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ABSTRACT

Selectively remembering more valuable information can improve memory efficiency. Such
value effects have been observed on long-term memory for item-colour binding, but the
possible contributory factors are unclear. The current study explored contributions from
attention (Experiment 1) and verbal rehearsal (Experiment 2). Across two experiments,
memory was superior for item-colour bindings that were associated with high (relative to
low) point values at encoding, both in an immediate test and a delayed re-test. When
availability of attentional resources was reduced during encoding, value only influenced
immediate and not delayed memory (Experiment 1). This indicates that a transient value
effect can be obtained with little attentional resources, but attentional resources are
involved in creating a longer lasting effect. When articulatory suppression was implemented
during encoding (Experiment 2), value effects were somewhat reduced in the immediate test
and abolished in the delayed re-test, suggesting a role for verbal rehearsal in value effects
on item-colour binding memory. These patterns of value effects did not interact with
encoding presentation format (i.e., sequential vs. simultaneous presentation of objects).
Together, these results suggest that attentional resources and verbal rehearsal both
contribute to value effects on item-colour binding memory, with varying impacts on the
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durability of these effects.

The visual environment is often very rich, and it is not
always possible or optimal to remember all the infor-
mation we encounter given limitations on our memory
and attentional capacity. To improve memory efficiency,
one approach is to focus on a subset of stimuli (Atkinson
et al, 2018a) and selectively remember information that
is more valuable or goal relevant. Directing selective prior-
itisation based on item value has been shown to benefit
retrieval of high value items in working memory and
long-term memory tasks. The factors that might contribute
to the value effect in long-term memory are however
unclear, and have not been explored for item-colour
associative memory. Therefore, the current study
attempted to address this question, targeting contri-
butions from attention and verbal rehearsal in supporting
value-based prioritisation in memory for item-colour bind-
ings when tested immediately and after a delay.
Selectively encoding and remembering more important
information has been consistently found in working
memory tasks (Allen et al., 2024), with working memory
defined as the temporary storage and processing of
around 3-4 chunks of information over the time course

of a few seconds (e.g., Baddeley et al., 2021). In an
example working memory paradigm (e.g., Hu et al,
2014), a small set (e.g., four) of coloured shapes are pre-
sented for an immediate memory test. Participants are
informed that correctly remembering the item at a particu-
lar position (e.g., the first item) could earn more points
than the other items. Memory for the items at the high
value serial positions or locations has been shown to be
better than for lower value items, demonstrating a
flexible attentional control ability (see Allen et al., 2024;
and Hitch et al., 2020). The effect has also been observed
using sequential (e.g., Hu et al., 2023; Hitch et al., 2018)
and simultaneous (Allen & Ueno, 2018; Atkinson et al.,
2022) encoding contexts, and in children and older
adults (Allen et al., 2021; Atkinson et al., 2019).
Value-directed prioritisation also influences perform-
ance on long-term memory tasks (Knowlton & Castel,
2022). For present purposes, long-term memory refers to
stored knowledge and records of prior events (Cowan,
2008), without the assumed temporal and informational
capacity limits of working memory. Thus, a task would
require long-term memory when the number of items
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considerably exceeds working memory capacity, and/or
when retention over a filled interval of several minutes is
required. As an example, studies using the old/new recog-
nition paradigm have revealed that items allocated with
higher reward values typically show enhanced memory
(Knowlton & Castel, 2022). This is particularly the case for
recollective experience (as indicated by the “Remember”
option in the Remember/Know paradigm), with little or
no impact on familiarity (“Know” option, Cohen et al.,
2017; Elliott et al.,, 2020a; Elliott & Brewer, 2019; Elliott
et al.,, 2020b; Hennessee et al., 2017; Hennessee et al,,
2018). Furthermore, some studies have observed value
effects on long-term memory for associative information
or contextual detail. These include memory for item-
location binding (Elliott et al., 2020b; Siegel & Castel,
2018a, 2018b; Siegel et al., 2021), item-colour binding
(Yin et al, 2021), memory for word pairs (Ariel et al.,
2015; Griffin et al, 2019) and memory for word plurality
status (Cohen et al, 2017). Other studies, in contrast,
have only found value effects on long-term memory for
item information but not for associative information,
such as memory for the colour of visually presented
words (Hennessee et al.,, 2017; Hennessee et al., 2018) or
memory for the voice gender in which words were pre-
sented (Villasenor et al., 2021).

The value effect is likely to reflect strategic allocation of
attention (Allen et al., 2024; Castel et al., 2002). Participants
with attentional impairments such as Alzheimer’s disease
or ADHD show decreased value effects in long-term
memory tasks relative to healthy controls (Castel et al,
2009; Castel et al, 2011). Additionally, increased pupil
dilation has been observed when studying high relative
to low value words (Miller et al., 2019), and participants
spend more time studying and restudying higher valuable
words when given free choice (Ariel et al., 2015; Castel
et al., 2013; Middlebrooks & Castel, 2018; Robison & Uns-
worth, 2017). In each case, these behaviours were associ-
ated with better memory for more valuable words.

Dual task manipulations have been applied in this long-
term memory context to directly examine the contribution
from attentional resources. Elliott and Brewer (2019) found
that a dual task load during the encoding phase (i.e.,
random number generation or tone-detection but not
articulatory suppression) abolished or reduced the value
effect on a subsequent recognition memory task,
suggesting an important role of attentional resources.
However, other long-term memory studies suggest that
attentional resources are not critical for strategic value-
directed remembering. For example, Middlebrooks et al.
(2017) used three different tone detection tasks to divide
attention while participants were remembering words
based on point values. Although attention was stressed
to different degrees (Middlebrooks et al., 2017), partici-
pants’ ability to selectively remember more valuable
words was not impaired. Using a similar approach, Siegel
and Castel (2018b) explored how divided attention
during encoding may influence the value effect on long-
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term memory for item-location binding. While participants
in the divided attention conditions recalled fewer item-
location associations overall, selectivity for high over low
value items remained. Finally, Siegel and colleagues
found that value effects in long-term memory were only
impaired if the dual task relied on overlapping processing
resources with the primary task (Siegel et al., 2021). Relat-
edly, mixed outcomes have also been observed in the
working memory literature, with Hu et al. (2016) finding
reduced value effects in visual cued recall following a
more demanding concurrent task, while Atkinson et al.
(2021) found preserved value effects in auditory verbal
serial recall, albeit with low value memory at chance per-
formance. Therefore, given inconsistent findings of the
impact of attentional resources on value effects, and an
absence of research on item-colour binding in long-term
memory, Experiment 1 in the current study examined
value and attentional load effects on immediate and
delayed item-colour binding memory, with the aim to
help clarify whether selectivity is a cost-free ability or
requires attentional resources.

Prior studies from the working memory domain
showing value effects on item-colour binding memory
have typically employed concurrent articulatory suppres-
sion tasks to disrupt verbal coding and rehearsal (e.g.,
Allen et al.,, 2021; Hitch et al., 2018; Hu et al., 2014, 2016).
Additionally, studies which have explicitly manipulated
the use of articulatory suppression, either between or
within experiments, found no reduction in value effects
(Atkinson et al., 2021; Sandry et al,, 2014). The reliable
observation of value effects under these circumstances
would suggest that they are unlikely to critically rely on
verbal rehearsal. However, to our knowledge, the role of
verbal rehearsal has never been examined in long-term
memory for item-colour binding. Verbal coding and
rehearsal may play a different role in formation and reten-
tion of longer lasting, more durable representations.
Therefore, Experiment 2 aimed to explore the role of
verbal rehearsal in the long-term memory domain, both
in an immediate test and a delayed re-test.

Two experiments are therefore reported examining
these research questions. We used an adaptation of the
task implemented in previous studies of long-term
memory (e.g., Siegel & Castel, 2018b; Siegel et al., 2021).
In each experiment, different combinations of object and
colour were briefly presented during an encoding phase.
Memory for the shape-colour bindings encountered on
each trial was assessed in an immediate test, and in a
delayed re-test at the end of the encoding phase for
each condition. Use of both an immediate test and a
delayed re-test for the same material allows us to
explore the extent to which any advantage for high
value items is relatively transient or more long-lasting in
nature. Though we assume that working memory is
engaged during encoding and retrieval in this task, we fol-
lowed prior work (e.g., Siegel & Castel, 2018b; Siegel et al.,
2021) by presenting and testing 8-item sets in the
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immediate phase, with the aim of exceeding working
memory capacity and ensuring a role for long-term
memory at both test phases.

Experiment 1 examined the impacts of divided atten-
tion during encoding, and Experiment 2 applied an articu-
latory suppression task. In line with prior observations on a
shape-colour binding memory task (Yin et al., 2021), we
predicted that both immediate and delayed re-test
memory would be more accurate for high relative to low
value items, when participants are not asked to perform
another task during encoding. Any reduction in overall
performance and in the value effect that is observed in
the dual-task conditions would signal a role for attention
and/or verbal processing.

Experiment 1

Experiment 1 aimed to examine whether divided attention
during encoding would impact participants’ ability to
selectively encode more valuable item-colour bindings.
Relative to a full attention condition, if divided attention
reduced the value effect, that would indicate that atten-
tional resources is essential for strategically prioritising
high value item-colour bindings; if divided attention did
not influence the value effect, that would suggest that
strategically remembering more valuable item-colour
bindings is a flexible ability that does not critically depen-
dent on availability of attentional resources. Commonly
used dual tasks designed to load on attentional resources
include backward/forward counting (e.g., Allen et al.,
2006; Allen et al, 2014; Allen et al., 2012), random
number generation (e.g., Clark-Foos & Marsh, 2008; Hicks
& Marsh, 2000), digit monitoring (e.g., Castel & Craik,
2003; Craik et al, 2010; Kern et al., 2005; Mulligan &
Hartman, 1996), and tone detection (e.g., Dell'acqua & Jou-
coeur, 2000; lidaka et al, 2000; Naveh-Benjamin et al.,
2006; Talmi et al., 2007). Considering that backward/
forward counting, random number generation and digit
monitoring may interfere with processing of information
value (which in the present paradigm is indicated by
numbers), we adopted a tone detection task to tax atten-
tional resources (e.g., Middlebrooks et al., 2017; Siegel &
Castel, 2018b).

Experiment 1 also examined the impact of presentation
format on value effects and how it might interact with
attention. Prior research suggests that relative to simul-
taneous presentation, a sequential format is more
demanding (Allen et al., 2006; Blalock & Clegg, 2010; Gor-
goraptis et al.,, 2011; Lecerf & De Ribaupierre, 2005; Siegel &
Castel, 2018a, 2018b) and is relatively less advantageous
for selective encoding (Ariel et al., 2009; Middlebrooks &
Castel, 2018; Siegel & Castel, 2018a, 2018b). Therefore, it
is possible that divided attention would tax attentional
resources the most in the sequential presentation format
relative to other conditions and lead to a greater reduction
in the value effect.

Method
Participants

Power analysis was conducted using G*Power (Faul et al.,
2007) to determine the appropriate sample size. Our
primary factor of interest in these experiments was that
of item value. Targeting a medium effect size (Cohen’s d
=0.5) for the effect of value, with an alpha level of 0.05
and 95% power using frequentist analysis, the analysis esti-
mated that 45 participants would be required. As presen-
tation format was manipulated between subjects, 90
complete participants were required to be recruited for
reliable detection of the value effect (i.e., 45 in each pres-
entation format condition). To allow for exclusions due to
non-performance of the concurrent task (n=15 in Exper-
iment 1), 109 participants were ultimately recruited from
University of Leeds and The Chinese University of Hong
Kong (84 females; mean age = 19.2; range = 18-28 years;
Nsequential = 56, Nsimuitaneous = 53). All participants reported
having correct or corrected-to-normal vision and were
without colour-vision deficits. None reported a history of
neurological disorders. Informed consent was acquired in
accordance with the guidelines set by the Research
Ethics Committee from the University of Leeds (Ethics
reference number: PSYC-14) and The Chinese University
of Hong Kong (Ethics reference number: 22232022).

Design

The current experiment adopted a 2 (value: high, low) x 2
(attention: FA, divided attention) x 2 (presentation format:
sequential, simultaneous) mixed-factor design, with value
and attention as within factors and presentation format
as a between-subject factor. The full attention and
divided attention conditions were conducted in two separ-
ate blocks. Each block included five study-immediate test
trials and each trial included four high and four low
value items. The binding between items and point-
values, the items used in each attention condition, and
the order of the two attention conditions were counterba-
lanced across participants. Dependent variables were
immediate item-colour memory and delayed item-colour
memory.

Materials

Eighty neutral line drawings of daily objects were selected
from Snodgrass and Vanderwart (1980) and Cycowicz et al.
(1997). The items were presented in eight different colours
(red, yellow, blue, green, orange, purple, brown and pink).
Half of the items were paired with 1 point, and the other
half were paired with 10 points (Figure 1). Colour-image
bindings were always the same, but the associations
between point values and colour-image bindings were
counterbalanced across participants.
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Study-immediate test

simultaneous
~,

sequential

What was the colour of the item?

Filler task

58X2=?

Delayed re-test

What was the colour of the item?

What was the colour of the item?

What was the colour of the item?

Figure 1. Schematic illustration of the experimental paradigm.

Procedure

The experiment was conducted online using the Gorilla
Experiment Builder (Anwyl-Irvine et al., 2020). It consisted
of a study-immediate test phase, a filler task phase and a
delayed re-test phase (see Figure 1). During the study-

What was the colour of the item?

A

immediate test phase, participants were instructed that
they would be presented with a series of images in
different colours, each paired with a point-value they
would earn if they could correctly remember the colour
of the images in a later test. The goal was to maximise
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their point-score. In the sequential presentation condition,
eight items (four high value items, four low value items)
were presented sequentially within 5 x5 grids (see Siegel
& Castel, 2018a, 2018b), in the different locations. Each
of them was presented for 3 s with a 0.5 s fixation cross
interval. In the simultaneous presentation condition, the
eight items were presented simultaneously within a 5 x5
grid. Participants were given 24 s to study the items
(Note: in the sequential format, each of the 8 item-colour
bindings was presented for 3.5 s, totalling 28 s; in the sim-
ultaneous format, the 8 item-colour bindings were pre-
sented for 24.5 s in total). The test phase followed a 1s
mask, with the eight items being presented one by one
as non-coloured outlines. Participants were asked to
choose the colour for each item by clicking one from
eight colour buttons (see Figure 1 for an example). They
were then informed of how many points they scored in
the current study-test trial, and then the next trial began.

There were two attention conditions (full attention vs.
divided attention), each including 5 study-test trials. In
the full attention condition, the memory task was the
only task; under divided attention, participants were
asked to do the memory task while performing a tone
detection task. Participants were not explicitly instructed
as to which task was the primary focus. They were asked
to try to maximise their overall score. A series of low-
pitched (440 Hz) and high-pitched (1000 Hz) tones were
played in the background and participants were asked to
press the left key for the low-pitched tone and the right
key for the high-pitched tone. The order of tones was ran-
domised for each participant with the constraint that no
pitch was played more than three times consecutively. In
the simultaneous presentation format, a tone was pre-
sented at intervals of 3 s. Each encoding phase contained
8 tones. In the sequential format, to simulate the continu-
ous interruption that occurs during the simultaneous
encoding of items, 2 tones were presented for each item.
As a result, 2 tones were presented every 3 s. Each encod-
ing phase in the sequential format contained 16 tones.
Next, participants completed a filler task (6 multiplication
or division questions, e.g., 21 X6, 78 + 3, lasting around
90 s) to reduce mental rehearsal. Then, they completed
an unexpected, delayed colour memory test, in which
ten items (half high, half low) from each attention con-
dition were selected and tested again.

Results

Both frequentist and Bayesian analysis were conducted on
the data. Bayesian analysis allows one to consider the like-
lihood of the data under both the null and alternative
hypotheses, and these probabilities are compared via the
Bayes Factor (BF). BF;o describes how many times more
likely the alternative hypothesis is than the null hypothesis,
while BF,; describes how many times more likely the null
hypothesis is than the alternative hypothesis. A BF
between 1 and 3 is considered anecdotal evidence, a BF

between 3 and 10 is considered moderate evidence, a BF
between 10 and 30 is considered strong evidence, a BF
between 30 and 100 is considered very strong evidence,
and a BF between greater than 100 is considered extre-
mely strong evidence (Jarosz & Wiley, 2014; Schonbrodt
& Wagenmakers, 2018).

Tone detection performance

To verify that participants were properly engaged with the
tone detection task, we examined their response rate on
this task. The response rate was calculated as the
number of key presses made by the participant divided
by the total number of key presses they should have
made, regardless of the accuracy of their responses. We
did not use detection accuracy (the number of tones cor-
rectly detected out of the total number of tones) as the
metric for task engagement, because by reviewing the
data, we found that some participants often consistently
confused the key assignments, pressing the right key
(when they should have pressed left) for low-pitched
tones, and the left key (when they should have pressed
right) for high-pitched tones. Therefore, detection accu-
racy would not accurately reflect participants’ true engage-
ment with the tone detection task. Response rate was
adopted to assess participants’ engagement with the task.
Fifteen participants did not provide any responses on
the tone detection task. Their data were excluded from
the analysis. Therefore, the final analysis included 94 par-
ticipants. Participants’ average response rate on the tone
detection task was 0.80 (SE =0.04, range =.025-1).

Immediate test

Immediate and delayed item-colour binding memory as a
function of value and attention are displayed in Figure 2,
and broken down by presentation format in Table 1. The
chance level for the memory test is 0.125. A 2 (value:
high, low)x 2 (attention: full attention, divided atten-
tion) X 2 (presentation format: sequential, simultaneous)
repeated measures ANOVA was conducted. This revealed
a main effect of value [F(1, 92) =17.51, p <.001, nf,z 0.16,
BF ;o =358.74], where memory for high value item-colour
bindings [marginal means (MMs)=0.71; standard error
(SE) = 0.02] was better than memory for low value bindings
(MMs =0.63; SE=0.02). There was also a main effect of
attention [F(1, 92)=81.99, p<.001, np=047, BF;,>
1000], such that divided attention reduced overall
memory performance level (MMs = 0.59; SE = 0.02) relative
to that with full attention (MMs = 0.74; SE = 0.02). The inter-
action between value and attention was not significant [F
(1, 92)=1.12, p=.29, n§=0.012, BF,; = 3.65], suggesting
reduced attentional resources do not impact participants’
ability to selectively encode and briefly remember more
valuable item-colour bindings. The effect of presentation
format was not significant, F(1, 92)=1.90, p=.17, nj=
0.02, BFy; = 1.37 (simultaneous presentation format: MMs
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Delayed re-test

B High vale

Low value

Divided attention

Full attention

Full attention Divided attention

Attention

Figure 2. Mean accuracy in immediate test and delayed re-test as a function of value and attention. Chance level: 0.125. Error bars show standard error.

=0.69, SE=0.02; sequential presentation format: MMs =
0.65; SE=0.02). No interaction was observed between
presentation format and the other factors (Ps>0.12,
BFy; > 1.34).

Delayed re-test

A 2 (value: high, low) x 2 (attention: full attention, divided
attention) x 2 (presentation format: sequential, simul-
taneous) repeated measures ANOVA revealed a main
effect of attention [F(1, 92)=24.49, p<.001, np=0.21,
BF ;0> 1000], such that memory was better with full atten-
tion (MMs=0.56; SE=0.02) than with divided attention
(MMs = 0.43; SE=0.02). The main effect of value was not
significant [F(1, 92) =3.37, p=.07, n§20.04, BFy; =1.52],
but there was an interaction between value and attention
[F(1, 92) =5.54, p=.02, np=0.06, BF;,=2.16], albeit with
only weak BF support. Paired samples t-tests indicated
that memory for high value item-colour bindings was
better than memory for low value item-colour bindings
with full attention [t(93) = 2.98, p =.004, Cohen’s d=0.31,

Table 1. Proportion correct on the immediate test and delayed re-test as a
function of presentation format, concurrent task, and value.

Sequential Simultaneous

Immediate Delayed Immediate Delayed
Full attention
High .76 (.03) .57 (.04) .82 (.02) .64 (.04)
Low .71 (.03) 49 (.04) .69 (.04) .55 (.05)
Divided attention
High .58 (.03) .37 (.04) .67 (.03) 49 (.04)
Low .53 (.03) .38 (.04) .58 (.03) A8 (.04)

BF;,=6.96], but not with divided attention [t(93) = —0.07,
p=.95 d=-0.007, BF,;=8.77], suggesting attentional
resources during encoding are important for long-term
maintenance of the value effect. The effect of presentation
format was significant [F(1, 92)=4.87, p=.03, nf,=0.05,
BF ;o =1.90], with better memory under simultaneous pres-
entation format (MMs=0.54, SE=0.03) than memory
under sequential presentation format (MMs=0.45, SE=
0.03), although the Bayesian analysis suggests little evi-
dence to support the effect. No interaction was observed
between presentation format and value or attention
(Ps > 0.36, BFy; > 3.33).

Discussion

Experiment 1 investigated whether divided attention
during encoding affects the ability to selectively encode
more valuable item-colour bindings when tested immedi-
ately and after a delay. In the immediate test, divided
attention decreased overall memory performance level,
but it did not impact participants’ ability to preferentially
encode and briefly maintain high value bindings. In the
delayed re-test, the value effect was maintained when
full attention was provided, but no value effect was
observed when attention was divided. In short, divided
attention doesn’t change the immediate value effect but
it seems to reduce the effect after a delay. These impacts
were consistent across simultaneous and sequential pres-
entation formats.

Thus, in line with a large body of research, attentional
resources clearly play a role in initial memory encoding
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(Craik et al., 1996). The prioritisation of higher value items
for immediate memory does not appear to particularly
load on attention. This fits with prior work on episodic
memory (Middlebrooks et al., 2017; Siegel & Castel,
2018b). However, under divided attention these effects
were short-lived and did not survive to the delayed re-
test. Thus, results from the current experiment indicate
that the value effect on item-colour binding memory can
be derived during encoding even under divided attention,
but this is only relatively transient; attention during encod-
ing may be required to generate a longer-lasting value
effect.

Experiment 2

The first experiment indicated that the value effect could
still be briefly maintained following divided attention at
encoding, but that attentional resources during encoding
are important for derivation of more durable value effects.
What other factors might play a role here and, relatedly,
how might we account for the observation of a value
effect under divided attention in the immediate test in
Experiment 1? Classic work in the long-term memory
domain have distinguished maintenance rehearsal and
elaborative rehearsal (e.g., Craik & Lockhart, 1972; Craik &
Watkins, 1973; Roenker, 1974; Rundus, 1977). Maintenance
rehearsal is generally assumed to be a cost-free process. It
requires little, if any cognitive resources (Baddeley, 1986;
Cowan, 2001). Elaborative rehearsal, however, is a more
complex and demanding process (Schneider & Sodian,
1997). Experiment 1 found that value effect could still be
observed with reduced attentional resources. It is possible
that more valuable associative information may in part be
prioritised through maintenance rehearsal. For item-colour
binding memory, this could be verbal/subvocal rehearsal,
especially when items and colours are both nameable.

To examine the role of verbal rehearsal in value effect
on memory for item-colour binding, in Experiment 2, an
articulatory suppression task was adopted during encod-
ing (e.g., Atkinson et al, 2018b; Hitch et al, 2018; Hu
et al,, 2014, 2016; Sandry et al., 2014). If articulatory sup-
pression abolished the value effect, this would suggest
that verbal rehearsal is employed to prioritise high value
item-colour bindings. As in Experiment 1, Experiment 2
also examined the impact from presentation format and
how it might interact with the other factors under
investigation.

Method
Design

Experiment 2 adopted a 2 (value: high, low) x 2 (verbal
task: no - articulatory suppression, articulatory suppres-
sion) X 2 (presentation format: sequential, simultaneous)
mixed-factor design, with value and verbal task as within
factors and presentation format as a between-subject

factor. Counterbalancing and order of conditions was
implemented as in Experiment 1. Dependent variables
were immediate item-colour memory and delayed item-
colour memory.

Participants

One hundred and four participants were recruited from
University of Leeds and The Chinese University of Hong
Kong (79 females; mean age =20.3; range = 18-29 years;
Nsequential =53, Nsimultaneous = 51). None of them have par-
ticipated in Experiment 1. All participants reported
having correct or corrected-to-normal vision and were
without colour-vision deficits. None reported a history of
neurological disorders. Informed consent was acquired in
accordance with the guidelines set by the Ethics Commit-
tee from the University of Leeds (Ethics reference number:
PSYC-14) and from The Chinese University of Hong Kong
(Ethics reference number: 22232022).

Materials and procedure

The material and procedure were the same as Experiment
1 with the following exceptions. Instead of the two atten-
tion conditions in Experiment 1, there were two verbal task
conditions (no-articulatory suppression vs. articulatory
suppression) in Experiment 2. In the no - articulatory sup-
pression condition, the memory task was the only task; in
the articulatory suppression condition, three letters were
shown before the presentation of items. Participants
were asked to repeat the letters out loud during the
encoding phase. Before the immediate item-colour
memory test, they were asked to type the letters they
were asked to repeat. This was implemented to encourage
participants to perform the articulatory suppression task in
the online environment.

Results
Verbal task performance

Verbal task recordings were checked to ensure that partici-
pants were actively engaged in articulatory suppression.
Thirteen participants did not perform the verbal task, so
their data were excluded from analysis. The final analysis
included 91 participants. The response rate in the verbal
task was calculated as the number of trials participants
performed the verbal task divided by the total number
of encoding trials. Participants’ average response rate on
the verbal task was 0.96 (SE=0.01, range =0.2-1).

Immediate test

Immediate and delayed item-colour binding memory as a
function of value and verbal task are displayed in Figure 3,
and broken down by presentation format in Table 2. The
chance level for the memory test is 0.125. A 2 (value:
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Figure 3. Mean accuracy in immediate test and delayed re-test as a function of value and verbal task. Chance level: 0.125. Error bars show standard error.

high, low) x2 (verbal task: no-articulatory suppression,
articulatory suppression) x 2 (presentation format: sequen-
tial, simultaneous) repeated measures ANOVA was con-
ducted. This revealed a main effect of value [F(1, 89) =
1373, p<.001, n3=0.13, BF;,=69.94], with better
memory for high value item-colour bindings (MMs = 0.67;
SE=0.02) than low value bindings (MMs =0.61; SE=0.02).
There was also a main effect of verbal task [F(1, 89) =
90.36, p <.001, r]f,=0.50, BF;0 > 1000], such that articula-
tory suppression reduced overall memory performance
level (MMs = 0.55; SE = 0.02) relative to that with no-articu-
latory suppression (MMs =0.73; SE=0.02). The interaction
between value and verbal task was marginally non-signifi-
cant and not well supported by Bayesian analysis [F(1, 89)
=3.77, p=.055, nj =0.04, BFy; = 1.18]. To further examine
any potential differences in value effect, paired samples
t-tests were conducted. It was found that memory for
high value item-colour bindings was better than memory
for low value item-colour bindings without articulatory
suppression [t(90) =4.03, p <.001, Cohen’s d=0.42, BF;,
=165.53], but this effect was relatively smaller (and not
supported by Bayesian analysis) with articulatory suppres-
sion [t(90) = 2.09, p =.039, d=0.22, BFy; = 1.08]. The effect

Table 2. Proportion correct on the immediate test and the delayed re-test
as a function of presentation format, concurrent task, and value.

Sequential Simultaneous

Immediate Delayed Immediate Delayed

No articulatory
suppression

High .74 (.03) 55 (.05) 78 (02) .69 (.04)
Low .67 (.04) 44 (.04) 69 (.03) .49 (.05)
Articulatory suppression
High .51 (.03) 34 (.04 62 (.04 43 (.04)
Low .51 (.03) 37 (.04 55 (.03 41 (.05)

of presentation format was not significant, F(1, 89) =2.61,
p=.11, r]ﬁ:0.03, BFy; =1.17 (simultaneous presentation
format: MMs=0.67, SE=0.02; sequential presentation
format: MMs=0.61; SE=0.02). No interaction was
observed between presentation format and other factors
(Ps>0.18, BFy; > 1.76).

Delayed re-test

A 2 (value: high, low) x 2 (verbal task: no - articulatory sup-
pression, articulatory suppression) x2 (presentation
format: sequential, simultaneous) repeated measures
ANOVA revealed a main effect of value [F(1, 89) =9.32, p
=.003, nﬁ =0.10, BF;p=7.12], where memory performance
was greater for high value bindings (MMs = 0.50; SE = 0.02)
than that for low value bindings (MMs = 0.43; SE=0.02).
The effect of verbal task was significant [F(1, 89) = 27.65,
p<.001, nj=0.24, BF;,>1000], such that memory was
superior with no-articulatory suppression (MMs = 0.54; SE
=0.03) than with articulatory suppression (MMs=0.39;
SE =0.03). Value also interacted with verbal task [F(1, 89)
=14.75, p <.001, nf,=0.14, BF;0=281.18]. Paired samples
t-tests indicated that memory for high value item-colour
bindings was better than memory for low value item-
colour bindings without articulatory suppression [t(90) =
4,66, p<.001, Cohen’s d=0.49, BF;,>1000], and that
articulatory suppression abolished this value effect [¢(90)
=-0.29, p=.78, d=-0.03, BF,; = 8.26]. The effect of pres-
entation format was not significant, F(1, 89)=3.80, p
=.054, r[f, =0.04, BF;,=1.20 (simultaneous format: MMs =
0.51; SE=0.03; sequential format: MMs=0.43, SE=0.03).
No interaction was observed between presentation
format and other factors (Ps > 0.19, BF,y; > 2.54).
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Discussion

Experiment 2 explored the role of verbal coding and
rehearsal in the value effect on immediate and delayed
item-colour binding memory. Firstly, the value effect
observed in Experiment 1 was again replicated at both
immediate and delayed test points, confirming that indi-
viduals can preferentially encode and retrieve higher
value items across different retention durations, and that
this can be detected in an online research context. In
terms of the impact of articulatory suppression, this
reduced overall memory performance immediately and
after a delay. In addition, it seems that articulatory sup-
pression somewhat decreased the memory advantage
for high value items at the immediate test, and removed
the value effect when items were tested again after a
delay. These results suggest that verbal rehearsal is
involved in selectively remembering more valuable item-
colour bindings. These impacts were consistent across sim-
ultaneous and sequential presentation formats.

General discussion

The current study explored the value effect on immediate
and delayed memory for item-colour bindings, examining
the role of attention (Experiment 1) and verbal rehearsal
(Experiment 2). An advantage for high over low value
items was observed on an immediate test and a delayed
re-test in both experiments, replicating and extending pre-
vious observations of this phenomenon for shape-colour
binding in working memory (Hu et al,, 2014) and long-
term memory (Yin et al, 2021). The first experiment
found that relative to the full attention condition,
divided attention at encoding did not impact the value
effect in the immediate test, but it seemed to abolish the
value effect in the delayed re-test. These results indicate
that a transient value effect can emerge even with
reduced attentional resources, but sufficient attentional
resources are perhaps required to maintain a longer-
lasting value effect. The second experiment examined
verbal contributions to value-based prioritisation, finding
that relative to a no-task condition, articulatory suppression
seemed to reduce the value effect in the immediate and
clearly abolished the value effect in the delayed re-test,
suggesting verbal rehearsal is a critical encoding process
involved the value effects. In both experiments, there was
little reliable evidence that presentation format and atten-
tion/verbal rehearsal during encoding interacted to
influence the value effects that were observed.

It is now well established that attentional control
resources are important during encoding into memory
(e.g., Craik et al., 1996; Hitch et al., 2020). However, pre-
vious studies have revealed inconsistent outcomes regard-
ing the role of attention in generating value effects. Some
studies found that value effects were maintained under
divided attention in various situations, whether the
primary task is relatively more attention-demanding (e.g.,

associative memory, Siegel & Castel, 2018b) or dual tasks
stress attention to different degrees (Middlebrooks et al.,
2017). Others, in contrast, found that a dual task load
during the encoding phase abolished/reduced the value
effect (Elliott & Brewer, 2019). Both these outcomes were
observed in Experiment 1, such that divided attention
did not impact participants’ ability to strategically
encode and briefly maintain more valuable item-colour
bindings in the immediate test, but it did abolish the
value effect in a delayed re-test. The results from Exper-
iment 1 may provide a possible explanation for the incon-
sistent findings from previous studies; while the studies
mentioned above all adopted an immediate test para-
digm, they differ in the number of study items and thus
retention time before the test. In the studies finding
value effects under divided attention (Middlebrooks
et al, 2017; Siegel & Castel, 2018b), short study lists
(between 10-20 stimuli in in each list) were used, resulting
in relatively brief retention times before the test. Therefore,
value effects were observed under divided attention that
might be relatively transient in nature. In the study demon-
strating that divided attention during encoding reduced
value effects (Elliott & Brewer, 2019), there were 40 study
stimuli in each list. This resulted in a longer retention
time before the test, during which time a possibly transient
value effect may have gradually dissipated. However, we
acknowledge the speculative nature of this interpretation.
It would be useful for futures studies to further explore
how value might interact with attention across different
retention intervals, testing points, and without successive
testing.

Experiment 1 shows that a value effect could be
observed even when under a general attentional load,
but this did not survive to the delayed re-test. How
might participants use available attentional resources to
prioritise more valuable bindings? One possible mechan-
ism is the application of elaborative encoding for higher
value information (Ariel et al, 2015; Bui et al., 2013;
Cohen et al., 2014, 2016; Hennessee et al., 2019). This is
supported by experimental studies (Bui et al., 2013; Hen-
nessee et al., 2019) and by participants’ self-report (Ariel
et al.,, 2015) that they use more effective strategies (i.e.,
imagery mediators, keyword mediators, sentence gener-
ation, or relational processing) when learning high value
words or word pairs. Evidence has also been found from
studies using fMRI; memory selectivity is associated with
greater differences between high and low value words
during presentation in the activation of semantic proces-
sing brain regions (e.g., left inferior frontal gyrus and left
posterior lateral temporal cortex), suggesting elaborative
semantic processing may be an important mechanism
for encoding valuable items (Cohen et al., 2014, p. 2016).

However, the studies mentioned above investigated
the value effect on item memory (mostly using words). It
is relatively easy to encode words elaboratively in
various ways, such as constructing a mental image of the
word (e.g., Lutz & Lutz, 1978; Maclnnis & Price, 1987),



relating it with self (e.g., Klein & Kihlstrom, 1986; Symons &
Johnson, 1997) or organising related words together (e.g.,
Lange et al,, 2011; Melkman et al., 1981; Tulving, 1962). In
contrast, it might be difficult to spontaneously apply these
strategies to associative memory. For instance, Siegel and
Castel (2018a) found value effects on memory for item-
location bindings but argued that elaborative encoding
for such information may be difficult or even impossible.
Similarly, a value effect has also been observed on
memory for face-name bindings (Festini et al., 2013;
Hargis & Castel, 2017). Considering names are usually
meaningless and lack semantic associations (e.g., Cohen,
1990; McCluney & Krauter, 1997; Terry, 1994), this value
effect might be less likely driven by elaborative encoding
for more valuable bindings.

Turning to the present task context, it is possible that
the encoding of more valuable item-colour bindings is
achieved in part via elaborative rehearsal. For example,
participants may choose to remember the associative
pairing of red and iron, by considering that the iron is
red because it is hot. This strategic approach may be of
variable difficulty depending on the feature pairings but
in each case, we would assume that general attentional
resources are required. It is also possible that the encoding
of more valuable item-colour bindings is achieved via
more superficial and resource-light encoding approaches,
such as maintenance rehearsal (e.g., vocally/subvocally
repeating “red iron”). Our interpretation of the current
findings is that the value effect can be derived using
different strategic approaches, with the durability of the
effect reflective of the strategies that are employed.
When individuals can fully focus on the task with no
other concurrent activity required, they may choose to
implement one or a combination of these approaches.
Strategies such as elaborative encoding are more atten-
tion-demanding but result in longer-lasting effects that
survive to the delayed test. When individuals are unable
to fully focus on the task due to concurrent activity, they
may flexibly adjust their strategies depending on the
nature of the secondary task.

To be more specific, in Experiment 1, when attention
was divided, we assume that it was challenging for partici-
pants to utilise resource-demanding strategies like ela-
borative encoding. Instead, they may have reverted to
resource-light encoding approaches, such as verbal
rehearsal. This allowed for a transient value effect to
emerge, but the effect did not reliably persist to the
delayed re-test. In Experiment 2, when rehearsal was dis-
rupted by a concurrent verbal task during encoding, par-
ticipants may have shifted to non-verbal encoding
strategies. These non-verbal strategies could be elabora-
tive encoding, visual encoding or other strategies.
However, it may be less likely that the non-verbal strategy
was elaborative encoding, as verbal processing may be an
important aspect of elaborative thinking and articulatory
suppression can disrupt this form of processing (Baddeley
& Andrade, 2000). In addition, the observation of a value
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effect on the immediate test but not the delayed re-test
suggests that the non-verbal strategies employed were
not long-lasting in their benefits. Given these consider-
ations, it is more plausible that the participants relied on
visual encoding or other non-verbal approaches in Exper-
iment 2 when rehearsal was disrupted. Nevertheless, it
would be interesting for future studies to directly
explore whether articulatory suppression impacts elabora-
tive encoding, perhaps through use of self-report
measures. A further interesting possibility is that the domi-
nant or more important representational modality might
change between test points, for example with the immedi-
ate test drawing relatively more on the visual and the
delayed re-test more on verbal representations. This
could help explain some aspects of the current findings,
but it remains speculative and needs further research
enquiry to confirm or refute.

Another possible explanation for the results observed in
the current study is that the tone detection task and the
verbal task may have disrupted initial stages of consolida-
tion to some degree. Processes of memory consolidation
can apply across extended time periods, but in the
present context this broadly refers to the post-encoding
stabilisation of transient memory traces into more durable
representations that are resistant to forgetting (Cotton &
Ricker, 2022). Providing more time and central attentional
resources for the consolidation process typically leads to
improved memory (Cotton & Ricker, 2022). In the current
study, when participants were required to perform a con-
current dual-task (tone detection task or verbal task), that
may have diverted time and attentional resources away
from the memory task, making it difficult for memory
traces of more valuable item-colour bindings to be ade-
quately strengthened, at least in the early period of the con-
solidation process. Therefore, no value effect was observed
in delayed re-tests with concurrent dual tasks.

Another possibility to consider is whether the tone
detection task was interfering with the ability to verbally
rehearse, thus resulting in the diminished value effects
found in Experiment 1. The tone detection task may
have some impact on the ability to engage in verbal
rehearsal, but we believe this effect is likely to be relatively
small. The tone detection task requires general attentional
resources, so it primarily interferes with tasks that are par-
ticularly attentionally demanding. However, maintenance
rehearsal is generally assumed to be a relatively cost-free
process that requires few cognitive resources (Baddeley,
1986; Cowan, 2001). In Experiment 1, we observed that
the value effect on memory for item-colour bindings sur-
vived even with the concurrent tone detection task in
the immediate test. We speculate that such value effect
may be achieved through verbal rehearsal, as verbal
rehearsal appears to be less affected by demands on atten-
tional resources.

A subsidiary factor of interest in the present study was
whether and how patterns might change with presen-
tation format. In the delayed re-test from Experiment 1,



1168 (&) X.YINETAL.

memory accuracy for item-colour bindings was greater in
the simultaneous presentation format than sequential
presentation format, consistent with previous findings
(Allen et al.,, 2006; Blalock & Clegg, 2010; Gorgoraptis
et al., 2011; Lecerf & De Ribaupierre, 2005; Siegel &
Castel, 2018a, 2018b), but this was not well supported by
Bayesian analysis. There was also no evidence for effects
in the immediate test or in Experiment 2, and there was
little evidence that presentation format and attention/
verbal rehearsal interacted to influence value effects in
either experiment. However, we acknowledge that our
required sample sizes were estimated based on item
value as the primary factor of interest, and this was
implemented within-subjects. Presentation format was a
between-subjects factor and thus our study may be some-
what underpowered to detect any meaningful effects.

It is worth noting recent evidence that value-based
prioritisation applied during encoding in visual working
memory tasks does not always consistently translate into
value effects on a later, delayed long-term memory task
(Atkinson et al., 2024; Jeanneret et al., 2023) material.
This stands in apparent contrast to the positive effects
observed on item-colour binding in the present long-
term memory study, and those in the broader literature
on value-directed remembering in long-term memory
(Knowlton & Castel, 2022). The study by Atkinson et al.
(2024) used articulatory suppression during encoding,
which may have contributed to the absence of effects,
given that there is some evidence that working memory
value effects can transfer to long-term memory when
using verbal stimuli (Labaronne et al.,, 2023; Sandry et al.,
2020). In addition, both Atkinson et al. (2024) and Jeanneret
et al. (2023) employed a shorter encoding time (between
250 and 500 ms per item) than the present study (3 s per
item) and others on value-directed remembering in long-
term memory. More extended encoding times may
impact on choice of encoding strategy, which, in turn, can
influence the durability of value effects. Overall, durability
of value effects is likely to reflect a combination of factors
including resource availability, motivation, and encoding
strategy, along with the actual memoranda involved.

Our aim in the current study was to examine value
effects under different encoding conditions and track
how these change for the same items when tested
immediately after encoding and then again after a short
delay. However, this method of testing the same items at
two time points introduces a potential limitation in that
a testing effect may be operating, with value effects
observed at the delayed test partly reflecting more suc-
cessful retrieval at the earlier immediate test. While
earlier testing is indeed likely to impact on later perform-
ance, this does not offer an explanation for the removal
of value effects following concurrent activity that was
observed at the delayed re-test. Nevertheless, it would
be useful to explore how earlier testing and retrieval
might interact with value and concurrent load on
delayed memory.

It is also useful to reflect on our use of a filler task during
the retention interval between the immediate test and the
delayed re-test. Items in all concurrent task conditions
underwent the same filled retention interval and therefore
suffered from forgetting as a result. At the delayed re-test,
value effects were apparent in no-task conditions, despite
this following the filled delay. However, these value effects
at the delayed re-test did not survive when the participant
had earlier performed the tone or verbal task during the
encoding phase. Thus, the filler task was a constant for
each encoding concurrent task condition; the value
effect that we saw in the delayed re-test was seemingly
dependent on what the participant was doing during
encoding, and not during the retention interval between
tests. Nevertheless, there is a speculative possibility for
how the filler task might be contributing to the set of out-
comes on the delayed re-test. Following prior studies (e.g.,
Atkinson et al., 2024; Baddeley et al., 2019; Jeanneret et al.,
2023), it was deliberately implemented to prevent active
strategic maintenance over the delay. A value-based rep-
resentational boost that is weaker due to a concurrent
task being performed during encoding might then also
be reliant on active maintenance over time, and more vul-
nerable to a demanding activity performed during reten-
tion that prevents this. This is an interesting possibility
and would warrant further research exploring what
happens to memory representations, including value
benefits and costs, over retention intervals of differing dur-
ations and cognitive demands.

Conclusions

The current study sought to shed light on the conditions
under which value effect can be derived in item-colour
binding memory. Memory was superior for item-colour
bindings that were associated with high (relative to low)
point values at encoding, an effect that emerged on an
immediate test and a delayed re-test in both experiments.
A transient value effect on item-colour binding memory
was obtained when availability of attentional resources
was reduced during encoding, with the high-value advan-
tage only emerging on the immediate and not the delayed
re-test (Experiment 1). This indicates that attention-
demanding strategic encoding approaches (possibly
including, but not limited to, elaborative processing) are
involved in producing long-lasting value effects. Verbal
rehearsal appears to reduce value effect in the immediate
test and clearly abolished the effect in the delayed re-test,
suggesting verbal rehearsal is another important factor
driving the value effects (Experiment 2). These findings
indicate that different strategic approaches can be
engaged during encoding to prioritise high value items.
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