also the same as in Experiment 1, with three dif-
ferences. First, in every second session, participants were
instructed to repeat aloud “ba-bi-bu” throughout the presenta-
tion of the list. In these sessions, each trial began with display-
ing the sequence “Ba,” “Bi,” and “Bu” on the screen at a rate of
.5 s per syllable, and participants were instructed to read each
syllable aloud, and to repeat the sequence aloud at the same
pace until the end of list presentation. Their speech was
recorded, and a research assistant spot-checked the audio files
for compliance. The order of quiet and concurrent-articulation
sessions was counterbalanced across participants. Second,
because concurrent articulation is known to impair serial recall
substantially, I reduced the list lengths to eight digits, seven let-
ters, and six words.

The third difference is that, in Experiment 1, list items were pre-
sented throughout the ISI, so that the presentation duration
increased together with the ISI. Therefore, processes during the
interitem intervals could draw on continuous perceptual input
about the last item to perhaps improve memory for it. In Experi-
ment 3, stimuli were displayed for 150 ms regardless of ISI, and
the screen went blank for the remainder of the ISI.

Results

Figure 9 presents the time-accuracy functions by material, for
the quiet and the concurrent-articulation conditions. Table 2 sum-
marizes the Bayes factors for the predictors time (ISI), material,
and proactive interference (trial number in miniblock), separately
for the quiet and the concurrent-articulation conditions. In

Figure 9
Time-Accuracy Plots From Experiment 3

Note. Error bars are 95% confidence intervals for within-subjects comparisons. See the
online article for the color version of this figure.

Figure 8
Effect of Trial Number Within a Miniblock, Experiment 2

Note. Material class remained constant within each miniblock of five tri-
als and changed between miniblocks. Data are averaged across material
classes; lines represent presentation times. Error bars are 95% confidence
intervals for within-subjects comparisons. See the online article for the
color version of this figure.
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addition, I ran a joint analysis including the main effect of articula-
tion condition, and all its interactions with the other experimental
variables, as predictors.
Longer free time improved serial recall in both the quiet and the

concurrent-articulation condition, though the effect was somewhat
dampened with concurrent articulation, as reflected in the interaction
if ISI with articulation condition, BF10 = 93.5. The beneficial effect of
time was again more pronounced for concrete than for abstract words.
Although the effect of articulation condition interacted with time,

concurrent articulation was detrimental for serial recall at every level
of time. This was confirmed by Bayesian t tests comparing proportion
correct under quiet and concurrent-articulation conditions at each ISI,
which all yielded BF10. 60,000. The serial-position curves, plotted in
Figures 10 and 11, show the by-now familiar fanning-out pattern in
both the quiet and the concurrent-articulation condition.
This time, there was strong evidence for proactive interference in

both the quiet and the concurrent-articulation condition (see Figure 12).

There was no evidence that PI depended on articulation condition
(BF10 = .28 for the interaction of trial number within a miniblock
with articulation condition). However, the effect increased with lon-
ger free time (BF10 = 105.1 for the interaction of trial number
within a miniblock with ISI).

Discussion

The third experiment confirmed the generality of the beneficial
effect of free time on serial recall: It persists when participants are
engaged in concurrent articulation, which prevents them from
rehearsing the items. This result decisively rules out articulatory
rehearsal as the main cause of the free-time benefit.

In contrast to the two preceding experiments, Experiment 3
yielded compelling evidence for the build-up of proactive interfer-
ence within a miniblock, and release from proactive interference
when the material is changed at the beginning of the next

Figure 10
Serial-Position Curves From the Quiet Condition of Experiment 3

Note. See the online article for the color version of this figure.
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miniblock. Moreover, the proactive-interference effect increased
with longer free time. Thus, the present experiment provided the
first evidence that gradual encoding of the list into episodic LTM
over the course of a few seconds contributes to the beneficial
effect of free time. The critical interaction of trial number in a
miniblock with ISI was statistically supported only in the joint
analysis across both articulation conditions. When estimated for
each condition separately, comparable to the preceding two
experiments, the BFs for that interaction were ambiguous (see
Table 2). Therefore, the present results do not deviate substan-
tially from those of the preceding two experiments. As Figure 12
shows, the effect of proactive interference, and its increase with
free time, was small on the proportion-correct scale even in
Experiment 3, and therefore it is not surprising that it took the
joint data from eight sessions to obtain statistically credible evi-
dence for it.

Concurrent articulation substantially impaired serial recall at all
levels of ISI. The detrimental effect of concurrent articulation on
serial recall has been reported consistently for decades (Murray,
1967). Researchers most commonly interpret it as the cost of pre-
venting articulatory rehearsal. This interpretation is based on the
assumption that rehearsal is beneficial for short-term maintenance—
an assumption that recent research has called into question (Souza &
Oberauer, 2018, 2020). The present findings imply that the common
interpretation is wrong: Concurrent articulation substantially
impaired serial recall even when the items were presented at a rate at
which articulatory rehearsal is impossible. Rehearsal takes about 250
to 300 ms per item for letters and short words, and longer for longer
words (Landauer, 1962; Oberauer & Souza, 2020). In Oberauer and
Souza (2020), we measured rehearsal speed by asking participants to
rehearse aloud in sync with a metronome, and adjust the metronome
to the fastest pace at which they could rehearse. Metronome paces

Figure 11
Serial-Position Curves From the Concurrent-Articulation Condition of Experiment 3

Note. See the online article for the color version of this figure.
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converged to about .3 s per word for short words, and .45 s per word
for long words. The speed at which people actually rehearsed, as
assessed from their overt rehearsal sequences, was even slower.
Other research using overt rehearsal shows that even at a presenta-
tion rate of 1 item per second, people barely rehearse more than the
last item presented (Tan &Ward, 2008). Therefore, although there is
no doubt that concurrent articulation blocks articulatory rehearsal,
this cannot be the reason—at least not the only reason—why it
impairs serial recall. A plausible alternative explanation is that the
irrelevant utterances, or features of them, are inadvertently encoded
into working memory, where they interfere with the representations
of the memory list (Lewandowsky &Oberauer, 2015; Neath, 1999).

General Discussion

Serial recall of verbal items becomes better with more time
between successively presented list items. This basic finding has
been known for decades, but its generality has been in doubt. The
present findings establish that the time benefit is found for visual
and auditory presentation, and is also observed with concurrent
articulation. The effect interacts strongly with serial position: The
time benefit is absent at the beginning of the list and grows toward
the end. On word lists, the effect interacts with the concreteness
and imageability of words: Concrete words with easy to imagine
referents benefited more from longer free time. Finally, the evi-
dence pertaining to proactive interference was inconsistent across
experiments.

Implications for the Beneficial Effect of Free Time

The present findings decisively rule out some potential explana-
tions of the time benefit. Because concurrent articulation did not
abolish the benefit, articulatory rehearsal cannot be a sufficient ex-
planation for it. More generally, any kind of rehearsal applied
cumulatively during each interitem interval to all items encoded so
far entails the prediction that the beneficial effect of longer time
should be concentrated early in the list, rather than at the end.
Therefore, we can rule out any form of cumulative rehearsal or
refreshing that acts through strengthening memory traces of previ-
ously presented items as explanation for the time benefit. This con-
clusion converges with that from a related study: When an
extended interitem interval is inserted at a single interval some-
where in the list, that extra time has a beneficial effect only on sub-
sequently encoded items—which cannot be rehearsed during that
interval—but not on earlier presented items (Mızrak & Oberauer,
2021).

Temporal distinctiveness theory predicts a beneficial effect of
temporal spacing of the items, and it predicts the fanning-out
shape of the interaction between time and serial position. There-
fore, temporal distinctiveness can explain the present findings.
Against that explanation stands a body of experiments showing
consistently that temporal distinctiveness plays no role in forward
serial recall: When ISI is varied within a list, items preceded and
followed by long ISIs are temporally more distinctive than other
items, and therefore should be recalled better—but that was not
found (Lewandowsky et al., 2006; Mızrak & Oberauer, 2021;
Nimmo & Lewandowsky, 2005, 2006). Therefore, temporal dis-
tinctiveness is not a viable explanation when taking those further
findings into account.

Short-term consolidation could offer a viable explanation for
the time benefit, depending on how the available time for consoli-
dation is allocated to list items. If consolidation is assumed to be
interrupted by the onset of every new item, as in the Consolidation
1 model, then every interitem interval is devoted fully and exclu-
sively to the preceding item, and the time benefit is predicted not
to vary with serial position. By contrast, the Consolidation 2
model correctly predicts that the time benefit increases toward the
end of the list. In that model, every item is consolidated, but paral-
lel consolidation processes need to share a limited central-attention
resource. Resource allocation is moderately greedy, with each new
consolidation process grasping a constant proportion (set to .5 in
the simulations for Figure 2) of the remaining resource. In this
way, later items receive a smaller resource share for consolidation,
resulting in lower memory strength. Once a consolidation process
is finished, its resource share is freed up again. Longer interitem
times result in fewer consolidation processes proceeding in paral-
lel, thereby easing the competition for the central resource, so that
later list items are consolidated more strongly.

The Consolidation 2 model is similar in spirit to the assumption
of an encoding resource that is depleted by a constant proportion
by encoding of each item, and gradually recovers over time
(Popov & Reder, 2020). The encoding-resource hypothesis there-
fore provides another viable explanation for the present results. An
encoding resource that gradually replenishes over time can also
explain the finding of Mızrak and Oberauer (2021) that a single
longer interval is beneficial for all subsequently encoded items but
not for preceding items.

Figure 12
Effect of Trial Number Within a Miniblock, Experiment 3

Note. Material class remained constant within each miniblock of five tri-
als and changed between miniblocks. Data are averaged across material
classes; lines represent presentation times. Error bars are 95% confidence
intervals for within-subjects comparisons. See the online article for the
color version of this figure.
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Does episodic long-term memory contribute to the time benefit?
If it did, we would expect proactive interference to build up over
miniblocks of trials using the same class of materials, especially
for the slow presentation rates. There was no hint of proactive in-
terference in Experiment 1; there was some evidence for proactive
interference, but evidence against it increasing with free time, in
Experiment 2. By contrast, Experiment 3 yielded evidence sup-
porting the predicted increase of proactive interference with longer
free time. Even in Experiment 3, the proactive-interference effect
was modest in size even at the longest free-time condition (see
Figure 12). A conservative conclusion from this set of results is
that episodic long-term memory probably contributes to the free-
time benefit, but not much.
The free-time benefit was consistently larger for concrete than

abstract words. Initial evidence for this interaction of concreteness
with presentation rate has been reported by Campoy et al. (2015).
One explanation for this interaction could start from the assump-
tion that serial-recall performance benefits from elaboration. Lon-
ger free time enables more elaboration, and concrete, highly
imageable words are easier to elaborate. Thereby, memory for lists
of concrete words benefit more from free time. This explanation
faces a difficulty: Whereas elaboration improves episodic memory
(Craik & Tulving, 1975), it does not improve immediate serial
recall (Bartsch, Singmann, & Oberauer, 2018; Bartsch & Obera-
uer, 2021). A benefit of elaboration for serial recall specifically at
very slow presentation rates could still be argued for on the basis
that such slow presentation enables the formation of episodic
memory traces that people could draw on to bolster their perform-
ance. Elaboration could help make memory traces more accessible
in episodic memory—in particular, make them more distinctive to
mitigate proactive interference. The evidence in Experiment 3 for
proactive interference increasing with slower presentation rate
supports that conjecture. However, the larger free-time gain of
concrete than abstract words was observed also in Experiment 1,
where the evidence was leaning against any proactive-interference
effect. An explanation based on elaboration faces two further chal-
lenges: Lists of digits are probably harder to elaborate than lists of
words, even abstract ones—and yet the free-time benefit for digit
lists was stronger than for abstract words. Moreover, elaboration
during interitem intervals can only be directed at items already
presented up to that point; therefore, it should improve memory
for early-presented item the most. However, the free-time benefit
is largest for later-presented items.
An alternative explanation for the interaction of free time with

concreteness could build on the assumption that semantic character-
istics such as concreteness affect serial recall through their activa-
tion in semantic LTM. Concrete words are assumed to have more
semantic features than abstract words, and thereby are activated
more strongly in semantic memory when they are processed. A
high level of activation of list words in semantic memory could be
used to assist the selection of list words at retrieval, either by acti-
vating their phonological representations (Romani et al., 2008), or
by facilitating the disambiguation (aka redintegration) of distorted
memory representations (Walker & Hulme, 1999). We could add to
this account the assumption that semantic representations are acti-
vated gradually over the course of several seconds. Against that
notion, semantic-priming studies suggest that semantic activation
reaches asymptote after a few 100ms (Bowles, 1994), and the effect
of concreteness can be seen in the EEG after 400 ms (Kounios et al.,

2009). Therefore, the slow time course over which the concreteness
benefit emerges during encoding implies that there must be a further
process that is influenced by word concreteness, is beneficial to se-
rial recall, and unfolds slowly during encoding. This conclusion
converges with the work of Kowialiewski and Majerus (2018):
They tested the effect of several semantic variables in a fast-paced
running-span procedure designed to render strategic encoding diffi-
cult. Contrary to the other semantic variables studied—lexicality,
word frequency, and semantic similarity between list words—
imageability had no effect on recall performance under these condi-
tions. The concreteness effect appears to take a slow, and perhaps
strategic, process during encoding to emerge. Whatever that pro-
cess may be—and I have no convincing proposal at this time—the
present findings imply that the beneficial effect of concreteness can-
not simply reflect the influence of activated semantic representa-
tions at retrieval.

Taken together, two viable explanations emerged for the free-
time benefit: One is short-term consolidation, with the assumption
that several consolidation processes can run in parallel but sharing
a limited central processing resource. The other is the assumption
of an encoding resource that gradually replenishes over time. It is
conceivable that these are just two descriptions of the same mech-
anism: The encoding resource of Popov and Reder (2020) could
be the central-attention resource assumed to be required for
short-term consolidation (Jolicoeur & Dell’Acqua, 1998) and
other so-called central processes (Navon & Miller, 2002). Part of
that processing resource is temporarily allocated to the consoli-
dation of each incoming item; whenever a consolidation process
is completed, its resource share is released, thereby replenishing
the resource pool.

Implications for Decay and Rehearsal Theories

The effect of time on short-term memory or WM has usually
been conceptualized as detrimental. This idea has found its clear-
est expression in decay theories, which state that representations in
WM decay over time unless they are strengthened or restored by
some form of rehearsal (Baddeley, 1986; Ricker et al., 2016). For
verbal memoranda, articulatory rehearsal has been invoked as an
important maintenance strategy by every decay theory of WM up-
to-date. Articulatory rehearsal is assumed to regenerate phonologi-
cal memory traces, thereby resetting decay (Baddeley et al., 1975;
Camos et al., 2009; Page & Norris, 1998; Schweickert & Boruff,
1986). The assumption of time-based decay of verbal information
in WM has not stood up well in experimental tests (Lewandowsky
et al., 2009; Oberauer & Lewandowsky, 2013, 2014). The assump-
tion that articulatory rehearsal is beneficial for maintenance in
WM has also met empirical challenges (Souza & Oberauer, 2018,
2020). The present results add further evidence against both
assumptions.

First, memory for verbal lists does not decline over time even
when articulatory rehearsal is prevented by concurrent articulation.
To the contrary, immediate serial recall got better with longer time
between items in the concurrent-articulation condition of Experi-
ment 3, replicating the finding of Longoni et al. (1993). Longer
interitem times imply a longer retention interval for all but the
last-presented item. According to decay theories, when articulatory
rehearsal is prevented, list items should be forgotten more the
slower the list is presented (Baddeley & Lewis, 1984).
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Second, concurrent articulation has a detrimental effect on im-
mediate serial recall even at presentation rates that make it
impossible to rehearse list items during presentation. Because
people could start recall half a second after presentation, there
was no need for rehearsal (and hardly any time) after list presen-
tation ended. Therefore, if concurrent articulation had its detri-
mental effect on memory through the prevention of rehearsal,
that detrimental effect should be limited to the slower presenta-
tion rates in the present experiment—but it was not. The large
detrimental effect of concurrent articulation on immediate mem-
ory for verbal information has been a foundational argument for
the assumption that rehearsal is an effective maintenance strat-
egy (e.g., Baddeley, 1986; Camos et al., 2009). This argument
can no longer be upheld.

Implications for the Cognitive-Load Effect

The present results also shed light on the effect of cognitive
load (CL) in complex span tasks (Barrouillet et al., 2011). The cur-
rently discussed explanations for the CL effect are specific to the
complex span task. Barrouillet and colleagues proposed that the
effect reflects the balance between decay during the time of dis-
tractor processing, and attention-based refreshing during the inter-
vening free time. An alternative explanation is that free time is
used to remove representations engaged for distractor processing
from working memory, thereby reducing interference (Oberauer
et al., 2012). But the CL effect in complex span might be—at least
to some extent—just a special case of the more general beneficial
effect of free time. Manipulations of CL involve a variation of free
time between memory items, of the number of distractor-task

Figure 13
Accuracies as a Function of Cognitive Load From All Three Experiments

Note. Cognitive load was defined as the ratio of the encoding time (.2 s) to the interstimulus interval. Error bars are 95% confi-
dence intervals for within-subjects comparisons. See the online article for the color version of this figure.
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information to be processed, or both. The improvement of com-
plex-span performance with more free time could be an instance
of the more general free-time benefit that is also seen in simple
span.
To gauge the plausibility of this conjecture, I investigated ac-

curacy as a function of CL in the present experiments. In com-
plex span, performance declines as an approximately linear
function of increasing CL (Barrouillet et al., 2007, 2011). Does
the same relation exist for simple span? To answer this question,
we need to define CL for simple span. In complex span, CL is
the ratio of time during which central attention is engaged by dis-
tractor processing to the time available for distractor processing.
The latter is the interval between presentation of one list item
and the next, corresponding to the ISI manipulated in the present
experiments. As there are no distractors in simple span, I instead
used an estimate of the time during which central attention is
engaged with encoding a list item as the numerator of the CL ra-
tio. I estimated this time to 200 ms because that is the shortest
ISI used in the present experiments, and because accuracy of
recalling the first list item was virtually as good as with longer
ISIs in the present experiments, showing that 200 ms is sufficient
for encoding a verbal stimulus.Fn7 7 Figure 13 shows that in the pres-
ent experiments, accuracy declines in an approximately linear
fashion with CL. This raises the prospect that the beneficial
effect of longer free time between items—in other words, of
lower CL—in simple and complex span can be subsumed under
a common explanation.
Such a common explanation would have to differ from the two

current explanations of the CL effect in complex span. An expla-
nation in terms of decay and refreshing (Barrouillet et al., 2011) is
not viable because refreshing as a hypothetical process for improv-
ing memory during free time makes the wrong prediction for the
interaction of free time with serial position (see Figure 2). An ex-
planation in terms of removal of distractor representations (Obera-
uer et al., 2012) is not viable because in simple span there are no
distractors. The present results point to parallel and ballistic short-
term consolidation, and the depletion and replenishment of an
encoding resource, as more promising avenues to explain the free-
time benefit in simple span. Future research should investigate
whether they could also explain the corresponding effect in com-
plex span.
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Appendix

Simulations of Six Explanations of the Free-Time Benefit

I simulated memory strengths of seven-item lists for the ISIs
used in Experiments 1 and 3. I chose parameter values that gen-
erated effect sizes of the free-time benefit approximately in line
with the experimental data. I made no effort to generate realistic
serial-position curves, as my aim was only to determine what
each explanation implies for the interaction of free time with se-
rial position.

Articulatory or Elaborative Rehearsal

Each item i receives an initial memory strength value M(i) =
1 before rehearsal starts during the ISI. I first computed the
expected number of rehearsals that can be carried out during
the ISI, assuming a rehearsal duration of tr = 300 ms per item,
as Nr = ISI/tr, rounding down to the next integer. Assuming cu-
mulative rehearsal in forward order, the number of rehearsals is
divided equally among all items encoded up to the current posi-
tion p, with priority to the earlier list items. Then I translated
the number of rehearsals of each item, nr(i,p) into an increment
of the item’s memory strength by

MðiÞ ¼ MðiÞ þ 1� exp �Rtrnr i; pð Þð Þð Þ;
where R is the rate of strengthening through rehearsal, set to .2.
During each ISI, all items encoded up to the current position
have their memory strength incremented in this way. The model
does not assume decay or any other form of memory loss. In the
context of theories assuming memory loss, the strength incre-
ment by rehearsal can be interpreted as the net gain of strength
from the combined effects of rehearsal and memory loss.

Refreshing

I simulated the effect of refreshing in the same way as that of
articulatory or elaborative rehearsal, except that the refreshing
duration was set to tr = 50 ms.

Consolidation 1 (Interrupted)

Memory strength is assumed to grow as a function of consol-
idation time tc, with a consolidation rate C = .5.

MðiÞ ¼ 1� exp �C � tcðiÞð Þð Þ:
Because consolidation of each item is interrupted by the

onset of the next item, the tc = ISI.

Consolidation 2 (Ballistic)

As consolidation is ballistic, every item’s consolidation runs
to completion. Therefore, the resulting memory strength only
depends on the efficiency of consolidation, which depends on

the proportion of the central processing resource assigned to
the item’s consolidation process. This proportion depends in
turn on the number of consolidation processes running in paral-
lel when item i is consolidated.

The first item, which is consolidated without competition, I
simply set the memory strength to 1. For every item i . 1, I
first computed the probability that each previously encoded
item’s consolidation process is still ongoing. I assumed that the
consolidation durations are Gamma distributed with shape a =
2 and rate b = .5. This duration is independent of the resource
share assigned to a consolidation process. This assumption is
necessary to render Consolidation 2 a viable explanation for
the free-time benefit. The alternative would be to assume that
each consolidation process continues until the consolidated
item receives a certain memory strength; consolidation would
then take longer when fueled with a smaller resource share but
result in the same memory strength. With this scenario, all
memory strengths would be equal regardless of ISI if enough
time is allowed after list presentation to complete all consolida-
tion processes, so that with a sufficiently long retention interval
memory performance for every ISI would converge to the
same high level.

The probability of consolidation processes of previous items,
C(j), still ongoing, is 1 minus the cumulative Gamma distribu-
tion evaluated at the duration for which item j is already in
memory at the onset of item i:

P CðjÞ ¼ 1ð Þ ¼ 1� G ti � tj;a;b
� �

;

with tj for the time at which item j was presented, and ti as the
time at which the current item i is presented. The differences
between these times is the ISI multiplied with the positional
distance between i and j in the list. Next, I computed the proba-
bility distribution over possible numbers Nc of consolidation
processes still ongoing, with Nc ranging from 0 to i� 1:

pðNc ¼ nÞ ¼ PB n;Pð Þ:

Here, PB is the Poisson-Binomial distribution, and P the
vector of probabilities of consolidation processes still ongoing
for items 1 to i� 1.

The memory strength assigned to item i is the proportion of
the central processing resource that is devoted to the consolida-
tion of that item. Assuming that the resource is divided equally
among the Nc þ 1 consolidation processes, this is 1/(Nc þ 1).
We can therefore compute the expected memory strength of
item i as the weighted sum of possible values of 1/(Nc þ 1),
weighted by their probability:

(Appendix continues)
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MðiÞ ¼
Xi�1

n¼0

PðNc ¼ nÞ 1
nþ 1

:

Temporal Distinctiveness

I computed the temporal distinctiveness of each item accord-
ing to SIMPLE (Brown et al., 2007). First, we calculate for each
item j the time between presentation of item j and the time at
which the person tries to retrieve some item i (which could be
item j or another one). This time—the item’s temporal distance
from the present—is the sum of the time for presenting subse-
quent items, and the time for recalling preceding items:

tj ¼ N � jð ÞISI þ j� 1ð ÞtR;
with N for the list length, and tR for the average time for recall-
ing an item, which I set to 1 s.
The temporal similarity of item i to each other item j is com-

puted from the difference of their temporal distances from the
present on a log-transformed mental time line:

Si;j ¼ exp �c j log tið Þ � log tjð Þ j
� �

:

The memory strength of item i is that item’s temporal dis-
tinctiveness, which is the inverse of its summed similarity to
all items in memory:

MðiÞ ¼ 1X
Sði; jÞ :

The temporal distinctiveness of items in the current list—
especially those at the beginning of the list—also depends on
their temporal separation from the preceding list. Therefore, I
also computed the temporal similarity of each item in the cur-
rent list to the preceding list, assuming an intertrial interval of
5 s. For simplicity, this similarity enters as a single value into
the sum.

Encoding Resource

I formalized the depletion and replenishment of the encoding
resource in the same way as in Mızrak and Oberauer (2021). The
encoding resource R starts at its maximal value of one before
encoding the first item, R(1) = 1. Encoding of each item i recruits
a constant proportion pr of the currently available resource, and
the memory strength is set to the resource amount devoted to the
item’s encoding:

MðiÞ ¼ prRðiÞ
RðiÞ � ¼ ð1� prÞRðiÞ:

After being depleted to the level R(i)*, the resource is
replenished in the subsequent ISI by an exponential growth to-
ward an asymptote of 1, with rate re, which I set to .15.

Rðiþ 1Þ ¼ RðiÞ � þ 1� RðiÞ �� �
1� expð�reISIÞð Þ:
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