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Visuospatial bootstrapping describes the observation that performance on a verbal memory task is enhanced by
presenting the to-be-remembered material in a format with additional embedded spatial information. Thus far, it
has only been reported in short-term memory tasks. Here, we report two experiments assessing the impact of spa-
tial information on the learning of sequences in long-term memory. Experiment 1 used digits presented within a
familiar numeric keypad as stimuli compared against single digits presented in one location. Experiment 2 used
novel nonwords, which were either presented in an unchanging arrangement permitting the building-up of loca-
tion knowledge or in a constantly changing arrangement. Both experiments demonstrated strong evidence that
reliable spatial information facilitated sequence learning, particularly in later sequence positions. It is concluded
that the incidental availability of spatialized information during study can facilitate learning of sequences of digits
and nonwords. Furthermore, the spatial information can be learned during the task itself and does not need to be
preexistent in long-term knowledge.
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Introduction

Serial order recall in memory may be supported
by spatialized processing. The “mental whiteboard
hypothesis”1,2 and the “spatial–positional associa-
tion of response codes (SPoARC)”3—both them-
selves based on observations of a positional effect
first reported by Van Dijck and Fias4—argue that
an internalized spatial representation is used to rep-
resent the serial position of items in a sequence.3–9
There is also evidence of crossmodal integration
from the working memory (WM) literature.10–14

A series of studies on visuospatial bootstrap-
ping (VSB)15 have shown evidence that modality-
specific subsystems can work together to enhance
short-term memory (STM) task performance. VSB
involves the comparison of conditionswhere partic-
ipants carry out multiple trials of immediate serial

recall of digits, responding verbally. The experi-
mental condition is a “keypad” condition, in which
the digits 1–9 are all shown on the screen in the
form of the stereotypical “T9” mobile phone/PIN
entry keypad. The to-be-remembered items are
then sequentially highlighted. Typically, perfor-
mance is improvedwith keypad displays. Bootstrap-
ping effects have been replicated frequently.15–23

VSB has been interpreted in terms of the
multicomponent24–27 model of WM as occurring
when a visual presentation contains informa-
tion that can be used to support—“bootstrap”—
the activities of phonological STM. Verbal
interference17 and interference to set-switching
processes19 do not seem to reduce the bootstrap-
ping effect, while spatial interference is associated
with its absence. Given that it seems to be relatively
independent of higher-level resources, it has been
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argued that bootstrapping can be thought of as
being one function of the episodic buffer, a com-
ponent of the WM model that was conceived to
account for processes mediating between different
long-termmemory (LTM) and STM systems as part
of the process of encoding episodic information in
memory.25–27 The multicomponent model of WM
has some commonality with Paivio’s dual coding
theory (DCT)28; VSB is also consistent with dual
coding.
Other influential models of WM do not place

such heavy emphasis on modality specificity,29–32
and further research has argued that the basis
for specialized visuospatial memory (VSM)
is weak.33 Although the central observation of
bootstrapping—that is, that VSM (of some kind)
can support verbal STM when verbal memory is
under high load—seems to fit well with modality
specificity, it is not incompatible with these other
models. The bootstrapping effect represents an
example of spatialization—of spatial resources
grounding a verbal memory task. Darling and
colleagues15 suggested that such a process of spa-
tialization may be one of the routes whereby STM
information can be consolidated into LTMs—one of
the purported roles of the episodic buffer. This leads
directly to an empirical question that we begin to
address in this article: can the bootstrapping effect
be observed in studies of learning in LTM? In this
paper, we investigate whether bootstrapping can
facilitate learning of sequences in LTM by investi-
gating whether bootstrapping would enhance the
learning of supraspan sequences.
In two experiments in this paper, the VSB task

was adapted to create a supraspan version where
the participants aimed to correctly recall sequences
over repeated attempts. We predicted that sequence
learning would be facilitated in spatialized con-
ditions compared with control conditions. Exper-
iment 1 investigated learning of digit sequences,
while Experiment 2 looked at spatialization effects
on learning of novel nonword sequences.

Experiment 1

In Experiment 1, participants aimed to correctly
learn sequences of 12 digits using the development
of the bootstrapping task. Our principal hypothe-
sis was that learning would be facilitated in a condi-
tion where digits were presented in a keypad display
compared with a control, single-item condition.We

anticipated that we would observe this benefit for
keypads in terms of the number of attempts taken
to recall the to-be-remembered sequence and that it
would also be apparent when we analyzed the num-
ber of trials taken to learn each individual item at
each position in the sequence.

Method
Design. The key variable in this studywas the dis-
play arrangement used; this was either a single-item
display or a keypad display. Participants took part
in a set of trials in both display conditions, with the
order being counterbalanced across participants.
There were five trials in each display condition. In
each trial, a sequence of 12 digits was used. This
was presented repetitively for immediate recall in a
series of subtrials, with the repetition being contin-
ued until all 12 items were accurately recalled. Two
sets of five pseudorandomly generated sequences
were used for this, these sets being counterbalanced
across display conditions. Within each set, the
sequences were allocated to trials in the same order.
The main measure of learning was a measure of

the number of attempts needed to achieve a fully
correct recall of the entire 12-item sequence. Sec-
ond, we measured the number of attempts taken
to register the first correct recall of a digit in a
given sequence position. Finally, in order tomake an
assessment of participants’ immediate serial recall
performance, we measured the total number of cor-
rect responses made in each sequence position on
the first run of each of the five sequences used.
Response times were notmeasured in this study due
to the challenge ofmeasuring and interpreting them
from a sequential verbal response.

Participants. Forty-eight participants took part
in the experiment.a Participants were recruited

aThis exceeds the preregistered sample size based on
power analysis for a frequentist ANOVA but note that the
preregistration allowed for exceeding the original sample
size if a purely Bayesian analysis was conducted. Original
planned sample size was 34 (power = 0.80, alpha = 0.05,
tails= 2).34 The reason for the increasing sample size was
an increase in available funding for the project. Optional
stopping and increasing sample size does not represent
the same risk to type 1 error inflation under a Bayesian
analysis as it does under null hypothesis significance test-
ing (see examples in Refs. 35 and 36).
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Figure 1. Display conditions illustrating the first three items in a sequence beginningwith the digits 8,3,1…Each digit was visible
for 1000 ms followed by an interstimulus interval (ISI) of 250 milliseconds. There was a retention interval of 1000 ms after the
final interstimulus interval. Sequence items 4–12 are not shown in this figure to save space, but were presented in an identical way.

from the Queen Margaret University community,
and were offered a small remuneration of expenses
in return for the time taken to participate. Mean age
of participants was 32.31(SD = 15.94, range = 18–
80). Thirty-two participants answered a binary
choice to identify their sex as female and 16
responded as male. When asked to select whether
they were left- or right-handed, eight identified as
left-handed and 40 as right-handed. All partici-
pants provided written informed consent to partici-
pate, and the research was approved by the Research
Ethics Panel at Queen Margaret University.

Materials and procedures. A PC computer with
a 19-in (48-cm) 5:4 ratio display set to a resolution
of 1024× 768 pixels was used to present the stimuli,
which were compiled using E-PRIME R© 2.0.37 In
the first trial, sequence presentation began with
the message “Ready!” being presented in the center
of the screen for 1500 ms, followed by a fixation
cross presented in the center of the screen for 500
milliseconds. This was followed by a presenta-
tion of the to-be-remembered sequence. Twelve
digits were presented visually, one after the other,
each digit being visible for 1000 ms with a blank
interdigit interval of 250 ms after all digits. After
the final interdigit interval, there was a further
interval of 1000 ms before the presentation of

the message “Recall” in the middle of the screen.
At this point, participants attempted to recall
the entire digit sequence verbally in order. The
experimenter scored whether the participant had
correctly identified each item in the sequence.
If the participant had failed to recall the sequence

correctly, then the next presentation would repeat
the sequence to give the participant another recall
attempt in the following subtrial. Alternatively, if the
participant recalled all items correctly, the next pre-
sentation would advance to the next trial, with the
next sequence being presented. Once a participant
had completed five trials, they completed the five
trials in the other display condition.
Figure 1 illustrates the two different display con-

ditions. In the keypad condition, every presentation
of an individual digit was achieved by presenting
the T9 keypad on the screen, with the digits repre-
sented in bold Arial font at point size 48. The key-
pad included all digits, including zero at the bot-
tom. Digit centers were separated by 130 pixels in
both horizontal and vertical directions. The cen-
ter point of the keypad was centered in the screen.
The one to-be-remembered digit was represented
entirely in red (RGB 255,0,0), while the other dig-
its were shown in gray (RGB 128,128,128).
In the single-item display condition, every pre-

sentation of the to-be-remembered digit was carried
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out by showing that specific digit in red (Arial font,
point size 48).

Results
Morey and Rouder’s38 BayesFactor package was
used to calculate Bayes factors in this report.
Mean attempts to criterion for the keypad condi-

tion was 4.10 (SE = 0.21), while in the single-item
condition, it was 4.86 (SE = 0.17).
A Bayes factor analysis compared the null

hypothesis (keypad = single) with the directional
experimental hypothesis (keypad > single). The
Bayes factor of 161 indicated extremely strong evi-
dence in favor of the experimental hypothesis.
Cohen’s db effect size was 0.79 (95% CI: 0.38–1.21).
Potential effects related to the order in which

participants took part in display conditions were
assessed by using a Bayesian repeated-measures
analysis based on a 2 × 2 ANOVA design on the
number of attempts to criterion. The best model
included bothmain effects and interaction. Thiswas
preferred to the next best model, which included
only the display (BF = 18.84), hence contribut-
ing strong evidence for an interaction between the
order and display. When the keypad display con-
dition was presented first, there was a substantial
difference in attempts to criterion between the key-
pad display (3.82, SE = 0.30) and the single-item
display conditions (5.22, SE = 0.24), but when the
single-item displays were presented first, the differ-
ence between the keypad (4.39, SE = 0.31) and sin-
gle (4.50, SE = 0.23) display conditions was com-
paratively small. Effect size (η2

p) for the main effect
of display was 0.3 (90% CI: 0.12–0.48); for the main
effect of order, it was 0.00 (90% CI: 0–0.05); and for
the interaction, it was 0.24 (90% CI: 0.08–0.42).
Figure 2 summarizes the number of attempts

to first correct recall in each sequence position.
A 2 × 12 Bayesian ANOVA showed that the best
model included both the main effects of display
and sequence position, as well as the interaction
between them (BF10 = Infc). This model was pre-
ferred over the model including both main effects

bMean difference divided by pooled variance with
no adjustment for the within-subjects design is used
throughout this paper.
cThe term “≈Inf” is used to indicate a value exceeding
1.80 x10ˆ308∼, which is themaximum possible value of a
floating-point double number and is used for clarity in the
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Figure 2. Theplot of the number of attempts taken tofirst cor-
rect recall in each sequence position, for keypad and single dis-
plays. Error bars show within-subjects standard error (SE).55

but without the interaction (BF10 = 81,227). This
model itself was preferred over both models con-
taining only a single main effect (versus sequence
position only, BF10 = 131,217; versus display only,
BF10≈ Inf). Themodel including sequence position
was preferred to the null model (BF10≈ Inf), but
the model containing only the condition was not
(BF10 = 2.15). Effect size (η2

p) for the main effect of
display was 0.16 (90% CI: 0.03–0.34); for the main
effect of sequence position, it was 0.85 (90% CI:
0.83–0.87); and for the interaction, it was 0.17 (90%
CI: 0.10–0.20).
These Bayes factors demonstrate extremely

strong evidence in favor of a model in which
both display type and sequence position, and the
interaction between them influence the data. To
understand the interaction, we conducted a series
of within-subjects Bayesian t-tests38 between single
and keypad displays at all 12 sequence positions.
The results are summarized in Table 1. There was
moderate evidence that there was no difference

manuscript, we note that the Bayes factors are not infinite
but are so large as to approach infinity.

4 Ann. N.Y. Acad. Sci. xxxx (2020) 1–13 © 2020 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Darling et al. Visuospatial bootstrapping and learning

Table 1. Table showing the Bayes factor in favor of the
hypothesis that there is a difference (in either direction)
between single and keypad displays at each sequence
position in the learned sequence in Experiment 1

Sequence position BF10 d 95% CI for d

1 0.17 −0.09 −0.49 to 0.31
2 0.18 0.10 −0.30 to 0.50
3 0.21 0.16 −0.24 to 0.56
4 0.20 0.14 −0.26 to 0.54
5 0.16 −0.03 −0.43 to 0.37
6 0.18 −0.10 −0.50 to 0.30
7 0.16 0.02 −0.38 to 0.42
8 0.27 0.22 −0.18 to 0.62
9 3.59 0.54 0.13 to 0.95
10 137.82 0.83 0.41 to 1.25
11 136.88 0.83 0.41 to 1.25
12 45.08 0.75 0.33 to 1.16

between display conditions in sequence positions
up to position 8, after which there was moderate
evidence of a difference at position 9, and then very
strong or extremely strong evidence over positions
10–12. In all cases where there was a difference,
it was in favor of a benefit to learning (i.e., fewer
attempts were needed) in the keypad condition.
Figure 3 summarizes performance on the initial

presentation of each sequence.
Analysis of these data using a 2 × 12 Bayesian

ANOVA showed that the best model included only
the sequence position (BF10≈ Inf). This model was
preferred to one including the main effects of both
sequence position and display, but this evidence was
only of anecdotal strength (BF10 = 2.01). There
was evidence against the interaction when compar-
ing the model with both main effects and interac-
tion to the model including the main effects only
(BF10 = 0.0004), and there was evidence against
the model containing only the main effect of dis-
play (BF10 = 0.10). Essentially, these observations
confirm the obvious pattern from the graph that
there was strong evidence for an effect of position—
with earlier positions being associated with better
recall—but there was no evidence for an effect of
display. Effect size (η2

p) for the main effect of display
was 0.02 (90% CI: 0.00–0.13); for the main effect of
sequence position, it was 0.88 (90% CI: 0.85–0.89);
and for the interaction, it was 0.01 (90% CI: 0.00–
1.00).

The sample on Experiment 1 was unintentionally
somewhat skewed by a small number of older par-
ticipants. In order to ensure that this did not influ-
ence results, we reanalyzed our data for this study
with participants older than 50 years excluded.
Eight participants were excluded, bringing the sam-
ple mean age to 25.83 years old (SD = 5.65). The
pattern of results observed was the same as when
the whole sample was analyzed, so we report data
here only from the whole sample.

Discussion
Participants learned a supraspan sequence with
fewer attempts when the display contained the extra
spatial information from the T9 keypad. This repre-
sents a clear extension ofVSB fromSTMto learning.
We also observed that the benefit of the spatial dis-
plays was greater in later sequence positions.
Evidence for or against a bootstrapping effect in

immediate serial recall on the very first presenta-
tion was far from compelling. Numerous previous
studies16–23 have replicated bootstrapping effects in
STM tasks, so it is worth considering what may
have been the reason that the effect was not readily
apparent in the current study. One plausible expla-
nation is simply that the task of recalling a 12-item
sequence in immediate recall with no prior knowl-
edge of the sequence is too difficult, an explana-
tion that is entirely consistent with the very low
recall performance in later sequence positions. It is
also possible that the fact that task demands empha-
sized learning may have influenced performance.
Nonetheless, the fact that this could potentially be
interpreted as a situation where the bootstrapping
effect has not been effectively replicated in STM
should be noted, though it should also be held in
mind that this experiment is substantively different
from a direct replication of the STM bootstrapping
effect.
This conclusion has some limits that we sought

to expand in Experiment 2. The first is that Exper-
iment 1 only applies to the learning of sequences
of digits. Digit sequence memory is important as
it allows us to understand learning effects within a
highly familiar set, which itself has a highly famil-
iar stereotypical layout (the T9 keypad). However, it
is, therefore, difficult to know whether the observed
effect specifically requires this very familiar cul-
turally defined and likely overlearned stimulus, or
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Figure 3. The plot of total correct responses on initial
sequence exposure in each sequence position, for keypad and
single displays. Error bars show within-subjects SE.55

whether it could be observed in other arrays that
exhibit spatial consistency overmultiple repetitions.
Second, the comparison of a single-item presen-

tation with a familiar keypad incorporates some
potential confounds. One is that the keypad dis-
play is quite different from the single-item display: it
contains more elements and thus may require more
processing. This may lead to different depth of pro-
cessing effects, or greater engagement of attention,
or other factors that make it a problematic com-
parison with a two-dimensional array. Finally, in a
single-item display, the to-be-remembered digit is
constantly overwritten in the same location. One
solution to both problems is to use a different type
of the control display in which overwriting does not
occur.

Experiment 2

Experiment 2 attempted to address these issues
by requiring participants to learn sequences of
nonwords using a design modeled on Experiment
1. These were presented either in a “static” 3 × 3
keypad array or in a “random” 3 × 3 array. The
static array included the nonwords in a pseudo-
random arrangement that remained consistent in

item–location mapping throughout all learning
attempts in the block. In the random array, the
location of each nonword was randomized within
the grid every time a new sequence item was pre-
sented. In this latter condition, the location would
be useless as a predictor of identity.
Nonwords are considerably more difficult to

remember sequentially than individual digits.
Hence, the supraspan sequence length was set at
nine items, rather than the 12 used in Experiment 1.
Nonwords also lack a cardinal arrangement, so any
benefits to learning from spatial information in an
array must derive from participants’ extraction of
regularity available in the array—any emergence of
a bootstrapping pattern would suggest that partici-
pants could extract useful novel spatial information
relatively quickly and that the bootstrapping effect
on sequence learningwas not limited to overlearned
sequences. In Experiment 2, we predicted that this
regular spatial information, present in the static
but not the random condition, would be associated
with enhanced memory performance.

Method
Design. In Experiment 2, the design was very
similar to Experiment 1 except that the displays
used were either a random keypad or a static key-
pad display, and that the sequences comprised nine
nonwords instead of 12 digits.d

The same dependent measures were adopted to
those used in Experiment 1.

Participants. Twenty-eight participants took part
in the experiment.e Participantswere recruited from
the Queen Margaret University community as part
of a student research project; some of the par-
ticipants received course credit for participating.
The mean age of participants was 21.71 years old
(SD = 3.35, range = 18–34). Twenty-three par-
ticipants responded to a forced-choice question

dNote that the first two participants completed eight tri-
als per condition as had been initially intended but the
study took too long for participants to tolerate. There-
fore, all subsequent participants viewed only five trials per
condition—these five trials per condition were the same
sequences shown in the same order as the first two partic-
ipants had been presented with in their first five trials in
each condition.
epower = 0.80, alpha = 0.05, tails = 1.34

6 Ann. N.Y. Acad. Sci. xxxx (2020) 1–13 © 2020 The Authors. Annals of the New York Academy of Sciences
published by Wiley Periodicals LLC on behalf of New York Academy of Sciences



Darling et al. Visuospatial bootstrapping and learning

Figure 4. Display conditions illustrating the first three items in a sequence beginning with the nonwords “NULT,” “JISK,”
“HUBE”… Each item was visible for 1000 ms followed by an ISI of 250 milliseconds. There was a retention interval of 1000 ms
after the final ISI. Sequence items 4–9 are not shown in this figure to save space but were presented in an identical way.

as being female and five responded as male.
When asked to select whether they were left- or
right-handed, five identified as left-handed and
twenty-three as right-handed. All participants pro-
vided written informed consent to participate, and
the research was approved by the Research Ethics
Panel at Queen Margaret University.

Materials and procedures. The following nine
nonwords were used as stimuli in this study:
“GWIG,” “RELK,” “DWOM,” “TRAB,” “HUBE,”
“JISK,” “SNAL,” “FESK,” and “NULT.” These words
were selected from the ARC Nonword Database.39
They were chosen as monosyllabic four-word non-
words with monomorphemic structure and with-
out illegal bigrams. None of the nonwords shared a
starting letter. All the words consist of three conso-
nant phonemes with a vowel between two of them.
An identical computer setup was used to Experi-

ment 1. A very similar procedure was also adopted,
with the same timing parameters, with sequence
length set at nine nonwords. The experimenter
scored a correct recall response for each nonword if
a recognizable pronunciation of all phonemes of the
nonwords was achieved. The structure of the study
was also the same as in Experiment 1—participants
repeated each sequence until it was fully recalled, at
which point, they moved to the next trial in the set

of five. Once they completed one display condition,
they then completed the other.
Both display conditions adopted similar 3 × 3

keypad-like arrangements where nonwords were
presented in bold Arial font at point size 24. Cen-
ters were separated by 130 pixels in both horizon-
tal and vertical directions. The central point of the
keypad was centered on the screen horizontally and
at slightly above the midpoint vertically (the array
was located in the exact coordinates used in Experi-
ment 1, but the lack of an item in the “0” position on
the keypad meant that the center of the display was
no longer in the vertical center of the screen). The
one to-be-remembered nonword was represented
entirely in red (RGB 255,0,0), while the other non-
words were shown in gray (RGB 128,128,128).
The difference between the two conditions

reflected the consistency of the nonword-location
mappings. In the static condition, this was random-
ized at the start of the set of five trials but then
remained static across all trials in that condition.
In the random keypad condition, the location of
each nonword was shuffled each time a new non-
word was presented in every sequence. Hence, in
the static condition, each participant was exposed to
consistent location—identity mapping, whereas in
the random condition, the location—identity map-
ping was uninformative. Figure 4 illustrates the two
different display conditions.
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Results
Mean attempts to criterion for the static condition
was 5.21 (SE= 0.34), while in the random item con-
dition, it was 7.90 (SE = 0.51).
A Bayes factor was computed comparing the null

hypothesis (static = random) with the directional
experimental hypothesis (static > random). The
Bayes factor of 105,467 indicated extremely strong
evidence in favor of the experimental hypothesis.
Cohen’s d effect size was 3.19 (95% CI: 2.58–3.79).
Order effects were investigated by using a mixed-

design 2 × 2 ANOVA on the number of attempts
to criterion. The best model included both just the
main effect of display. This was preferred anecdo-
tally to the next best model, which included the
main effects of display and order (BF= 2.09), mod-
erately to the model including both effects and the
interaction (BF= 3.55), and extremely to themodel
including only order (BF = 177,608.29). There was
no evidence of the presence of an effect or interac-
tion involving order—and there was moderate evi-
dence against an interactive effect. There was little
difference between attempts to criterion depending
on order for either the static displays (static first:
5.63, SE = 0.41, random first: 4.80, SE = 0.53) or
for the random displays (static first: 7.86, SE= 0.88,
random first: 7.94, SE = 0.54). Effect size (η2

p) for
the main effect of display was 0.64 (90% CI: 0.41–
0.79); for the main effect of order, it was 0.01 (90%
CI: 0–0.15); and for the interaction, it was 0.05 (90%
CI: 0.00–0.24).
A 2 × 9 Bayesian ANOVA on attempts to cor-

rect recall in position (see Fig. 5) showed that the
best model included both the main effects of dis-
play and sequence position, as well as the interac-
tion between them (BF10 = 7.22e+154). Thismodel
was preferred over the model including both main
effects but without the interaction (BF10 = 4.29e
+ 15). This model itself was preferred over both
models containing only a single main effect (ver-
sus sequence position only, BF10 = 4.85e + 26; ver-
sus display only, BF10 = 2.34e + 132). The model
including sequence position was preferred to the
null model (BF10 = 3.47e + 112, and the model
including only display was preferred to the null
model 7.19e + 06). Effect size (η2

p) for the main
effect of display was 0.7 (90% CI: 0.49–0.82); for the
main effect of sequence position, it was 0.86 (90%
CI: 0.82–0.88); and for the interaction, it was 0.56
(90% CI: 0.46–0.61).
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Figure 5. The plot of the number of attempts taken to first
correct recall in each sequence position, for static and random
displays. Error bars show within-subjects SE.55

These Bayes factors demonstrate extremely
strong evidence in favor of a model in which both
display type, sequence position, and the interac-
tion between them influence the data. A series of
within-subjects Bayesian t-tests were conducted
between static and random displays at all nine
sequence positions. The results are summarized in
Table 2. There was limited evidence either toward
or away from the null hypothesis at positions 1 and
2, but for the remaining sequence positions (3–9),
there was very strong evidence that fewer attempts
were required for correct recall in the static display
condition. The mean difference between conditions
tended to increase in later positions. The overall
benefit to learning related to the use of a static
array driven by a performance benefit to keypads
that occurred to a greater degree in later sequence
positions.
A 2 × 9 Bayesian ANOVA on correct responses

to initial presentations in each position (see Fig. 6)
showed that the best model included the two
main effects of sequence position and display
(BF10 = 2.25e + 176). This model was only
marginally better than the model including the
interaction though, so there was no evidence for the
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Table 2. Table showing the Bayes factor in favor of the
hypothesis that there is a difference (in either direction)
between static and random displays at each sequence
position in the learned sequence in Experiment 2

Sequence position BF10 d 95% CI for d

1 0.32 −0.20 −0.60 to 0.20
2 1.25 0.42 0.02 to 0.82
3 19.17 0.70 0.29 to 1.11
4 425.75 0.97 0.55 to 1.39
5 1141.01 1.05 0.62 to 1.48
6 16,442.72 1.28 0.83 to 1.71
7 408,099.95 1.55 1.09 to 2.01
8 304,801.50 1.53 1.07 to 1.98
9 94,818.49 1.43 0.97 to 1.87

presence or absence of interaction (BF10 = 0.99).
This model was also preferred by several orders of
magnitude to the one including only sequence posi-
tion (BF10 = 8.85e + 05), which itself was favored
over the null hypothesis (BF10 = 2.54e + 170).
There was no evidence in favor of a model contain-
ing only display (BF10 = 1.80). Effect size (η2

p) for
the main effect of display was 0.27 (90% CI: 0.06–
0.5); for the main effect of sequence position, it was
0.92 (90% CI: 0.89–0.93); and for the interaction, it
was 0.11 (90% CI: 0.03–0.15).
These observations confirm the pattern from the

graph that there was extremely strong evidence for
the effects of position display. However, there was
no evidence of any great strength for the interaction
between these two factors.

Discussion
Experiment 2 replicated the effect of display on the
number of attempts needed to learn a sequence of
information. Learning in the static condition took
on average 0.66 fewer attempts than in the random
condition in terms of attempts to criterion. Again
replicating what was seen in Experiment 1, this
effect interacted with sequence position, with spa-
tial information reducing the number of attempts
until correct recall more in later positions. Evidence
also indicated the presence of a bootstrapping effect
in immediate serial recall where participants in the
static display condition outperformed those in the
random display condition, though there was no evi-
dence of an interaction with sequence position.
The evidence from Experiment 2 indicates that

the observation of the benefits of spatialized pre-

sentation to sequence learning seen in Experiment
1 was robust. Experiment 2 additionally demon-
strated that spatialized facilitation in VSB is nei-
ther restricted to digits nor to the presence of
the culturally archetypical spatial arrangement of
digits. Instead, they affirm the case that learning
sequences of nonwords is contributed to by the pres-
ence of consistent spatialized information in the to-
be-remembered information.

General discussion

These experiments establish that the provision of
ostensibly task-irrelevant spatial information dur-
ing presentation of sequences facilitates verbal
learning for those sequences. VSB facilitated long-
term sequence learning to a considerable degree.
The replication of this effect in Experiment 2
using nonwords demonstrated that the bootstrap-
ping effect on learning was not limited to numeric
or single-character stimuli. Previous research15–23
has indicated that spatialized information at pre-
sentation can facilitate immediate serial recall;
these experiments extend that finding to sequence
learning.
In Experiment 2, we have observed a bootstrap-

ping effect (in long-term learning) by using reg-
ular presentations of a layout that was previously
unfamiliar to participants. This suggests that boot-
strapping is not limited to familiar displays and that
spatial representations capable of supporting it can
be learned over relatively short timescales. We note
that it is necessary to test this hypothesis fully in
the subspan context to be sure it will generalize to
the STM bootstrapping case—but the analysis of
first attempt recall in Experiment 2 suggests that it
should do.
The present experiments focus on the learning

of sequences within closed sets of items (either the
digits 1–9, or nine nonwords). All previous boot-
strapping studies had used closed sets of stimuli,
and in Experiment 2 we maintained this approach
in order to reduce the changes made between the
two experiments. It has recently been noted that
SPoARC WM effects can be observed with open
sets, but that similar effects are not seen in episodic
memory.8 Whether bootstrapping effects occur in
nonclosed sets remains an important question for
future research.
These results show that sequence learning bene-

fits from spatialized presentation.What is more, the
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Figure 6. The plot of total correct responses on initial
sequence exposure in each sequence position, for keypad and
single displays. Error bars show within-subjects SE.55

effect size is larger in these two experiments than
has typically been reported in the subspan STMver-
sions. The locus of this pattern is not clear. One pos-
sibility is that this is caused by the extensive rep-
etition of the same processes that underlie boot-
strapping in immediate serial recall. Another is that
the effect occurs to some extent within the asso-
ciative processes underlying LTM—a view consis-
tent with the idea that WM closely interacts with
LTM,24–27 or represents activation within LTM.31,40
Presently, there are no data to weigh conclusively
on this important question. Evidence around VSB-
based learning is also consistent with DCT,28 which
is evidenced by phenomena such as the picture
superiority effect. Picture superiority seems more
linked to slower recollective processes than faster
familiarity-oriented processes.41 Although this is
compatible with the results presented here, it does
perhaps sit a little less comfortably with emerging
evidence that booststrapping may require limited
higher-level processing.19
The memory benefit from spatialized displays

occurred more for items that were later in the pre-
sented sequences. This is likely to be largely a con-

sequence of recency effects. Early sequence posi-
tions were recalled well on initial exposures. As
participants were repeatedly exposed to the to-
be-remembered sequences, they became better at
recalling later sequence items, and this enhance-
ment was greater in the spatialized conditions.
It is possible that sequence positions that were
beyond the capacity of WM may have benefitted
particularly—but it is also possible that the bene-
fit is the result of accumulated gains of enhanced
WM performance on every presentation. A related
issue is that although we think it is likely that mech-
anisms related to bootstrapping in STM (such as,
potentially, the episodic buffer) are at the root of the
improved learning, this need not be the case: the
facilitation may instead rely on LTM phenomena,
such as dual coding28 or on-cue search in LTM.42 At
present, it is not possible to settle this issue conclu-
sively, and it should be a target of future research in
this area. Additionally, the link between an individ-
ual’s immediatememory span and spatialized learn-
ing benefits like VSB is unknown—and would also
be a useful target for future work.
An a posteriori analysis in Experiment 1 sug-

gested that order effects interactedwith display con-
dition. A similar analysis in Experiment 2 showed
no evidence of the presence of order effects that
interacted with display. Tentatively, we suggest that
this indicates that the use of single-location pre-
sentations (where spatial overwriting may occur) as
a comparison with two-dimensional keypads may
have underlaid order effects in Experiment 1, and
that Experiment 2 demonstrated that the spatial-
ized benefits in these studies can be separated from
order effects when such overwriting is eliminated.
Nonetheless, this issue requires further investiga-
tion within the context of a study where hypotheses
around order effects form part of the a priori pre-
dictions.
The nature of spatialized representations

that sustain aspects of sequential encoding
has been debated since the emergence of the
spatial−numerical association of response codes
effect,43 and more actively since the emergence
of ideas around the importance of spatial cod-
ing to sequential memory (SM). Although initial
descriptions of the mental whiteboard/SPoARC
effects1,3,4 identified a left–right dimension, this is
not necessarily thought to be universal. Guida and
colleagues9 have identified that the direction of the
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SPoARC effect is related to reading direction. The
present research adds two key points to this con-
versation. First, the spatialized framework that sup-
ports sequence learning can be two-dimensional,
in that the spatialized information supporting
enhanced sequence learning is supported by a
two-dimensional array. Second, culturally acquired
representations can support sequence learning. The
identification of the influence of learned aspects of
cognition like reading direction on the SPoARC
effect has already demonstrated the cultural nature
of spatialization. However, the observation in
Experiment 2 that participants can quickly learn
to use spatial regularities in a display to facilitate
performance on a verbal learning task demonstrates
that the cultural grounding needed to sustain these
kinds of effects could potentially be learned quickly,
rather than being a consequence of lifelong immer-
sion in culturally determined habits. Individuals
can learn useful spatial representations for support-
ing verbal sequence learning over the course of a
half-hour experimental run.
The origin of the bootstrapping paradigm is in

models ofWM; indeed, the original motivation was
to test hypotheses around modality specificity in
the multicomponent model.20 However, so far, VSB
research has not provided a lever by which to sep-
arate the main theoretical approaches. Although
the observation of LTM learning effects in a boot-
strapping study does tend to argue for models that
eschew highly rigid modality specificity, applying
this to current theories is something of a straw-
man argument because it is hard to find a recent
model of WM that requires inflexible modality
specificity. Even the so-called “multicomponent”
model includes multimodal components: the cen-
tral executive and the episodic buffer.25,26 Nonethe-
less, the bootstrapping phenomenon is replicable
and extends now to long-term sequence learning,
and future iterations of models of WM need to
accommodate it. One aspect of the bootstrapping
phenomenon that does need to be addressed in the-
oretical descriptions of WM is the fact that over
multiple different occasions, and now in both learn-
ing and immediate serial recall versions of the task,
it is clearly the case that when verbalmemory capac-
ity is exhausted, VSM systems can bootstrap perfor-
mance, an observation that is consistent with recent
ideas fromother fields ofWMresearch.44,45 At some
level, this observation must argue for some separa-

tion between visuospatial and verbal memory pro-
cessing in tasks that involve WM, and, therefore,
would tend to lend itself to the case for specialized
visual–spatial STM and to argue contrary to some
recent claims.33
The present study was focused on asking ques-

tions about the relation of spatialization and long-
term learning. However, there are a couple of
broader implications that should motivate future
research toward potentially useful outcomes. First,
VSB is a method that can enhance the speed of
sequential learning (SL) and SM. This is a poten-
tially exciting finding because implicit SL is impor-
tant in and of itself to reading.46,47 Bootstrapping
also enhances the SM of nonwords. Nonword learn-
ing has been linked48–54 to the development of
effective reading and vocabulary skills. Going for-
ward, we await with interest the possible applica-
tion of this approach to other groups of partici-
pants where support for memorization may be use-
ful, such as perhaps children or older adults. We
note in this context that data demonstrating that
bootstrapping is relatively resilient to aging and hip-
pocampal damage18,21,23 suggest that it may form a
useful tool, but note that, of course, such an extrap-
olation requires further work to substantiate it.
While the generalization of the present results

toward benefits in educational and reading contexts
needs to await future research—not least into the
longevity of the learning effects—the present exper-
iments stand by themselves in clearly evidencing a
benefit of spatially distributed displays to SL, and in
demonstrating that the spatialized benefit to verbal
learning can come from spatial arrangements that
are themselves easily acquired. People learn sequen-
tial information more readily when the material is
presented in such a way as to allow visual and spa-
tial memory to work together.

Data and preregistered materials

A copy of a predata collection registration of
Experiment 1 of this research (including experi-
mental materials) can be downloaded from here:
https://osf.io/em9kt/?view_only=798b700a6c4f470
a854d989613a29f9c
A copy of a predata collection registration of

Experiment 2 of this research (including experi-
mental materials) can be downloaded from here:
https://osf.io/6xd5e/?view_only=be0481cf920f423
68017a7470f536684
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