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Abstract

One commonly acknowledged role of working memory is to set up conditions for new learning. Yet, it has long been
understood that there is not a perfect correspondence between conditions leading to good immediate recall from
working memory and conditions leading to good delayed recall from long-term memory. Here, in six experiments, we
investigated the relation between grouping effects in immediate and delayed reconstruction of order for word lists. There
has been a striking absence of tests of grouping effects in long-term memory. In the first four experiments, items within
groups are presented concurrently, which encourages associations between items in a group. Despite that presumably
favourable situation for group learning, in Experiments | and 2 we found effects of grouping only in immediate order
reconstruction and not in delayed reconstruction. When more processing time was allowed (Experiments 3 and 4),
grouping effects in both immediate and delayed order reconstruction were obtained. Experiment 5 showed that, with
items presented one at a time, but with roughly the same amount of processing time and spatial separation as the
previous two experiments, grouping effects were obtained neither in immediate order reconstruction nor in delayed
reconstruction. However, in Experiment 6 with a more salient manipulation of grouping, effects of grouping were
obtained in immediate order reconstruction, but not in delayed reconstruction. In sum, we demonstrated for the first
time that there are mechanisms of temporal grouping that assist working memory but are relatively ineffective for long-
term learning, in contrast to more effective, concurrent presentation.
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Sometimes people need information only in the short term 1969b) and it has not been sufficiently investigated in the
and other times they need it in the long term. There can  case of LTM.

also be a fuzzy boundary between these two situations. If
you are a.ttendlng to a telephone number to write it down or Potential relation of grouping in STM
transfer it manually to your phone, you may only need to

do so once, unless your phone battery dies. There are situ- to chunking in LTM
ations in which both shqrt—term memory (STM) and long- The term grouping refers to the perceived organisation of
term memory (LTM) will definitely be helpful. You may list items into groups, (as in the six-digit, two-group iden-

need to know the order in which several metro train stops tification number 983-265) and should not be confused
occur, both to get out at the right station now and to do so

on future trips. Learning the order while you have it in
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with the term chunking, which refers to groups that map
onto known, integrated memory representations (as in the
six-letter, two-chunk series fag-box) (Ryan, 1969a). We
are interested in studying the process by which perceived
groups in working memory help produce more retrievable
LTM representations, possibly in a process whereby tem-
porary groups are converted to newly learned chunks, or
groups for which the parts have become strongly associ-
ated so that they are retrieved together (Miller, 1956). We
achieved grouping through spatiotemporal means in four
experiments to maximise the opportunity for learning,
with all items of a group presented concurrently; and in the
final two experiments we used a sequential presentation
method of grouping to assess learning without any concur-
rence of items in a group, while maintaining the same spa-
tial separation of items. Concurrent presentation of items
in a group is common in daily life (e.g., when one exam-
ines a printed telephone number with a hyphen between
groups) but rarely has been examined in the laboratory and
conceivably might allow stronger associations to form
compared to grouping with sequential presentation.

Rationale for the present set of
experiments

Below, we explain the rationale behind the procedural
decisions of our experiments, summarised in Table 1. We
start by explaining the theoretical issues involved and
move on to the task factors determined by what is needed
to help distinguish between possible theories.

Theoretical issues. The theoretical motivation for this
study was to examine ramifications of the assumption
that the human focus of attention can consider only a few
items at once (about 3 items according to Cowan, 2019;
but for alternative capacity estimates, see Oberauer &
Bialkova, 2009; Oztekin et al., 2010; Sutterer et al.,
2019). Cowan (2019) further supposed that items in the
focus of attention concurrently give rise to inter-item
associations, sometimes so quickly that the newly learned
groups can contribute to performance on the same trial in
which they occur. From this point of view, the reason that
identification numbers and telephone numbers are typi-
cally presented in groups of three to four items is not only
to assist working memory of these items, but also because
they facilitate long-term learning of the numbers. To the
extent that this long-term learning is contributing to
working memory, a delayed test should show persistence
of the memory.

The expectation that working memory tasks make use
of rapid new long-term memorisation is not unique to the
present research; it occurs, for example, in our understand-
ing of complex span tasks that are followed by a delayed
test and show evidence of learning (e.g., McCabe, 2008;
Souza & Oberauer, 2017; Unsworth & Engle, 2007).
Various other theories and data also seem amenable to the

Conditions of all experiments.

Table I.

Experiment 6

Experiment 2 Experiment 3 Experiment 4 Experiment 5

Experiment |

Experimental details

Ungrouped, temporal,

Ungrouped, temporal,

Ungrouped, pairs, Ungrouped, pairs, Ungrouped, pairs, Ungrouped, pairs,

triads (between-
participants)

Within-list grouping
structures (and how

distributed)

spatiotemporal (within-test-

cycle)

spatiotemporal (within-

test-cycle)

triads (one test type

per list)

triads (within-test-

cycle)

triads (within-test-

cycle)

3 test cycles, each with 6 STM
trials followed by 60-s math,

3 test cycles, each with

Each list followed by
just one test, after

3 test cycles, each
with 6 STM trials
followed by 60-s

3 test cycles, each 3 test cycles, each

with 8 STM trials
followed by 60-s

Session organisation

6 STM trials followed by

with 9 STM trials
followed by 60-s

(trials and STM-LTM

test cycles)

then 6 LTM trials on same lists.

no delay, 20-s unfilled 60-s math, then 6 LTM

trials on same lists.

delay, or 20-s math-

filled delay

math, then 6 LTM
trials on same lists.

Words in a group

math, then 9 LTM
trials on same lists.

Words in a group

math, then 8 LTM

trials on same lists.

Words in a group

Words one at a time; temporal
gaps between groups in triad

Words one at a time;
conditions

Words in a group

Presentation method

temporal gaps between

concurrent (I, 2, or concurrent (I, 2, or 3
words at a time)
12s per list

concurrent (I, 2, or

concurrent (I, 2, or

by grouping condition

groups in triad conditions

3 words at a time)

125 per list
regardless of

3 words at a time)

65 per list

3 words at a time)

65 per list

1.8s per list plus 0.3 s after each

I2s per list plus 0.4s after
each word (ungrouped) or
2s between Words 3 and

4 (triads)

Presentation durations

word (ungrouped) or 0.15s after
each word and 0.9 s between
Words 3 and 4 (triads)

regardless of

regardless of

regardless of

grouping condition  grouping condition  grouping condition

grouping condition

There were six words in each list. Inmediate and delayed testing entailed order reconstruction. Word usage was counterbalanced across grouping conditions. Math refers to mathematical equation

verification.
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notion that grouping facilitates binding of items within a
group to their group-node context in working memory
(e.g., Broadbent & Broadbent, 1981; Cowan et al., 2002;
Frankish, 1985, 1989; Hartley et al., 2016; Hitch et al.,
1996; Lee & Estes, 1981; Liu & Caplan, 2020; Oberauer,
2019a; Ryan, 1969a, 1969b; Severin & Rigby, 1963;
Wickelgren, 1964). Yet, few of these theorists have
addressed long-term retention of the benefits of grouping,
and many might subscribe to the alternative hypothesis
that grouping benefits reflect temporary bindings specific
to STM or working memory, not extending to long-term
recall.

There are few relevant data. In the only study we can
think of to examine long-term effects of short-term group-
ing, Sukegawa et al. (2019) used the Hebb repetition para-
digm with immediate serial recall of spatial locations and
manipulated temporal grouping of nine dot locations. The
dots were either presented at a constant timing or tempo-
rally grouped by inserting a pause after the third and sixth
serial positions. They observed the typical advantage for
temporal grouping in immediate recall, but no effect of this
grouping on the Hebb effect or repetition advantage.

The expectation of Cowan (2019) that concurrent exist-
ence of items in a group will lead to long-term learning of
the group, facilitating LTM, is at this point only a broad
principle and not a precise prediction. We do not know
whether all kinds of tests are equally sensitive to a long-
term effect despite the dramatic change in testing context
from immediate to delayed testing. We do not know how
long the presentation has to be to allow time for learning;
whether items share the focus of attention only if they are
presented concurrently, or also if they are presented
sequentially (perhaps so, if groups function in a manner
similar to semantically uniform word triads, as examined
by McElree, 1998); and we do not know whether the learn-
ing is obligatory or based on an optional strategy that can
be adopted.

The predominant purpose of the present work is there-
fore not to select one theory out of many possible ones.
Instead, it is to distinguish between three possibilities that
will help to strengthen and constrain any relevant theory.
(1) It is possible that any manipulation sufficient to show
strong grouping effects in working memory will also result
in long-term learning benefits of the grouping. (2) Another
alternative is that there are some kinds of grouping (e.g.,
perhaps with concurrent presentation of a group) that are
successful for both short- and long-term retention, whereas
other kinds of grouping (e.g., perhaps with sequential pres-
entation of items and a gap between groups) may help
short- but not long-term retention. This dissociation could
occur because of the great shift in context between short-
and long-term retrieval, perhaps making deeper encoding
necessary for longer term retrieval (e.g., Craik, 2020).
Either of these possibilities is compatible with versions of
the theoretical framework of Cowan (2019) and will help

to sharpen that framework. Against the framework, (3) it is
possible that grouping does not help long-term retrieval
under any circumstances, that it is based on temporary
bindings that are lost quickly.

The present work focuses on reconstruction of order to
determine specifically whether list organisation properties
stored in the STM and in LTM are influenced by grouping.
The view as stated by Cowan (2019) would suggest that if
grouping assists in the immediate reconstruction of order,
it should also assist in delayed reconstruction under at least
some circumstances. The next section shows how the theo-
retical aims helped to determine manipulations within and
between experiments in the current study.

Task factors

Reconstruction of order task. We chose to examine recon-
struction of order in STM and LTM for lists of randomly
arranged words, because it purely reflects newly encoun-
tered information, providing what we viewed as a sound
basis to examine effects of grouping. It is already well
known that the phonological sequence of information
encountered in STM strengthens LTM for lexical items
(e.g., Baddeley et al., 1998), but this learning rests to some
extent on previous learning, including knowledge about
the phonotactic combinations allowed in the language and
knowledge of words related to the ones being learned or
reinforced in STM. What is less clear is what aspects of a
single STM trial strengthen newly encountered spatial and
temporal associations between elements, and between the
elements and serial positions or serial structure (Lee &
Estes, 1981), thereby improving LTM for order. Theoreti-
cally, Cowan (2019) has argued that new associative infor-
mation should be quickly learned and reconstruction of
order tasks provides a way to concentrate on that type of
information.

Reconstruction of order has been used successfully in
various studies of immediate memory (e.g., Soemer &
Saito, 2016) and delayed memory (e.g., Healy et al., 2000),
but the relation between the two is still in question. Lists of
items that are presented with a non-memory task can
improve knowledge about list membership (Jiang &
Cowan, 2020), but this is rather gross associative informa-
tion. Nairne and Neath (2001) presented spoken word lists
of various lengths for pleasantness rating and then, after a
5-min geometric filler task, presented a reconstruction of
order task and found that correct list order memory
depended on the list length and occurred about half the
time with lists of 3.75 words on average. These studies
provide reasons to expect that reconstruction of order can
benefit from learning during an STM task.

Spatiotemporal and temporal grouping in lists. The first four
of six experiments used concurrent presentation of items
individually or in a group, with blank periods between
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Figure 1. lllustration of a trial of the immediate reconstruction procedure for three different grouping conditions.

The vertical placement of words represents when the words first appeared and the length of the black box containing the words represents the du-
ration for which those words remained on the screen—1 s for the ungrouped condition, 2s for the paired condition, and 3's for the triad condition.

These three trials using the same words would not be presented to a participant; the words were randomly chosen in the experiment for each trial

and are the same here across grouping conditions for the sake of comparison in the figure. For the response stimuli in the bottom row, the task was
to click on a hand icon under the words, not represented here for illustration purposes, in the order of their presentation in the preceding list.

items or groups (Figure 1). In contrast, the last two experi- (e.g., Cowan et al., 2002; Hitch et al., 1996; Ryan, 1969a,
ments used one-by-one presentation of items with addi- 1969b; Severin & Rigby, 1963; Wickelgren, 1964), there is
tional blank periods between groups. Whereas there is less information on the effects of spatiotemporal grouping.
solid evidence that temporal grouping can assist STM For both of these forms of grouping, there is insufficient
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information to know whether they should result in
improved LTM in a reconstruction of order task.

The spatiotemporal form of grouping illustrated in
Figure 1 includes both strengths and weaknesses. On the
plus side, it strengthens the associations and possibly the
order memory for items within a group. In making items
within a group concurrent, however, it may also weaken
the memory the order of groups because there is a transi-
tion between one group and another; this is in contrast to
temporal grouping, in which there is a transition between
the last item in one group and the first item in the next
group. By making the order of items in a group more dis-
tinct and certain in memory, spatiotemporal grouping may
make the order of groups less distinct and uncertain (cf.
Glenberg & Swanson, 1986).

Cowan (2019) and Jiang and Cowan (2020) asserted
that items concurrently in the focus of attention are associ-
ated with one another but the theoretical framework leaves
open the question of whether items presented in sequence
in an STM task are typically in the focus of attention at
once or not, as would be expected for concurrently pre-
sented items. According to some theorists, it should be
possible for multiple items to be considered as part of the
same group and therefore to occupy the focus of attention
at once (McElree, 1998), but that has not been examined
when the only grouping factor is a physical one (a tempo-
ral gap) rather than a semantic similarity between items.
Thus, the theoretical concept of the focus of attention as a
learning device will be sharpened by knowledge of whether
LTM effects of grouping apply not only to spatiotemporal
grouping but also to temporal grouping.

Between- and within-participants design. In might be
expected that changing the grouping between participants
could be important if participants get used to a certain
grouping and impose their own organisation on a list. In
Experiment 1 we tried between-participants manipulation
on grouping but in doing so, we allowed variation due to
individual differences in the level of performance. Given
that effects on LTM were not observed in that experiment,
for the remainder of the study we switched to a within-
participant manipulation of grouping.

Schedule of group presentation. Factors of grouping that
might affect its efficacy include (1) the absolute amount of
time available to make use of any grouping cues and con-
vert them to LTM traces (see, for example, Atkinson &
Shiffrin, 1968) and (2) the relative amount of time within
versus between groups, which can affect the temporal dis-
tinctiveness of groups. As Table 1 shows, we slowed down
the presentation between Experiments 1-2 and Experi-
ments 3-5, and in Experiment 6 we tried a presentation
schedule that was rapid, but with quite salient time gaps
between-groups of items. A slow enough presentation did
prove relevant to whether grouping could enhance LTM,

though the spatiotemporal versus temporal form of group-
ing also proved to be critical.

STM retrieval experience preceding LTM testing. Finally, our
experiments differed in whether an STM test of the materi-
als was administered before the information was retested
in LTM, which was the case except in Experiment 4. Our
assumption in this practice in most of the experiments was
that if an LTM trace failed to form, it would be despite
STM testing, not because of it; we later provide evidence
backing up that assumption. When we did get an effect on
LTM, it occurred in one experiment with preceding testing
of the material in STM (Experiment 3) and in the experi-
ment without that preceding testing (Experiment 4). Thus,
as an ensemble, the set of experiments sets out the bound-
ary conditions for when grouping of materials affects LTM
in reconstruction of order.

Summary of experiments

Table 1 summarises the six experiments conducted to
examine the factors explained above. The experiments
include a between- and within-participant manipulation of
spatiotemporal grouping (Experiments 1 and 2) with con-
current presentation of items in a group and a fast rela-
tively pace of presentation; within-participant manipulation
of grouping with a relatively slow pace of grouping, both
with immediate tests preceding long-term testing as in the
previous experiments (Experiment 3) and without immedi-
ate tests preceding long-term testing (Experiment 4); and
tests of temporal-only grouping, with two different paces
of presentation (Experiments 5 and 6).

Experiment |

Experiment 1 was designed to explore the effect of spati-
otemporal grouping in an immediate and delayed recon-
struction of order task. Participants saw six items in one of
the following conditions, which are illustrated in Figure 1:
ungrouped (presented one-by-one), paired (presented two-
by-two), and triad (presented three-by-three). In the imme-
diate reconstruction condition, only one item or group of
items at a time appeared on the screen as shown in Figure
1. The overall plan of our first experiment is shown in
Table 1. A participant received test cycles in which eight
immediate reconstruction of order trials were followed by
a 60-s distracting period filled with arithmetic, and then
eight delayed reconstruction of order trials for the same
lists. Each participant received three such cycles with dif-
ferent items in each of them. Figure 1 shows the details of
immediate reconstruction of order. Different participants
in this experiment received six-item lists with the items
ungrouped, grouped into pairs, or grouped into triads. We
assume that one or both kinds of grouping should assist
immediate reconstruction, with that effect more likely for
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triads based on previous grouping and chunking experi-
ments in the verbal domain (Norris et al., 2020; Ryan,
1969a, 1969b; Severin & Rigby, 1963; Wickelgren, 1964).

Method

Participants

Sixty volunteers from an online data collection agency,
Prolific (https://www.prolific.co/), participated and were
paid £2. Inclusion criteria for this and all other experiments
were as follows: (1) the participant must be a native speaker
of English; (2) their nationality must be British, American,
or Canadian; (3) they must have normal or corrected-to-
normal vision; (4) they must have no cognitive impairment
or dementia; (5) they must have no language-related disor-
ders; (6) their age must be between 18 and 30 years; and (7)
they must have an approval rating of at least 90% on prior
submissions at Prolific. Inclusion criteria from 1 to 6 were
self-reported and the approval rate is objectively computed
by Prolific. The latter correspond to the percentage of stud-
ies for which the participant has been approved. The mean
age was 24.28 (SD=3.64, range=18-30); 40 self-identified
as female and 20 as male.

Materials

This and all subsequent experiments were programmed
with PsyToolKit (Stoet, 2010, 2017). The stimuli were
monosyllabic, four-letter English words selected from the
MRC Psycholinguistic Database (Coltheart, 1981). Words
had a mean CELEX frequency of 38.78 and ranged from
1.01 to 199.30, according to Medler and Binder (2005).
The 144 words were randomly assigned to 24 lists, each
with 6 words, with the constraints that a word could only
be used in one list and no words within a list could rhyme.
All words and texts, unless otherwise mentioned, were
presented in white, uppercase, 40 points Times New
Roman font, at the centre of the computer screen on a
black background. The stimuli are presented in online
Supplementary Material A.

Design

Table 1 indicates the overall layout of the procedure for a
participant, and Figure 1 illustrates the immediate-recon-
struction phase for each of the three grouping conditions.
A 3X2X6 mixed design was implemented with the
grouping of words within a trial (ungrouped, paired, triad)
as the between-participants factor and with two repeated-
measure factors: memory task (immediate reconstruction,
delayed reconstruction) and serial position (1-6). There
were 20 participants in each grouping condition and 48 tri-
als (24 trials of immediate reconstruction of a six-word
list, and 24 corresponding trials of delayed reconstruction

of the same lists). The experiment was divided into three
cycles. A cycle included (1) the immediate reconstruction
task for eight trials, each involving a six-word list; (2) the
distractor task, and (3) the delayed reconstruction for these
same cight lists. The order of the words within a list and
the lists within a cycle of eight trials were identical for
each participant (see online Supplementary Material A).
However, the order of the eight lists within a cycle was
randomised for each participant, separately for immediate
and delayed reconstruction.

Procedure

All participants were tested in one experimental session
lasting approximately 25 min, or approximately 8 min for
each cycle of immediate reconstruction, distractor task,
and delayed reconstruction described in the “Design” sec-
tion. Participants were informed that there would be three
experimental cycles. Participants were further informed
that the same lists used in immediate reconstruction would
be represented at the end of each cycle for a delayed order
reconstruction task.

Immediate reconstruction. The immediate reconstruction
phase consisted of eight trials at the beginning of each of
three test cycles. The participants initiated the immediate
reconstruction phase after reading the instruction by press-
ing the “space bar” key or the phase was automatically ini-
tiated after the maximum delay of 60s. Participants in the
ungrouped condition, first saw a fixation cross “+” for
500ms on the centre of the screen. Immediately after the
fixation cross, the six to-be-remembered words were pre-
sented at a rate of one word per second (1,000 ms on, 0 ms
off) at the centre of the screen. Following the presentation
of the last word, there was a short retention interval of
1,000 ms. After the short retention interval, all words reap-
peared simultancously in alphabetical order on two lines
on the centre of the screen. Three questions marks, “???,”
were presented on the upper part of the screen in red as a
reconstruction cue.

For participants in the paired condition, the procedure
was exactly as described above, except that the six words
were presented two-by-two at a rate of two words per 2s
(2,000 ms on, 0 ms off), with the pair centred on the screen
with a gap between words as wide as approximately two
letters. For participants in the triad condition, the proce-
dure was exactly as described above, except that the six
words were presented three-by-three at a rate of three
words per 3s (3,000ms on, Oms off) at the centre of the
screen with the gaps between words as wide as in the
paired condition (see Figure 1).

In all three grouping conditions, participants were
expected to reconstruct the order from the first to the last
word presented. More exactly, participants were instructed
to report items both in temporal order and in order from
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left to right when words were presented simultaneously.
Participants were instructed to reconstruct the order by
clicking on the green hand icons under the words. When
participants clicked on the hand icon, the colour of the
hand icon changed from green to red and simultaneously
the colour of the word on top of the hand icon turn from
white to grey to indicate that the word has now been
selected. Participants were not allowed to backtrack in
order to modify a previous response. However, the pro-
gramme did let participants click more than once on an
item to reuse the same item. This occurred rarely and,
when it occurred, contributed to errors. Participants initi-
ated the next trial by pressing the “space bar” key.

Distractor phase. The distractor phase immediately fol-
lowed the immediate reconstruction phase. Participants
initiated the distractor phase after reading the instructions
by pressing the “space bar” key, or the phase was auto-
matically initiated after the maximum delay of 60s. Par-
ticipants were instructed to go as fast as they could
without sacrificing the accuracy of their responses. Dur-
ing this phase, participants verified math equations of the
form aXb + ¢ =d, where a, b, and ¢ were integers from 1
to 9 and d was equal to aXb + ¢ or differed from that
expression by * 1. The integers for a, b, and ¢ were drawn
randomly with replacement from the integers 1 to 9,
inclusive. For example, with a=7, b=6, and ¢=9, a true
equation would be 7 X 6 + 9=51. The results of the equa-
tions d had a 50% chance of being correct. Participants
pressed the “z” key if they thought the equation was cor-
rect and the “m” key if they thought the equation was
incorrect. To engage participants in the distractor phase
they received accuracy feedback for each equation. More
specifically, a counter was displayed at the bottom of the
screen that indicated the number of correct responses and
the number of responses they had given until that point in
the cycle. The counter was reinitialised for each cycle.
Participants in the distractor phase answered math equa-
tions for 60s.

Delayed reconstruction. The delayed reconstruction phase
immediately followed the distractor phase and consisted of
eight trials. Like the previous phase, participants initiated
the delayed reconstruction phase after reading the instruc-
tion by pressing the “space bar” key, or the phase was auto-
matically initiated after the maximum delay of 60s. The
delayed reconstruction phase consisted of response dis-
plays identical to those in the immediate reconstruction
phase, with the words from a list shown in alphabetical
order to be clicked in the presented order. Participants first
saw a fixation crossed “+” during 500 ms on the centre of
the screen and, immediately after the fixation crossed, all
the words from one of the eight lists of six to-be-remem-
bered words that were presented in the immediate recon-
struction phase reappeared simultaneously in alphabetical

order on two lines on the centre of the screen. The lists were
therefore represented in the same order as used for the
immediate order reconstruction task. Participants were
instructed to reconstruct the order in which the items had
been presented in the immediate reconstruction phase they
had just completed prior to the distraction phase: 500 ms
after the participant clicked on the last word from a response
list, they received accuracy feedback, percentage correct,
for 1,500 ms followed by a blank delay of 500 ms. This was
done to engage the participants in the delayed reconstruc-
tion phase. Like in the immediate reconstruction phase, the
participants were not allowed to backtrack in order to mod-
ify a previous response. Participants initiated the next trial
by pressing the “space bar” key. All other details of the
delayed reconstruction phase were identical to the immedi-
ate reconstruction phase.

Data analysis

A strict serial reconstruction criterion was used. With this
criterion, words must be reconstructed in their presentation
position to be considered correct. For all analyses, the pro-
portion of correct reconstruction was assessed as a func-
tion of serial position (1-6), grouping condition (ungrouped
vs. paired vs. triad), and memory task (immediate recon-
struction vs. delayed reconstruction).

In all experiments our data were analysed using both
frequentist and Bayesian statistics approach using R
(Version 3.6.1; R Core Team, 2019). The frequentist
approach was used to generate useful descriptive statis-
tics, but our conclusions are based on the Bayesian analy-
ses, which allow an assessment of the reliability of null
findings. For the frequentist approach, the “ez” package
was used (Version 4.4-0, Lawrence, 2016) and for the BF
approach the “BayesFactor” package and the default pri-
ors were used (Version 0.9.12-4.2; see Morey & Rouder,
2018; Rouder et al., 2009, 2012). For BF ANOVAs,
which used Monte Carlo simulation to estimated BF, we
selected an initial 100,000 iterations followed by 10,000
additional iterations which were repeated until the pro-
portional error was below 5%. Also, for BF ANOVAs,
main effects and interaction models were tested by omit-
ting these effects one at a time from the full model and
comparing them to the full model. In all BF ANOVAs,
participants were included as a random effect and other
factors were included as fixed effect. For Bayesian statis-
tics, BF,, corresponds to the BF for the presence of an
effect and BF,, corresponds to an absence of an effect,
where BF, =1/BF,,. Post hoc comparisons were con-
ducted with Bayesian ¢-tests.

In each experiment, participants clicked on a word for
more than one serial position (a repetition error) on 3% of
the total trials. We scored each serial position based on
what was clicked in that position without considering the
number of times the item had been selected.
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Figure 2. Proportion of correct reconstruction for Experiment | as a function of serial position (1-6), grouping condition

(ungrouped vs. paired vs. triad), and memory task (immediate reconstruction vs. delayed reconstruction).
Error bars represent 95% within-participant confidence intervals computed according to Morey’s (2008) procedure. The dashed line represents

chance performance levels.

Results

The detailed results of this experiment are shown in
Figure 2. The results of all experiments are summarised for
comparison in Figure 9.

Overall ANOVA. Participants were better at reconstructing
the order of the words in the immediate (M=0.78,
S$D=0.29) than in the delayed reconstruction condition
(M=0.35,SD=0.31).

Reflecting those trends, there was a main effect of mem-
ory task, F' (1, 57)=488.37, 1713 =.90, BF}, >1,000, a main
effect of position, F'(5,285)=47.40, . = .45, BF;, >1,000,
but no main effect of grouping, <1, n; =.02, BF,, =32.06.
Most importantly, there was an interaction between memory
task and grouping, F (2,57)=14.43, 1, =34, BF,, > 1,000,
as one would expect from more task grouping in immediate
reconstruction than in delayed reconstruction (Figure 2).

There was also an interaction between grouping and
position, F (10, 285)=7.16, 1, =.20, BF,, >1,000. The

two-way interaction between memory task and position, F’
(5, 285)=5.25, n; =.08, did not contribute importantly to
the full model, BF,, =6.04. There was no three-way inter-
action, F' (100, 285)=1.73, n; =.06, BF,, >1,000.

Effects of grouping examined separately in immediate and
delayed reconstruction. Given the theoretical importance of
the interaction between grouping condition and memory
task, we further explored the latter by running separate
one-way BF ANOVAs and one-way ANOVAs for each
memory task (immediate reconstruction, delayed recon-
struction) with the grouping condition (ungrouped vs.
paired vs. triad) as the only fixed factor. The ANOVAs
revealed a main effect of grouping condition for the imme-
diate reconstruction condition, F' (2, 57)=6.71, n; =.19,
BF,, =9.76, but no main effect of grouping condition for
delayed reconstruction condition, F'(2,57)=2.30, n; =.08,
BF,, =2.52. Post hoc testing for the immediate reconstruc-
tion condition shows that there was no reliable difference
between the ungrouped and the paired condition ( BF,
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=1.51). However, the performance in the triad condition
was superior to the ungrouped condition ( BF;,=69.50).
The performance in the triad condition was superior to the
paired condition, but only superficial evidence was found
for the latter statement ( BF,, =1.96).

Pattern of errors in delayed reconstruction. In the absence of
an advantage of grouping for delayed reconstruction, we
wondered whether grouping into triads, which enhanced
immediate reconstruction, had any effect on the pattern of
errors in delayed reconstruction. We considered the possi-
bility that the grouped presentation might have facilitated
the clustering of items into triad groups but still, in LTM,
the response could have occurred (1) without the correct
order of items within a triad group, or (2) without the cor-
rect order of the two triad groups.

For the first of these questions, the six delayed-recon-
struction responses on a trial were coded in terms of their
intra-triad positions [1, 2, 3, 1, 2, 3], so that the intra-triad
position of each response could be examined independent
of whether it was placed within the correct triad. With this
coding scheme, if an item should be recalled in Position 1
it is counted as correct if it is placed in Positions 1 or 4,
that is, the first position within a triad; and so on. The
within-triad misplacement rate for items from ungrouped
lists (M=0.10, SD=0.06) was lower than the within-triad
misplacement rate for lists grouped into triads (M=0.14,
SD=0.04), Welch’s independent samples #33.87)=-2.15,
Cohen’s d=0.68, BF,, =1.83. This finding suggests that
lists grouped into triads were recalled more often at the
wrong within-triad position. However, only superficial
evidence was found for the latter statement.

For the second question, about the order of the response
triads, the six responses were coded in terms of their triad,
ie,[1,1,1,2,2,2],to determine whether each item response
was placed within the correctly located half of the response
sequence. Within this coding, if an item belonged in Position
1 it was counted as correct if it was recalled in Positions 1,
2, or 3; and so on. This measure showed no difference
between errors in the ungrouped (M=0.31, SD=0.08) and
triad-grouped (M=0.32, SD=0.04) conditions, Welch’s
independent samples #(28.73)=-0.65, Cohen’s d=0.21,
BF,, =2.74. Putting these results together, there is reason to
believe that between the short and long term representa-
tions, information about the exact serial position within a
triad tended to be lost slightly more often in the triad-
grouped condition, counteracting any advantage of the triad
condition that existed in STM.

In the absence of an advantage of grouping for delayed
reconstruction, we also wondered for the grouping condi-
tion into triads in the delayed reconstruction task after the
immediate reconstruction task, if the participants might try
to recall the order that they answered during the immediate
reconstruction task, rather than the order of the presented
items at encoding phase. To answer that question, we

calculated conditional order errors. More exactly, for each
delayed reconstruction trial we calculated the number of
times each participant made an error by recalling the order
that they answered during the immediate reconstruction
task rather than the order of presented items at encoding
phase divided by the total number of errors made on that
trial. This measure showed that there were more errors
based on the previously reconstructed order in the
ungrouped (M=0.14, SD=0.08) compared to the triad-
grouped (M=0.06, SD=0.05) conditions, Welch’s inde-
pendent samples #30.73)=3.87, Cohen’s d=1.22,
BF,, =64.09. It therefore seems unlikely that participants
trying to recall the order that they answered during the
immediate reconstruction task, rather than the order of the
presented items at encoding phase, obscure the impact of
the grouping in the delayed reconstruction task.

Discussion

Overall, memory performance was lower in the delayed
than in the immediate reconstruction condition.
Performance was low in the delayed reconstruction condi-
tion as expected based on the complexity of the task.
However, as can be seen in Figures 2 and 9, the perfor-
mance was above chance.

In the immediate reconstruction condition, participants
were better in the triad condition than in the other condi-
tions. However, this benefit was abolished in delayed
reconstruction. Indeed, the mean for the triad condition in
delayed reconstruction was lower than the other two con-
ditions. Although we have no definite account of this find-
ing, there are other cases in which temporal parameters of
the stimuli seem to give rise to especially good immediate
recall of some items and poor delayed recall of those same
items (Kuhn et al., 2018). In our case, the triad arrange-
ment may be helpful for encouraging organisation of the
list in the short term, but it might conceivably lead to poor
temporal distinctiveness of the items in a triad in the long
term, as our error analysis suggests. We explored further to
determine if there are boundary conditions to this result.

Experiment 2

Experiment 2 was a direct replication of Experiment 1
except that we used a within-participants manipulation and
we increased the number of trials to counterbalance the
grouping conditions within-participants. The change to a
within-participants manipulation was made to ensure that
sampling differences between conditions in Experiment 1
could not explain the pattern of results before concluding
that the benefit of grouping in immediate reconstruction
indicates a temporary memory that does not become a
prominent part of LTM. The changes from a between-partic-
ipants to a within-participants also increase the likelihood of
detecting a possible effect (Thompson & Campbell, 2004).



Guitard et al.

79

Method

Participants. Sixty different participants volunteered from
Prolific (https://www.prolific.co/). The mean age was
24.45 (SD=3.76, range=18-30); 34 self-identified as
female and 26 participants self-identified as male.

Materials. The material was identical to Experiment 1
except for the following changes. Three additional lists of
six words were created. The additional 18 words were
monosyllabic four-letter English words selected from the
MRC Psycholinguistic Database (Coltheart, 1981). The
162 words had a mean CELEX frequency of 37.90 and
ranged from 1.01 to 199.30 according to Medler and
Binder (2005). The stimuli are presented in the online Sup-
plementary Material B.

Design. In Experiment 2, 3X2X 6 repeated measure
design was implemented with three repeated-measure fac-
tors: grouping of words within a trial (ungrouped, paired,
triad), memory task (immediate reconstruction, delayed
reconstruction), and serial position (1-6). There were 54
trials (27 trials of immediate reconstruction of a six-word
list, and 27 corresponding trials of delayed reconstruction
of the same lists). Comparable to what is shown in Table 1,
this experiment was divided into three cycles. A cycle
included (1) the immediate reconstruction task for nine tri-
als, each involving a six-word list and three trials of each
grouping condition (three trials ungrouped, three trials
paired, three trials triad); (2) the distractor task, and (3) the
delayed reconstruction for these same nine lists. The order
of the words within a list and the lists within a cycle of nine
trials were identical for each participant (see online Sup-
plementary Material B). However, the order of the nine
lists within a cycle was randomised for each participant,
separately for immediate and delayed reconstruction. The
lists that were presented for each grouping condition were
counterbalanced across participants so that all the lists
were encountered equally often in each grouping condi-
tion. The order of the grouping conditions within a cycle
was also randomised.

Procedure. The procedure was the same as in Experiment 1
except that participants in the immediate reconstruction
task and delayed reconstruction task had to complete nine
trials, three trials of each grouping condition (three trials
ungrouped, three trials pair, three trials triad).

Results

Overall ANOVA. As can be seen in Figures 3 and 9, partici-
pants were better at reconstructing the order of the words
when they were presented in triads (M=0.57, SD=0.38)
compared to the paired (M=0.55, SD=0.36) and the
ungrouped condition (M=0.51, SD=0.34). Like in Experi-
ment 1, participants were better in the immediate (M=0.75,

SD=0.29) than in the delayed reconstruction condition
(M=0.34, SD=0.30).

Results from the analysis of variance reveal the pres-
ence of a main effect of memory task, F (1, 59)=507.90,
n, =.90, BF, >1,000, a main effect of grouping, F* (2,
118)=11.92, n, =.17, BF,; >1,000, and a main effect of
position, F (5, 295)=72.27, n,=.55, BF, >1,000.
Importantly, like Experiment 1, there was an interaction
between memory task and grouping, F (2, 118)=25.02,
nﬁ =.30, BF,, > 1,000, indicating more grouping in
immediate than in delayed reconstruction (Figure 3).

There was also an interaction between memory task and
position, F' (5, 295)=19.49, 1112, =.25, BF,, >1,000, and
between grouping and position, F (10, 590)=6.40,
nﬁ =.10, BF,, =34.36. There was also overwhelming evi-
dence against the three-way interaction, F <1, 77,2, =.01,
BF,, >1,000.

Effects of grouping examined separately in immediate and
delayed reconstruction. In this section, we further explored
the two-way interaction between grouping condition and
memory task by running separate one-way BF ANOVAs
and one-way ANOVAs for each memory task (immediate
reconstruction, delayed reconstruction) with the grouping
condition (ungrouped vs. paired vs. triad) as the only fixed
factor. As observed in Experiment 1, there was a main
effect of grouping condition for the immediate reconstruc-
tion condition, F (2, 118)=30.45, 11}2, =.34, BF,, >1,000,
but not for the delayed reconstruction condition, F (2,
118)=3.24, 2 =.05, BF,, =7.17. In effect, for the delayed
reconstruction condition there was more evidence in
favour of the null model. Post hoc comparison of the
delayed reconstruction conditions confirms that none of
the grouping conditions differed from one another. How-
ever, post hoc testing for the immediate reconstruction
condition reveals that participants were better in the triad
than in the paired condition ( BF;, >1,000), which was in
turn better than the ungrouped condition ( BF,, =4.27).

Pattern of errors in delayed reconstruction. Unlike Experi-
ment 1, the within-triad misplacement rate in the ungrouped
condition (M=0.12, SD=0.06) and triad-grouped condi-
tion (M=0.13, SD=0.06), did not differ, paired samples
#(59)=-0.71, Cohen’s d=0.09, BF, =5.55. Triad-place-
ment errors (an item belonging in the first half of responses
being placed in the second half or vice versa) also did not
differ between the ungrouped (M=0.31, SD=0.08) and
triad-grouped (M=0.31, SD=0.09) conditions, paired
sample #(59)=0.62, Cohen’s d=0.08, BF,, =5.88. The dif-
ference in within-triad placement in Experiment 1 could
have been a sampling error inasmuch as ungrouped and
triad-grouped presentations were seen by different partici-
pant groups. Therefore, the benefit of grouping seen in
STM appears to have come from aspects of the memory
representation that were inaccessible from LTM by the
time of the delayed test.
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Figure 3. Proportion of correct reconstruction for Experiment 2 as a function of serial position (1-6), grouping condition
(ungrouped vs. paired vs. triad), and memory task (immediate reconstruction vs. delayed reconstruction).
Error bars represent 95% within-participant confidence intervals computed according to Morey’s (2008) procedure. The dashed line represents

chance performance levels.

Like Experiment 1, we explored when participants make
errors in the delayed reconstruction tasks if the participants
might try to recall the order that they answered during the
immediate reconstruction task, rather than the order of the
presented items at encoding phase. Like Experiment 1, this
measure showed that there was more errors based on the
immediate reconstruction order in the ungrouped (M=0.13,
SD=0.09) compared to the triad-grouped (M=0.06,
SD=0.06) conditions, paired samples #(59)=5.31, Cohen’s
d=0.69, BF,, >1,000. It is therefore unlikely again that
this effect of immediate reconstruction obscures the impact
of grouping in the delayed reconstruction task.

Discussion

As expected, participants were better at the immediate than
the delayed reconstruction task. Participants were better in
the triad condition, but only in the immediate reconstruc-
tion. As in Experiment 1, the advantage of the triad condi-
tion was abolished in the delayed reconstruction condition.
This was observed despite the change to a completely

within-participant design in the present experiment. This
experiment thus provides further evidence that the benefit
of grouping in immediate reconstruction may indicate a
temporary memory that does not become a prominent part
of LTM. As in Experiment 1, the triad condition improves
the preservation of the words organised into triads and the
orders of the triads in immediate but not in delayed
reconstruction.

One possible factor that might be responsible for the
absence of the benefit of grouping in delayed reconstruc-
tion is encoding time. For instance, Atkinson and Shiffrin’s
(1968) theory of information processing suggest that dur-
ing the time that information is present in a short-term
store, transfer of information from the short-term store to a
long-term store will occur. The same could be true in other
theories postulating separate STM and LTM stores. In the-
ories with more integrated STM and LTM, including the
unitary and embedded-processes theories, more encoding
time could be used to strengthen and increase the learned
associations between items in a group, forming a stronger
newly learned chunk and assisting memory in a way that
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should be most important for LTM retrieval after interven-
ing trials have occurred. One way to account for the
absence of the benefit of grouping in delayed reconstruc-
tion in Experiments 1 and 2 might be that the encoding
time was insufficient for the information to adequately
transfer from the short-term store to a long-term store or to
form a rich enough LTM representation. Experiment 3 was
designed to explore this possibility.

Experiment 3

Experiment 3 was designed to explore the abolition of the
benefit of the triad condition in delayed reconstruction.
One possibility for the absence of LTM grouping effect,
according to the embedded processes view (Cowan, 2019),
is that items might need to be in the focus of attention con-
currently for a longer period of time to give rise to inter-
item associations that would transfer to LTM in a manner
resulting in a retrievable trace (consistent with many other
findings, e.g., Souza & Oberauer, 2017). This possibility is
also in line with other well-known views in which making
longer-lasting or deeper encoding might benefit from addi-
tional encoding time (e.g., Atkinson & Shiffrin, 1968;
Craik, 2020). According to many views but especially a
temporal distinctiveness view (e.g., Glenberg & Swanson,
1986), to observe learning in a delayed reconstruction task,
one must strengthen the trace enough to overcome the
interfering effects of intervening information from other
trials and the resultant change in retrieval context.
Therefore, we considered that the time for encoding the
list in the first two experiments may have been sufficient
for immediate reconstruction but insufficient to allow
retrievable long-term reconstruction. If so, increasing the
encoding time could extend the triad benefit to the delayed
reconstruction condition. Experiment 3 was like
Experiment 2 except that encoding time was doubled.

Method

Participants. Sixty different participants volunteered from
Prolific (https://www.prolific.co/). The mean age was
24.22 (SD=3.45, range=18-30); 39 self-identified as
female and 21 participants self-identified as male.

Materials. The material was identical to Experiment 2
except for the following changes. Three lists of six-words
were removed for each cycle to accommodate the increase
encoding time. The 108 words had a mean CELEX fre-
quency of 39.14 and ranged from 1.01 to 199.30 according
to Medler and Binder (2005). The stimuli are presented in
the online Supplementary Material C.

Design and procedure. The design and the procedure were
as described in Experiment 2, except for the following
changes. There were 36 trials (18 trials of immediate

reconstruction of a six-word list, and 18 corresponding tri-
als of delayed reconstruction of the same lists). In the
immediate reconstruction task participants completed six
trials, each involving a six-word list and two trials of each
grouping condition (two trials ungrouped, two trials paired,
two trials triad).

Most critically, the encoding time of the six-word list in
the immediate reconstruction task was doubled. More spe-
cifically, in the ungrouped condition the items were pre-
sented at a rate of one word per 2s (2,000 ms on, 0 ms off),
in the paired condition the six words were presented two-
by-two at a rate of two words per 4s (4,000ms on, Oms
off), and in the triad condition, the six words were pre-
sented three-by-three at a rate of three words per 6s
(6,000 ms on, 0 ms off).

Results

As shown in Figures 4 and 9, participants were better at
reconstructing the order of the words when they were pre-
sented in triads (M=0.69, SD=0.36) compared to the
paired (M=0.63, SD=0.37) and the ungrouped condition
(M=0.63,SD=0.37). As observed in Experiments 1 and 2,
participants’ performance was superior in the immediate
(M=0.84, SD=0.26) compared to the delayed (M=0.46,
SD=0.36) reconstruction condition.

Consistent with the descriptive statistics, there was a
main effect of memory task, F (1, 59)=212.71, 7712, =.78,
BF,, > 1,000, amain effect of grouping, F'(2, 118)=15.37,
1112, =.21, BF,, > 1,000, and a main effect of position, F (5,
295)=31.74, 71?, =.35, BF,, >1,000. Importantly, unlike
Experiments 1 and 2, there was no interaction between
memory task and grouping, F (2, 118)=2.20, 17[27 =.04,
BF,, =8.90, indicating equivalent amounts the grouping
into triads in immediate and delayed reconstruction (Figure
4). Post hoc testing combining immediate and delayed
conditions confirmed that there was no reliable difference
between the ungrouped and the paired condition
( BF,, =7.06). However, the performance in the triad con-
dition was superior to the ungrouped condition
( BF,, =820.12) and the paired condition ( BF}, =782.63).

The interaction between memory task and position, F
(5, 295)=4.08, nf, =.06, BF; =308.89, and between
grouping and position, F (10, 590)=5.76, n, =.09,
BF,, =2.15, favoured the null hypothesis. Again, there
was overwhelming evidence against the three-way interac-
tion, F (10, 590)=1.34, > =.02, BF,; >1,000.

Discussion

As found in the previous experiments, participants were
better in the immediate than the delayed reconstruction
condition. In this experiment, however, participants were
better in the triad condition in both immediate and delayed
reconstruction, not only immediate reconstruction as in
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Figure 4. Proportion of correct reconstruction for Experiment 3 as a function of serial position (1-6), grouping condition
(ungrouped vs. paired vs. triad), and memory task (immediate reconstruction vs. delayed reconstruction).
Error bars represent 95% within-participant confidence intervals computed according to Morey’s (2008) procedure. The dashed line represents

chance performance levels.

Experiments 1 and 2. This experiment provides evidence
that an STM representation of the list presumably give rise
to long-term learning. It also suggests that grouping effects
that help in STM might be part of what is transferred to
LTM if participants have sufficient encoding time.

Experiment 4

Experiment 4 was designed to provide further information
about whether the benefits of grouping items into triads
observed in STM transfers to LTM. In Experiments 1-3,
the information to be remembered was tested in the short
term and then reinstated with a delayed test. The finding of
long-term effects of grouping in Experiment 3 could be
attributed in part to effects of the immediate test in strength-
ening learning, and participants had to overcome the change
in context to delayed recall. In Experiment 4, we kept the
presentation context relatively intact for the delayed test by
eliminating any immediate test or intervening lists. In one

condition, as shown in Table 1, distraction was used during
a 20-s delay (filled retention interval) to eliminate STM
representations. Participants were tested only once on each
list, either immediately or after a delayed of 20s that was
either unfilled, or filled with math equations as a distraction
to eliminate STM representations.

Method

Participants. Sixty different participants volunteered from
Prolific (https://www.prolific.co/). The mean age was
24.88 (SD=3.50, range=18-30); 38 seclf-identified as
female, 21 participants self-identified as male, and 1 par-
ticipant did not answer the question.

Materials. The material was identical to Experiment 3
except for the following changes. A total of 144 words
were used with a mean CELEX frequency of 36.22, with a
range from 0.95 to 141.24 according to Medler and Binder
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(2005). The stimuli are presented in the online Supplemen-
tary Material D.

Design and procedure. The design and the procedure were
as described in Experiment 3, except for the following
changes. There was only one cycle of 24 trials (8 trials of
immediate reconstruction, 8 trials of delayed reconstruc-
tion with an unfilled delay, and 8 trials of delayed recon-
struction with a filled delay, in arandom order). Participants
were only tested once for each list, inasmuch as there was
no delayed reconstruction of all lists in the cycle as in the
previous experiments. Participants had to reconstruct the
six-word list on a trial either immediately after the presen-
tation, or after 20's in which they were instructed to either
watch a fixation cross (in the unfilled delay) or solve math
equations (in the filled delay). The encoding time was
identical to Experiment 3. The participants only learn the
condition (immediate, unfilled delay, filled delay) at the
end of the trial after the presentation of the six-word list by
the presentation of the words (immediate), or a fixation
crossed (unfilled delay) or the arithmetic (filled delay).

Given that the main interest of this experiment was to
further understand the triad benefit, the paired grouping
condition was removed to save the necessary testing time
for the extended retention delays on two-thirds of the trials.
Participants either studied the sequence in the ungrouped
condition in which the items were presented at a rate of one
word per 2 s (2,000 ms on, 0 ms off) or in the triad condition,
in which the six words were presented three-by-three at a
rate of three words per 65 (6,000 ms on, 0 ms off).

Results

As shown in Figures 5 and 9, participants were better at
reconstructing the order of the words when they were pre-
sented in triads (M=0.77, SD=0.32) compared to the
ungrouped condition (M=0.70, SD=0.33). Participants’
performance was superior in the immediate (M=0.81,
SD=0.28), compared to the unfilled delay (M=0.76,
SD=0.32) and the filled delay condition (M=0.63,
SD=0.36). The latter statement was supported by post hoc
testing (all BFs,, >4.29).

Results from the analysis of variance reveal a main
effect of memory task, F (2, 118)=42.50, n; =42,
BF,, > 1,000, a main effect of grouping, /" (1, 59)=20.64,
n, =26, BF, > 1,000, and a main effect of position, F (5,
295)=31.35, n, =.35, BF,, >1,000. Most importantly,
like Experiment 3 but unlike the prior experiments with a
faster stimulus presentation rate, there was no interaction
between memory task and grouping, F<1, n; =.00,
BF,, =204.00. The effect of grouping into triads was again
comparable in all three tasks (Figure 5).

For the two-way interactions, the interaction between
grouping and position F (5, 295)=3.40, 1 =.05, did not
contribute importantly to the full model, BF, =478.11.

and between memory task and position F (10, 590)=1.73,
nﬁ =.03, BF,, >1,000. The three-way interaction, F (10,
590)=2.49, n; =.04, did not contribute importantly to the
full model, BF,, >1,000.

Discussion

In line with the previous experiments, participants were
better in the immediate than the delayed (unfilled and
filled) reconstruction condition. Participants were also bet-
ter in the triad condition compared to the ungrouped condi-
tion. Most importantly, as in Experiment 3, the grouping
effect was persistent across STM and LTM conditions.

As Figure 5 shows, the advantage for triad grouping
was manifest in the middle of the list for the immediate
and the unfilled delay conditions, but it shifted to the sec-
ond triad in the filled delay condition. This shift in the
serial position curve was unanticipated but it seems remi-
niscent of previous free recall studies in which a list was
followed by a filled delay before recall (e.g., Glanzer &
Cunitz, 1966). A filled delay allows forgetting in the
recency portion of the curve, and that seems to be the case
also with ungrouped lists in our study of order reconstruc-
tion, although triad organisation appears to have protected
that part of the list from effects of the filled delay.

Experiment 5

Experiment 5 was designed to explore if the benefit of the
triad grouping condition in delayed reconstruction would be
preserved with a sequential rather than concurrent presenta-
tion of items in a group. Spatiotemporal grouping with con-
current presentation of items within a group may encourage
the linking together of items through inter-item associations.
That kind of process may be less likely with items presented
onc at a time if, as some investigators have suggested
(McElree, 1998), items that are unrelated and presented one
at a time are represented only one at a time in the focus of
attention. From the embedded-processes view, the focus
of attention can zoom in to concentrate on a single item or
zoom out as necessary to encompass several items that need
to be integrated with one another or compared (e.g., Cowan
et al., 2005). Therefore, information on the role of temporal
grouping in working memory and LTM is needed to confine
the embedded processes model.

If temporal grouping helps immediate reconstruction
but not delayed reconstruction, it still will be possible to
propose that the grouping effect is caused by rapid learn-
ing, and therefore according to the theory, concurrent pres-
ence of multiple items in the focus of attention. However,
that concurrent presence might only be partial (e.g., [tems
1 and 2 of a group; then Items 2 and 3 of a group, which
could result in associative traces more susceptible to inter-
ference between immediate reconstruction and delayed
reconstruction.



84

Quarterly Journal of Experimental Psychology 75(1)

Immediate

Unfilled Delay  Filled Delay

1.01

0.91

0.81

0.71

0.61

0.51

0.41

Proportion correct

0.31-® Ungrouped
# Triad

0.21
0.11

0.0

123456

1 23456
Serial position

123456

Figure 5. Proportion of correct reconstruction for Experiment 4 as a function of serial position (I-6), grouping condition
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chance performance levels.

Thus, in this experiment, triads were defined in terms of
temporally grouped items but with items presented one at a
time (see Figure 6). In the temporal grouping condition, the
six items were presented centrally one-by-one for 2,000 ms
each, and a 2,000ms blank interval was inserted after the
presentation of the third item (i.e., after the first triad) to cre-
ate grouping. In the spatiotemporal condition, items were pre-
sented one-by-one for 2,000ms in different spatial positions
identical to the triad item positions in the previous experi-
ments (left, centre, and right in turn for the first three items,
with that placement repeated for the remaining three items).
To create grouping, once again a 2,000ms blank interval was
introduced after the presentation of the first triad of items.

Both grouping conditions were compared to the
ungrouped condition in which a 400 ms blank interval was

introduced between the presentation of each word. This
introduced blank interval resulted in presentations of
equal total duration across all conditions. If previous
delayed-memory benefits were due to the simultaneous
presentation of the items, the benefit of the temporal or
spatiotemporal condition might be observed in the imme-
diate but not in the delayed reconstruction condition in the
present experiment.

Method

Participants. Sixty different participants volunteered from
Prolific (https://www.prolific.co/). The mean age was
22.53 (SD=3.76, range=18-30); 26 self-identified as
female and 34 participants self-identified as male.
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Figure 6. lllustration of a trial from top to bottom of the immediate reconstruction procedure for the three different grouping
conditions in Experiments 5 and 6 (see text for details regarding presentation time and inter-stimulus intervals).

These three trials using the same words would not be presented to a participant; the words were randomly chosen in the experiment for each trial
and are the same here across grouping conditions for the sake of comparison in the figure. For the response stimuli in the bottom row, the task was
to click on hand icons under the words, not represented in this illustration, in the order of their presentation in the preceding list.
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Materials. The material was identical to Experiment 3. The
stimuli are presented in the online Supplementary Material C.

Design and procedure. The design and the procedure were
as described in Experiment 3, except for the following
changes (cf. Table 1). There were 36 trials (18 trials of
immediate reconstruction of a six-word list, and 18 corre-
sponding trials of delayed reconstruction of the same lists).
In the immediate reconstruction task participants com-
pleted 6 trials, each involving a six-word list and 2 trials of
each grouping condition (2 trials ungrouped, 2 trials tem-
poral grouping, 2 trials spatiotemporal grouping).

Most critically, the six words were presented one-by-one
in the immediate reconstruction task. More specifically, in
the ungrouped condition the items were presented at a rate
of one word per 2.4 s (2,000 ms on, 400 ms off). For both the
temporal and spatiotemporal triad conditions, the words
were presented one-by-one for 2s (2,000ms on, Oms off).
After the presentation of the third word, there was a blank
interval for 2 s demarking the two sets of triads. For the spa-
tiotemporal condition, the items were presented one-by-one
at the same spatial position on the screen the triads were
presented in the previous experiments (Triad 1: left, middle,
right; Triad 2; left, middle right).

Results

As shown in Figures 7 and 9, participants’ performance was
superior in the immediate (M/=0.83, SD=0.27) compared to
the delayed (M=0.46, SD=0.34) reconstruction condition.
Overall participants’ performance was similar at recon-
structing the order of the words when they were presented in
triads temporal condition (M=0.65, SD=0.36), in the triads
spatiotemporal condition (M=0.65, SD=0.36) or in the
ungrouped condition (M=0.64, SD=0.36). More impor-
tantly, unlike previous experiments, there was no beneficial
effect of grouping for immediate reconstruction (ungrouped:
M=0.82, SD=0.28; temporal: M=0.83, SD=0.26; spati-
otemporal: M=0.83, SD=0.27), or for delayed reconstruc-
tion (ungrouped: M=0.46, SD=0.34; temporal: M=0.47,
SD=0.36; spatiotemporal: M=0.46, SD=0.34).

Reflecting those trends there was a main effect of mem-
ory task, F (1, 59)=220.31, n.=.79, BF, >1,000, a
main effect of position, F (5, 295)=39.92, 11; =.40,
BF,, > 1,000, but neither a main effect of grouping, F <1,
7)12, =.00, BF,, =779.08, nor an interaction between mem-
ory task and grouping, F<1, 1. =.01, BF, =234.66.
Thus, there was no grouping effect in either immediate or
delayed reconstruction (Figure 7).

The interaction between memory task and position, F'
(5,295)=4.26, nf, =.07, did not contribute importantly to
the full model, BF;, =105.77. There was no interaction
between grouping and position F<I1, nf, =.01,
BF, >1,000, and no three-way interaction, F<1,
n2 =.01, BF, >1,000.

Pattern of errors in immediate reconstruction. In this experi-
ment we wondered whether, in the absence of a benefit of
grouping on immediate reconstruction, we could neverthe-
less find an effect of grouping on the error pattern. The
ANOVAs of within-triad placement errors in immediate
reconstruction, with the grouping condition as the repeated
measure, showed no effect, F (2, 118)=2.53, nf, =.04,
BF, =733, with similar means (ungrouped, M=0.02,
SD=0.07; temporal, M=0.01, SD=0.06; spatiotemporal,
M=0.03, SD=0.08). There was also no difference, F <1,
n, =.00, BF, =89.95, in the between-half placement of
items in immediate reconstruction (ungrouped, M=0.11,
SD=0.18; temporal, M=0.11, SD=0.19; spatiotemporal,
M=0.11, SD=0.19).

Discussion

Unlike previous experiments, participants were not better
in the triad conditions (temporal, spatiotemporal) relative
to the ungrouped condition in immediate reconstruction.
This experiment can either suggest that the benefit of
grouping required simultaneous presentation or that a
more salient manipulation of temporal grouping is needed.
We investigate the latter possibility in Experiment 6.

Experiment 6

Experiment 6 was designed to explore if the absence of
grouping effects in Experiment 5 was due to the limited
strength of the grouping manipulation, given that it
yielded no grouping effect in immediate or delayed
reconstruction. With visual items, it is possible that a too-
slow presentation of sequential items does not result in
items from a group occupying the focus of attention at
the same time, preventing benefits of grouping even in
immediate reconstruction. In this experiment, we mod-
elled our timing after Experiment 1 of Hitch et al. (1996),
who observed a sizable temporal grouping effect. In the
temporal and spatiotemporal grouping (triad) conditions,
items were presented one by one for 300 ms with a 150 ms
blank interval between the presentation of each word,
except that 900 ms blank interval was introduced after the
presentation of the third item (see Table 1). In addition,
again in the spatiotemporal condition, items were pre-
sented one-by-one in left, centre, and right spatial loca-
tions, as in Experiment 5, the same spatial positions used
in all the previous experiments. Also, as in Experiment 5,
both triad conditions were compared to an ungrouped
condition with the same overall presentation length; the
blank period following each word was 300 ms in this con-
dition. If previous delayed-memory benefits were due to
the simultaneous presentation of the items, the benefit of
the temporal or spatiotemporal condition might be
observed in the immediate but not in the delayed recon-
struction condition.
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Method

Participants. Sixty different participants volunteered from
Prolific (https://www.prolific.co/). The mean age was
22.49 (SD=3.76, range=18-30); 23 self-identified as
female and 37 participants self-identified as male.

Materials, design, and procedure. The material, the design
and the procedure were as described in Experiment 5,
except for the following changes (cf. Table 1). The six
words were presented one-by-one for 300 ms in the imme-
diate reconstruction task. In the ungrouped condition, the
items were presented at a rate of one word per 600 ms
(300ms on, 300ms off). For both the temporal and spati-
otemporal triad conditions, the words were presented one-
by-one for 300ms (300ms on, 150ms off). After the
presentation of the third word, there was a blank interval
for 900 ms demarking the two sets of triads.

Results

As can be seen in Figures 8 and 9, participants were better
at reconstructing the order of the words when they were
presented in temporal triad grouping condition (M=0.56,
SD=0.37) and spatiotemporal triad grouping condition
(M=0.56, SD=0.37) compared to the ungrouped condi-
tion (M=0.51, SD=0.36). As observed in previous experi-
ments, participants’ performance was superior in the
immediate (M=0.77, SD=0.29) compared to the delayed
(M=0.31, SD=0.28) reconstruction condition.

Reflecting the descriptive statistics, there was a main
effect of memory task, F (1, 59)=480.59, n, =.89,
BF;, > 1,000, amain effect of grouping, /' (2, 118)=10.34,
nﬁ =.15, BF,, > 1,000, and a main effect of position, F (5,
295)=38.84, n.=.40, BF, >1,000. The interaction
between memory task and grouping, F (2, 118)=4.36,
nﬁ =.07, was indeterminate, BF; =1.02. Below, we
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further investigate the latter two-way interaction, which
might suggest that the benefit of grouping the items into
triads was not preserved in delayed reconstruction.

There was an interaction between memory task and
position, F (5, 295)=13.00, ni =.18, BF,, >1,000.
However, there was no interaction between grouping and
position, F (10, 590)=1.87, ni =.03, BF;, >1,000.
Again, there was no three-way interaction, F <1, n; =.01,
BF,, >1,000.

Effects of grouping examined separately in immediate and
delayed reconstruction. In this section, we further explored
the relation between grouping condition and memory task
by running separate one-way BF ANOVAs and one-way
ANOVAs for each memory task (immediate reconstruc-
tion, delayed reconstruction) with the grouping condition
(ungrouped vs. temporal vs. spatiotemporal) as the only
fixed factor. As observed in Experiments 1 and 2, there
was a main effect of grouping condition for the immediate
reconstruction condition, F (2, 118)=13.08, ni =.18,
BF,, >1,000, but not for the delayed reconstruction con-
dition, F (2, 118)=1.48, n> =.02, BF,, =34.58.

As in Experiments 1 and 2, post hoc comparison of the
delayed reconstruction conditions confirmed that none of
the grouping conditions differed importantly from one
another. However, post hoc testing for the immediate
reconstruction condition revealed that participants were
better in the temporal compared to the ungrouped condi-
tion ( BF,, >1,000) and better in the spatiotemporal con-
dition relative to the ungrouped condition ( BF,, =60.81).
Finally, in immediate reconstruction the temporal and the
spatiotemporal condition did not differ from another
( BF,, =10.06).

Pattern of errors in delayed reconstruction. As in Experi-
ments 1 and 2 we wondered whether, in the absence of a
benefit of grouping on delayed reconstruction, we could
nevertheless find an effect of grouping on the error pattern
in delayed reconstruction. ANOVAs of within-triad place-
ment errors in delayed reconstruction like those carried out
in Experiment 2, with the grouping condition as the
repeated measure, showed no effect, F (2, 118)=1.39,
7)12, =.02, BF, =30.05, with similar means (ungrouped,
M=0.14, SD=0.17; temporal, M=0.12, SD=0.16; spati-
otemporal, M=0.14, SD=0.17). There was also no differ-
ence in the between-half placement of items in delayed
reconstruction (ungrouped, M=0.33, SD=0.23; temporal,
M=0.34, SD=0.24; spatiotemporal, M=0.32, SD=0.23),
F<l1, 17[2, =.02, BF;, =39.55.

Like Experiments 1 and 2, we explored when partici-
pants made errors in the delayed reconstruction tasks if the
participants might try to recall the order that they answered
during the immediate reconstruction task, rather than the
order of the presented items at encoding phase. Unlike
Experiments 1 and 2, this measure showed that there was a

similar number of errors based on immediate reconstruc-
tion across the conditions, F (2, 118)=1.50, n, =.02,
BF, =20.31, (ungrouped, M=0.10, SD=0.21; temporal,
M=0.09, SD=0.20; spatiotemporal, M=0.08, SD=0.18).
Note that in all three of these experiments, the result is not
what one would expect if participants tried to recall the
order in which they answered during the immediate recon-
struction task even when it was erroneous.

Discussion

In Experiment 6, with a more salient manipulation of
grouping based on Hitch et al. (1996), we observed group-
ing effects in immediate reconstruction. However, in line
with the results of Experiments 1 and 2, the grouping effect
was absent in the delayed reconstruction condition. This
experiment provides further evidence that the benefit of
grouping in immediate reconstruction indicates a tempo-
rary memory of the list that rarely becomes a prominent,
part of LTM that could be observed through delayed
reconstruction.

General discussion

The current study was aimed at investigating whether
grouping of items would be helpful in LTM using a recon-
struction of order task. As was mentioned in the introduc-
tion, we know of very little evidence addressing this topic
and it was unclear what results would be obtained. The
question of whether grouping assists long-term recall is an
important one, as it is useful in constraining theories of
STM or working memory and their contribution to LTM.
As we will discuss, many major theories can predict an
effect on LTM, but we believe that all need to be adjusted
to account for the conditions that do or do not yield effects
of grouping on LTM.

This question was investigated in the current study
with a series of six experiments using a reconstruction of
order task. In our first three experiments, we presented a
novel sequence of six words on each trial for immediate
reconstruction of order. Every block of immediate-
reconstruction trials was followed by a 60-s distracting
period filled with arithmetic, and then delayed recon-
struction of order trials for the same lists (see Table 1 for
more details). In Experiment 4, we tested reconstruction
immediately or after an unfilled or filled (arithmetic)
delay of 20s. For the first three experiments, the lists
were presented in three different spatiotemporal group-
ings: presentation of words one-by-one (six ungrouped
words), two-by-two (three pairs), and three-by-three
(two triads). For the fourth experiment, the words were
presented ungrouped or as triads. Finally, in Experiments
5 and 6, each item was always presented alone but the
time for processing each item was about the same as in
the previous two experiments (in Experiment 5) or was
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much less (in Experiment 6). The separation of stimuli
into groups was carried out with all items at the centre of
the screen (temporal grouping) or with items at the left,
centre, and right spatial positions used in the previous
experiments (spatiotemporal grouping). These condi-
tions were compared to an ungrouped condition with the
same overall presentation time.

The results are shown for proportion correct in Figure 9
and can be summarised as follows. With concurrent presen-
tation of items in a group, in immediate reconstruction we
observed a robust benefit of triad grouping, whereas there
was only a small or absent benefit of the paired condition
when it was included (Experiments 1-3). These findings of
grouping in immediate reconstruction conform to those of
Hitch et al. (1996) using temporal grouping. In delayed
reconstruction, the performance was lower but well above
chance in all experiments. Yet, there was little or no benefit
of spatiotemporal grouping with concurrent presentation of
groups in delayed reconstruction when the initial encoding
time was 1 s per item (Experiments 1 and 2). It did emerge

for triads when the encoding time was doubled to 2s per
item (Experiments 3 and 4).

With items presented one at a time but including either
temporal or spatiotemporal cues to grouping, compared to
an ungrouped condition, the pattern differed. In Experiment
S, there was no longer an effect of grouping in immediate
reconstruction, suggesting that this effect in our previous
experiments may have depended on the concurrent presen-
tation of items in a triad. Neither was there an effect of
grouping in delayed reconstruction in that experiment.
Finally, in Experiment 6, by speeding up the rate of pres-
entation, we found that a robust effect of grouping in
immediate reconstruction reappeared despite the one-at-a-
time presentation, consistent with Hitch et al. (1996); yet,
no effect of grouping in delayed reconstruction emerged.

Taken together (Figure 9), the results provide important
insight into what it takes for grouping to assist STM and
LTM. Grouping into triads with a slow presentation rate was
of great help for the immediate reconstruction of order, but
only with concurrent presentation of items (Experiments
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1-4) and not with a one-by-one presentation schedule
(Experiment 5). In Experiment 6, with a much faster presen-
tation rate for one-by-one presentation, immediate recon-
struction was helped by temporal grouping and the spatial
placement of items did not matter. The magnitude of effects
of grouping in immediate reconstruction, however, did not
directly predict the magnitude of effects of grouping in
delayed reconstruction. For the latter, concurrent presenta-
tion of items in a triad with a slow rate was the only situation
that worked (Experiments 3 and 4). Faster rates (Experiments
1, 2, and 6) did not allow long-term learning that would aid
delayed reconstruction of order.

To obtain grouping effects in delayed reconstruction,
the presence of grouping effects in immediate reconstruc-
tion seems necessary; they were present whenever we
obtained grouping effects in delayed reconstruction, that
is, in Experiments 3 and 4. However, grouping effects in
immediate reconstruction were not sufficient to obtain
them in delayed reconstruction; in Experiments 1, 2, and 6,
we obtained grouping effects in immediate, but not
delayed, reconstruction. When grouping effects in delayed

reconstruction were obtained, they were obtained on lists
that had been tested previously in immediate reconstruc-
tion, in Experiment 3, and on lists that had not been tested
previously in immediate reconstruction, in Experiment 4.
In most of our experiments, there were intervening lists
before the delayed test, but Experiment 4 was an exception
to that method (Table 1). A limitation of our finding, there-
fore, is that we have not looked for an effect of grouping
on delayed reconstruction following multiple intervening
trials, but without immediate reconstruction tests preced-
ing delayed reconstruction. Therefore, it remains possible
that immediate reconstruction testing provides an impor-
tant component of learning that reinforces grouping bene-
fits helping the effect to withstand intervening, interfering
information from other trials.

Relation to previous empirical findings

In this section, we briefly highlight the relation between
the key results of the present study and the previous ones
in the literature. One notable finding in our study, observed
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in Experiment 3, is the presence of a reliable effect of
grouping on the accuracy of delayed reconstruction of tri-
ads, but not pairs. This pattern of results is consistent with
previous demonstrations that have shown a robust benefit
for items grouped into triads in the verbal domain, which
has been less strongly the case for items grouped into pairs
(Ryan, 1969a; Severin & Rigby, 1963; Wickelgren, 1964).

Interestingly, more long-lasting effects for triplets than
for pairs have been shown also in the case of chunking, in
which the grouped items correspond to known units. In par-
ticular, Norris et al. (2020) showed a redintegration process
for smaller, two-word chunks like brief case but a data
compression process only for larger, three-word chunks
like leather brief case. In the redintegration process, know-
ing part of a chunk facilitates retrieval of the rest of the
chunk from memory, but in a data compression process, the
chunk also allows more space for other items in STM com-
pared to a non-chunked control stimulus. This difference
suggests that learning a triad may be more worthwhile than
learning a pair in terms of the benefits for later retention. In
Experiment 3 in our study, it is possible that a group of
three items presented for a sufficient period concurrently
are associated with one another to form a new long-term
chunk (Cowan, 2019) that allows compression as in Norris’
study, whereas pairs are not learned as well because such
learning would not benefit retention nearly as much.
Further examination of this possibility would have to con-
trol for factors like list length and number of groups.

The absence of a benefit of grouping items into triads
for delayed reconstruction when the processing time per
item is short, even when there are benefits on immediate
reconstruction, is consistent with a number of previous
empirical findings. For instance, these results are in line
with Sukegawa et al. (2019), who found a temporal group-
ing benefit in immediate recall, but no benefit of grouping
for the Hebb repetition effect.

An exception to this absence of an effect of grouping on
long-term learning is an implicit learning procedure by
Stadler (1993). Participants saw asterisks and were to
press a key as quickly as possible to the location (out of 4)
that corresponded with the location of the asterisk.
Different fingers were used for the different stimulus/
response locations. The finding was that implicit learning
of a repeating set of 12 trials with a fast pace was facili-
tated when a 12-trial set was divided by gaps of 2's of into
consistent subsets of 4, 4, and 4 trials, compared to no divi-
sion or inconsistent division.

The implicit learning procedure of Stadler (1993) and
the list-recall or list-reconstruction procedures differ on
many key aspects (see, for example, Guérard et al., 2011).
One key difference is that, in implicit learning procedures,
the correct response is practised many times. In list recall
or reconstruction, errors are made. With repetition in the
Hebb effect, errors are made until the correct response is
approximated or learned. Perhaps this imperfect retrieval

process introduces variance in the representations that sub-
vert the long-term learning process.

All of these empirical findings combined with our
results seem to support the notion that a temporary organi-
sation of representations derived from grouping do not
leave highly usable permanent impressions. However,
when items are presented concurrently with sufficient pro-
cessing time, we have shown that this presentation method
does allow associations that assist delayed reconstruction
(Experiments 3 and 4).

Relation to extant theories

In this section, we briefly discuss the important theoretical
implications of our results for traditional theories of infor-
mation processing, unitary memory theories, and the
embedded processes view. The aim of this section is to
offer possible guidance for theorists on how to account the
current results and improve their current theories and/or
expand their scope.

Traditional theories of information processing. According to a
core assumption of Atkinson and Shiffrin’s (1968) theory
of information processing, during the time that informa-
tion is present in a short-term store, transfer of information
from the short-term store to a long-term store will occur.
Based on this traditional theory, we were expecting that
grouping would lead to a temporary memory of the list that
would become a prominent part of LTM. This account
nicely fits with the results of Experiments 3 and 4 in which
the grouping of items into triads led to usable LTM repre-
sentation in the delayed reconstruction. However, our ini-
tial interpretation of the theory did not predict the absence
of grouping observed in Experiments 1, 2, 5, and 6. One
possible way to reconcile the theory with these results is to
argue that, in these experiments, the information about dif-
ferent items was not present concurrently in the short-term
store long enough to allow associations to be formed in the
long-term store. When encoding time was increased in
Experiments 3 and 4 and items within a group were pre-
sented concurrently, these associations could be formed.
The expected role of sequential grouping was to parse
the list into smaller subsets that each fit into the short-term
store. An assumption was that the concurrent presence of
items in the short-term store would facilitate a representa-
tion that included the order of items. In a six-item list
divided into two sets of three items, grouping might facili-
tate learning of the serial order of the first three items rela-
tive to one another, and the last three items relative to one
another. The serial position functions might help in the
assessment of that suggestion. For immediate recall, in
some experiments (e.g., the last experiment: see Figure 8)
the STM functions in the triad condition show an espe-
cially large drop in accuracy between Serial Positions 3
and 4, that is, between triads. This serial position function
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might indicate that the first triad, encoded without a load,
was preserved better than the second triad, encoded fol-
lowing imposition of a three-item load. The type of encod-
ing that was so helpful for the first triad, however, did not
transfer to LTM and there was no grouping effect on the
pattern of errors except for an isolated effect in Experiment
1. Therefore, STM encoding seemed insufficient for LTM
encoding.

What seems different about the triad condition in exper-
iments in which an LTM effect of grouping was obtained,
Experiments 3 and 4, is the superior encoding of the sec-
ond triad, resulting in relatively little difference between
the performance levels for the first and second triads. This
finding suggests that the additional encoding time availa-
ble for triads in these experiments was used to memorise
each triad, perhaps by producing deeper, more semantic
associations between items in a triad that are more likely to
be retrievable from LTM compared to phonological repre-
sentations (Craik & Tulving, 1975).

Unitary memory theories. Unitary memory theories, which
do not distinguish between STM and LTM except as a result
of the passage of filled time and consequent interference
(e.g., Bjork & Whitten, 1974; Brown et al., 2007; Crowder,
1993; Gardiner & Gregg, 1979; Glenberg & Swanson,
1986; Nairne, 1990, 2002) might also account for the over-
all results in this study, but it will require at least some fine
tuning. Broadly speaking, in this view, it is proposed that
there is no difference between the mechanisms in play
within STM and LTM tasks; differences in results are
thought to occur because the context of the presentation
needed for retrieval (any information about events taking
place at the time of presentation of particular items to be
remembered that can be used as retrieval cues) is still mostly
present in the short term, but dissipates with the passage of
time and/or interference from materials presented earlier,
later, or in similar contexts to the targeted material. The
derived prediction according to the view was the effects of
stimulus grouping that are strong in the short term should
show up in weakened form in the long term. If there are gaps
between groups of items, these gaps distinguish the tempo-
ral context of the items on either side of the gap, but the
distinction is relative to the time between presentation and
test, so it is greatly diminished in delayed reconstruction.
The unitary memory view can account for our results
that the effects of the stimulus grouping in Experiments 1,
2, 5, and 6 were not strong enough and were weakened
either by interference and the resulting change in retrieval
context below a usable level for the delayed reconstruc-
tion. However, when the effects of the stimulus grouping
were stronger, in Experiments 3 and 4, the effect persisted
in delayed reconstruction. On the contrary, unitary mem-
ory theorists should expect effects of grouping on delayed
reconstruction even when items were presented one-by-
one in temporal and spatiotemporal grouping, which did

not occur in our Experiments 5 and 6. The duration of pres-
entation of a triad were equally long in Experiments 3 and
5 and in addition there was a longer inter-triad times for
Experiment 5 (see Table 1), yet grouping effects did not
occur in the latter case. From the point of view of temporal
distinctiveness this may be especially puzzling because
stronger temporal cues to order within a triad were present
in Experiment 5. On the contrary, non-temporal cues to
triad group membership and order might have been
stronger for Experiment 3. So, although the unitary mem-
ory theorists could explain our results, they would be rely-
ing heavily on non-temporal cues to grouping and order to
do so, and these may be aspects of grouping that have not
previously been addressed in unitary memory theories (see
also Liu & Caplan, 2020).

Multimodal views of memory. A few theorists have explicitly
addressed the issue of grouping in STM and LTM. In mul-
ticomponent models of working memory such as that of
Baddeley (2000) and Vandierendonck (2016), there are dif-
ferent modules for different storage functions (separate
ones for visuospatial and phonological storage) and for
related processes to manage information in the stores. On
one hand, there is strong evidence that the activity of the
phonological buffer is critical for creation of long-term
phonological memories (Baddeley et al., 1998). Neverthe-
less, some multicomponent views specify separate copies
of information in STM and LTM (Norris, 2017, 2019) and
the route from STM to LTM is not fully specified. A net-
work modelling implementation of a multicomponent
model of working memory has included explicit mecha-
nisms for long-term learning (Burgess & Hitch, 1999,
2006). It showed that using the same temporal grouping of
items in repetitions of the same list in immediate recall was
important for learning the list across trials (the Hebb effect;
Hebb, 1961). The model and evidence were later further
reinforced (Hitch et al., 2009 see also Bower & Winzenz,
1969). This finding and model, however, still does not indi-
cate whether a particular grouping is better than some other
grouping, and it is not clear that the model can predict it
without additional, proper simulations. A suggestion that it
does is the statement that “the Hebb Effect will be sensitive
to experimental manipulations affecting the context-timing
signal” (Hitch et al., 2009, p. 100) that is used to encode the
serial order of items.

Farrell (2012) provided a theoretical framework for
thinking of STM and LTM as coming from the same mech-
anisms. Within that framework he explained grouping
effects as follows (p. 246): “In common with unitary mod-
els, the model assumes that short- and LTM work in the
same fashion and with the same machinery. Nonetheless,
there is something akin to an STM mechanism in the
model: If the group context does not have to be reinstated
prior to retrieving the items in that group, recall of those
items will be lent an advantage” (cf. Nairne, 1992). Instead
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of thinking of STM items as in an active state or in a spe-
cial buffer, Farrell stated (p. 246) that “The alternative per-
spective offered by the current model is that the
distinguishing feature of working memory is not in the
storage or activation of items but rather the association of
that information with the current episodic (i.e., group) con-
text.” This theoretical perspective leads to the notion that
effects of grouping will be reduced in delayed performance
rather than immediate performance, but the details of how
this diminished effect of grouping will be manifested was
not specified in the theory.

Embedded processes view. In the embedded processes view
(Cowan, 1988, 1999, 2001, 2005/2016, 2010, 2019), a
subset of information is said to be in a temporarily acti-
vated state embedded in LTM. In the subset of active infor-
mation, a smaller subset is in the focus of attention, which
is supposed to be quantitatively limited to approximately
3—4 separate meaningful units of information, or chunks,
at once. A key process in this view is rapid long-term
learning responsible for the formation of new associations
that are needed on a trial, but were not previously present
in LTM, such as the associations between list items and
their serial positions (Cowan, 1999, 2019) A basic predic-
tion derived from this view is that representations held
concurrently in the focus of attention should be associated
to become new units or events in LTM, observable if the
initial encoding is sufficiently strong to be used despite the
interference and change in context from immediate to
delayed reconstruction.

This view is fairly closely aligned with the Atkinson
and Shiffrin (1968) view. The results are consistent with
embedded processes view and provide evidence that the
long-term representation would sometimes be difficult to
retrieve, as was observed in Experiments 1 and 2 but, with
a sufficiently robust encoding, that LTM representation
can be retrieved as observed in Experiments 3 and 4.
However, the theory did not specify the basis of the addi-
tional processing that would occur given additional pro-
cessing time. It is compatible with the notion that as
compared to rapidly formed phonological representations,
more slowly formed semantic representations and associa-
tions between items on that basis could be more important
for LTM (Craik & Tulving, 1975).

Given that we espouse the embedded processes view, it
is of special importance to point out a challenge to this
view from the present findings. The challenge is to account
for how the concurrent presence of items within a group
could have produced a grouping effect in immediate recon-
struction but not in delayed reconstruction, as we found in
Experiments 1, 2, and 6. In these experiments, the presen-
tation rate was rapid (1.8—6s per list) whereas, when
grouping effects in delayed reconstruction were obtained,
in Experiments 3 and 4, the presentation was much slower
(12's per list). The associations between item may begin

with arbitrary links that are prone to interference at the
time of retrieval. With more time, the associations could
become deeper. For example, if a triad consisted of the
words drab, wrap, beer, it might take a few seconds to
think of an integrated concept such as beer served in bot-
tles with nondescript labels. This example suggests that it
may be important to acknowledge a depth-of-processing
principle (e.g., Craik, 2020; Craik & Tulving, 1975) within
the embedded-processes approach, and this is grounds for
further research.

Other theoretical views. Other theories could also be con-
sistent with our results but, again, the results constrain
those theories. Some theories, for instance, may not be
clear on whether or not grouping in STM influences an
LTM representation; our data specify conditions under
which it does. Thus, there could be versions of the sepa-
rate-copy theory (cf. Norris, 2017), temporary binding
theory (Oberauer & Lin, 2017), and time-based resource
sharing theory (Barrouillet & Camos, 2014) in which the
STM representation used in immediate reconstruction
does nothing to enhance LTM for the list, but such ver-
sions would have to be replaced with versions in which at
least concurrent spatial presentation with a sufficiently
long presentation period does produce an LTM representa-
tion, whereas certain other conditions might not.

One possibility within the time-based resource sharing
theory is that we should expect that grouping should
enhance LTM insofar as it influences refreshing, without
regard to its potential influence on rehearsal. However,
mixed support has been found for the influence of refresh-
ing in LTM (see Camos et al., 2018 for a review). As an
example, Camos and Portrat (2015) found initially that the
refreshing mechanism resulted in improvement in LTM
representations whereas verbal rehearsal did not, when
participants had to recall the items. However, more recent
evidence with young and older participants have high-
lighted that refreshing had no benefit on LTM representa-
tions (Bartsch et al., 2019; Loaiza & Camos, 2018) with a
recognition procedure. Another possibility that was ruled
out is that refreshing might involve elaborative processes
that could benefit from concurrent spatial presentation. For
instance, some early evidence from complex span tasks
shows that refreshing produces LTM representations (see,
for example, Loaiza & McCabe, 2012). However, Souza
and Oberauer (2017) have shown that an alternative factor,
processing time, was the determining factor in this LTM
benefits. It is therefore unclear how the time-based
resource sharing theory can account for the current set of
findings. Overall, our results provide important constraints
to time-based resource sharing theory.

Our results might also be consistent with other theoretical
views. For instance, Popov and Reder (2020) proposed a
resource-limited theory in which information in LTM is con-
strained by the limited resource available in working memory
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that is involved in encoding and later recuperation of informa-
tion in LTM. Importantly, that limited resource recovers over
time. Therefore, in Experiments 3 and 4, when presentation
time was increased, it is possible that the resource had time to
recover sufficiently after the presentation of the first triad to
store the information of the second triad in LTM compared to
when items were presented at a faster rate. However, it
remained unclear within this view, why this benefit was not
observed in Experiment 5 with a sequential presentation of
items and a slower presentation time. Overall, our results pro-
vide valuable information to constrain and improve theories
and models of memory.

Future directions

The current study highlights the theoretical value of studying
the conditions that affect STM representations and how they
will translate into LTM representations. This line of research
is of high importance to the development of memory models.
It is therefore unsurprising that there is a recent interest in
this kind of research. For instance, working memory theo-
rists are examining the consequences of working memory
tasks for long-term learning using a variety of manipulations
of the processing at the time of encoding and maintenance in
working memory (e.g., Bartsch et al., 2018; Forsberg et al.,
2021; Loaiza et al., 2011; Loaiza & McCabe, 2012; McCabe,
2008; Rose & Craik, 2012; Souza & Oberauer, 2017, 2018
for a recent review see Oberauer, 2019b).

Nevertheless, despite this recent interest, considerable
further empirical testing will be needed before we can
identify the best account of the present data. According to
one theoretical account (Farrell, 2012), immediate recall
involves participants’ spontaneous, mental grouping of
stimuli to facilitate recall but Spurgeon et al. (2015)
showed that the model sometimes overpredicts the use of
spontaneous grouping, and showed that stimulus grouping
can help in immediate free and serial recall. Nevertheless,
it is possible that one reason our effects of grouping on
LTM were not larger is that some effects of mental group-
ing play a role even in the ungrouped control condition.
Cowan et al. (2002) found that mental grouping was appar-
ent using printed, but not spoken lists, so further work with
spoken lists could be theoretically important and might
show further effects of stimulus grouping on STM because
that modality more thoroughly avoids mental grouping in
the ungrouped control condition.

More work is also needed to understand our finding that
spatiotemporal grouping with sufficient inter-group inter-
vals seems to produce retrievable LTM memory traces,
whereas simple temporal grouping does not. It could be
that the spatiotemporal grouping initially is represented
through item-to-context associations that distinguish one
group from another and, within groups, a spatially repre-
sented sequential ordering (cf. Lee & Estes, 1981). Much
of this representation might be rapidly lost but, along the

way, it could give rise to item-to-item associations within
a group that can be learned in a manner that no longer
depends on context, either complete enough to be consid-
ered a newly learned chunk (Cowan, 2019), or only par-
tially, as sets of weak or imperfect associative links (cf.
Cowan et al., 2004). It is not yet possible to tell the differ-
ence between complete and partial item-to-item associa-
tions because even incomplete knowledge about groups in
LTM may be enough to allow perfect ordering of a list on
some delayed recall trials, and there may be stored knowl-
edge that is not retrieved at the right moment.

There is a possibility that the disappearance of the
grouping effect in delayed reconstruction in Experiments
1, 2, and 6 might be due to the loss of the item-to-context
associations that distinguish one group from another. More
precisely, immediate reconstruction testing before the
delayed reconstruction test may have disturbed the essen-
tial retrieval context needed for the weak manipulation of
grouping to benefit LTM. The slower presentation rate of
Experiment 3, compared to the faster rate in Experiments
1 and 2, led to transferable grouping benefits in LTM
despite the changing retrieval context. If the retrieval con-
text remained intact between the list presentation and
delayed test, as it did in Experiment 4 with spatiotemporal
presentation, it might even allow sequential presentation
(as in Experiment 6) to produce a grouping benefit in
delayed reconstruction. Further studies should investigate
this important issue of the emergence of delayed benefits
of grouping depending on the retrieval context.

Conclusion

The current study does not prove any one view of informa-
tion processing but it provides important new empirical
constraints on all views, by providing an evaluation of
when the grouping of items for an STM test is still helpful
in a subsequent LTM test. Overall, our results provide evi-
dence that at least concurrent presentation of items in a
group with spatiotemporal grouping can be helpful for
LTM representation. Furthermore, our manipulation
uncovers an important factor in the usability of the LTM
representation with concurrent presentation, namely pres-
entation time. It is remarkable that even though partici-
pants engaged in immediate reconstruction of the stimuli,
in some circumstances the grouping effects that assisted
that immediate task were ineffective in subsequent delayed
reconstruction. Although more evidence is needed to
determine why the effects of grouping are not always the
same in STM and LTM, our findings have important impli-
cations to constrain models of memory.
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