ResearchGate

See discussions, stats, and author profiles for this publication at: https://www.researchgate.net/publication/396994226

Encoding serial items depletes cognitive resource: An adversarial comparison of
reconfiguration and resource-depletion accounts of working memory

Preprint - October 2025

DOI: 10.31234/0sf.io/vj8pn_vl

CITATIONS READS

0 9
3authors, including:
Vencislav Popov
\W  University of Zurich
54 PUBLICATIONS 568 CITATIONS

SEE PROFILE

All content following this page was uploaded by Vencislav Popov on 03 November 2025.

The user has requested enhancement of the downloaded file.


https://www.researchgate.net/publication/396994226_Encoding_serial_items_depletes_cognitive_resource_An_adversarial_comparison_of_reconfiguration_and_resource-depletion_accounts_of_working_memory?enrichId=rgreq-2f9037823cb1e626facc78d5b3cdb070-XXX&enrichSource=Y292ZXJQYWdlOzM5Njk5NDIyNjtBUzoxMTQzMTI4MTcxMDQ5MjEwMUAxNzYyMTMxNjI4NTk0&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/publication/396994226_Encoding_serial_items_depletes_cognitive_resource_An_adversarial_comparison_of_reconfiguration_and_resource-depletion_accounts_of_working_memory?enrichId=rgreq-2f9037823cb1e626facc78d5b3cdb070-XXX&enrichSource=Y292ZXJQYWdlOzM5Njk5NDIyNjtBUzoxMTQzMTI4MTcxMDQ5MjEwMUAxNzYyMTMxNjI4NTk0&el=1_x_3&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-2f9037823cb1e626facc78d5b3cdb070-XXX&enrichSource=Y292ZXJQYWdlOzM5Njk5NDIyNjtBUzoxMTQzMTI4MTcxMDQ5MjEwMUAxNzYyMTMxNjI4NTk0&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Vencislav-Popov?enrichId=rgreq-2f9037823cb1e626facc78d5b3cdb070-XXX&enrichSource=Y292ZXJQYWdlOzM5Njk5NDIyNjtBUzoxMTQzMTI4MTcxMDQ5MjEwMUAxNzYyMTMxNjI4NTk0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Vencislav-Popov?enrichId=rgreq-2f9037823cb1e626facc78d5b3cdb070-XXX&enrichSource=Y292ZXJQYWdlOzM5Njk5NDIyNjtBUzoxMTQzMTI4MTcxMDQ5MjEwMUAxNzYyMTMxNjI4NTk0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Zurich?enrichId=rgreq-2f9037823cb1e626facc78d5b3cdb070-XXX&enrichSource=Y292ZXJQYWdlOzM5Njk5NDIyNjtBUzoxMTQzMTI4MTcxMDQ5MjEwMUAxNzYyMTMxNjI4NTk0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Vencislav-Popov?enrichId=rgreq-2f9037823cb1e626facc78d5b3cdb070-XXX&enrichSource=Y292ZXJQYWdlOzM5Njk5NDIyNjtBUzoxMTQzMTI4MTcxMDQ5MjEwMUAxNzYyMTMxNjI4NTk0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Vencislav-Popov?enrichId=rgreq-2f9037823cb1e626facc78d5b3cdb070-XXX&enrichSource=Y292ZXJQYWdlOzM5Njk5NDIyNjtBUzoxMTQzMTI4MTcxMDQ5MjEwMUAxNzYyMTMxNjI4NTk0&el=1_x_10&_esc=publicationCoverPdf

Running head: Encoding serial items depletes cognitive resource

Encoding serial items depletes cognitive resource: An adversarial
comparison of reconfiguration and resource-depletion accounts of

working memory
David J. Greeno?, Candice C. Morey?, and Vencislav Popov?

1School of Psychology, Cardiff University

2 Department of Psychology, University of Zurich

All materials and data available to download at https://osf.io/d2zby

Word Count

7235

Correspondence:
David J. Greeno, School of Psychology, Cardiff University, United Kingdom
Email: greenodj@cardiff.ac.uk

University Switchboard: +44 2920 874000


https://osf.io/d2zby

Running head: Encoding serial items depletes cognitive resource 2

When people encode items into working memory, the time taken to complete a secondary task
slows as the memory load increases but becomes faster during retention intervals. The findings
are best explained by either a reconfiguration process needed only during encoding, or by a
resource-depletion model in which encoding of each item drains cognitive resource that
recovers during retention. We tested diverging predictions of these accounts with a running
span complex span task. List-length was unpredictable, and participants had to recall only the
most recently presented N memory items. According to the reconfiguration account, after N
items are presented, response times for the secondary task should stabilize. This should occur
because the amount of updating required at each memory item beyond N should be equivalent.
According to the resource-depletion account, each new encoding event beyond N should
continue to deplete a limited resource. This depletion results in a continued slowing of response
times for the secondary task. Across four experiments, secondary task response times increased
with each new memory item, even after the required memory load was reached. The only
exception was with memory loads of 2 where secondary task response times plateaued after 2
items. These findings place limits on reconfiguration as a comprehensive explanation for short-

term memory but are mostly in line with a modified resource-depletion account.

Keywords: working memory; complex span; processing speed; resource-depletion;

reconfiguration
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Impact Statement

The complex span task involves a primary task (e.g. remembering digits) with a secondary task
(e.g. maths or judgement tasks). This combination of storage and processing are considered to
mimic real-world cognitive demands (e.g. remembering individual items from a shopping list
while also working out the cumulative cost of those items). The theoretical underpinnings of
performance in these tasks are still uncertain, but understanding is critical for predicting and
explaining more complex, real-life behavior. The present series of experiments takes steps
towards achieving this goal by directly comparing two accounts of complex span performance —
one based on motor-response preparation, and one based on the depletion and recovery of an
encoding resource. To promote intellectual rigor, we adopted a pre-registered adversarial
collaboration with proponents of each account involved. Across 4 experiments we found
evidence broadly in line with a modified version of the resource-based account. These findings
help place limits on the range of explanations and further our progress towards understanding

of the complex span task
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Introduction

Working memory is a system for concurrent maintenance and processing of information
underpinning many cognitive functions such as reasoning and problem solving. The working
memory system is often studied using complex span tasks. In these tasks, people have to
remember some items, such as consonants, interleaved in a sequence with processing episodes
like tone discrimination, followed by a recall test (Figure 1). Results from complex span tasks
have revealed bidirectional interference between maintenance of memoranda and processing
(e.g. Vergauwe et al., 2022). Recall accuracy decreases when there are more processing
episodes during the inter-item intervals (Barrouillet et al., 2004, 2011). Conversely, as
presentation of the to-be-remembered list progresses, response times (RTs) to each of the
interleaved processing episodes becomes slower (Joseph & Morey, 2022; Morey et al., 2018).
Such results have been interpreted as support for domain-general resource models like the
time-based resource-sharing model (TBRS), in which maintenance and processing both depend
on the same attentional resource (Barrouillet et al., 2011), or more recently with the
reconfiguration account of Joseph and Morey (2022). In this adversarial collaboration we
recognize that these results can also be accounted for by the gradual resource recovery model

of Popov and Reder (2020), and identify and test divergent predictions of these models.!

! The adversarial collaboration includes proponents of the reconfiguration hypothesis (C. C. Morey) and the
resource-depletion-and-recovery hypothesis (V. Popov).
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Figure I.

Example of a complex span task trial whereby participants remember consonants for later recall

(primary task) while also judging whether tones are high or low (secondary task).
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The time-based-resource-sharing (TBRS) model (Barrouillet et al., 2004) was developed to
account for complex span task data and makes the following assumptions. If left unattended,
memory traces suffer from time-based decay. To prevent this decay during both encoding and
retention intervals, attention needs to be repeatedly directed towards these traces to refresh
them. However, since attention is limited, performing other operations will prevent or hinder
the refreshing process, resulting in decayed memory traces and worse subsequent recall.
According to TBRS, increasing the memory load (e.g. with each additional item added to the
memory list) means more traces in memory need to be refreshed leaving less attentional

resource for performing the secondary task. This causes poorer discrimination performance
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with increasing serial positions regardless of whether the secondary task is performed in
between encoding of the memoranda or during a retention interval. This assumption was
recently made explicit by Barrouillet and colleagues (2023), who stated that “the time sharing
postulated by the TBRS model applies not only for storage and processing in complex span
tasks, but also to any activities that involve attention and consequently compete for occupying
the executive loop.” (p. 1541). While many TBRS predictions have been confirmed, it fails to
account for some key aspects of the data. Since TBRS posits that memoranda are continuously
refreshed to prevent decay, memory load should affect secondary task processing similarly
regardless of whether processing occurs in between encoding events, or during a retention
interval. However, this is not the case — there is no memory load effect during retention in a
Brown-Peterson paradigm, except for the very first judgement (Joseph & Morey, 2022; Klapp et

al., 1983; Oberauer, 2002).

Some of the strongest evidence against TBRS comes from Joseph and Morey (2022), who
studied the effect of memory load on processing prior to encoding, during encoding and during
retention. Participants had to perform a tone-discrimination task prior to the presentation of
the consonants (“lead-in judgements”), in between presentations of the consonants (“load
judgements”) or during the retention interval (“lead-out judgements”). The lead-in judgements
were included to neutralize switching costs in response times, which had been observed in prior
research after the first memory item (Morey et al., 2018). Their results showed three distinct
patterns. Response times to the tone discrimination task were slow for the initial lead-in
judgement, reflecting switching costs, but they quickly reached a baseline level prior to the

presentation of the first memory item. After the first memory item, response times to the tone
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discrimination task increased substantially above baseline and continued to increase linearly
with each additional memory item. Finally, during the retention interval, response times to each
subsequent tone decreased gradually until they reached asymptote at nearly the lead-in

baseline level.

On the face of it, these results are inconsistent with TBRS. There is only one reason in TBRS why
the cost of refreshing a memory list on concurrent judgement should disappear after the start
of the retention period. Barrouillet and colleagues (2023) argued that participants might be
spontaneously prioritizing the processing task, interrupting the refreshing of memory items
whenever a processing stimulus appears during retention. While plausible, this explanation is
problematic. If participants prioritize processing judgements during retention, there should be a
clear cognitive load cost on memory performance instead. However, most studies find no such
cost in the Brown-Peterson paradigm, and the few that do show a substantially smaller effect
compared to the Complex Span Task (for a recent review, see Langerock et al., 2025). The
prioritization explanation cannot account for the absence of both effects, unless used to claim

that in every study, participants spontaneously prioritize the task that shows no load effect.

As an alternative, Joseph and Morey (2022) proposed that the observed slowing of the
processing task during encoding is due to the reconfiguration of to-be-remembered information
in preparation for a later response. Instead of using distinct resources meant only for temporary
maintenance, remembering may be explained by the co-opting of mental resources associated
with other more general processes (Jones & Macken, 2018). Effects observed in short-term
memory tasks result from participants' ability to use internal processes for manipulating and

preparing information in anticipation for later recall. The processes used for preparing speech
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can also be applied to preparing and recalling a list of randomly ordered letters, even though
this task is less natural (MacDonald, 2016). During encoding, participants convert memoranda
into a response-ready speech format. Each new item prompts them to update the output
sequence from the beginning of the list, which incrementally increases the time needed for
concurrent processing as the list grows. After the final item is added, no further reconfiguration
is required, so response preparation is complete and can wait until execution, resulting in no

expected impairment in processing during the retention interval.

While Joseph and Morey (2022) argued that their results could not be easily accounted for by
resource-based models like TBRS, resource-based models vary in their assumptions. In
particular, the Source of Activation Confusion (SAC) model implements a gradual resource-
depletion-and-recovery assumption (Popov & Reder, 2020; Popov et al., 2019; Reder et al.,
2007). In this model, the encoding of information into working and long-term memory depletes
a limited resource that recovers gradually over time. In contrast to the TBRS model, the
resource is not related to the maintenance of memoranda. Instead, each time a new item is
encoded into memory, its encoding depletes a fixed proportion of the existing resource pool
with the strength of the memory representation proportional to the amount of resource
depleted. Crucially, the depleted resource recovers gradually over time. This resource-depletion-
and-recovery assumption can successfully model word-frequency effects and primacy effects
(Popov & Reder, 2020), sequential directed forgetting effects (Popov et al., 2019), free time
effects (Mizrak & Oberauer, 2021), semantic similarity effects (Kowialiewski et al., 2021), and

EEG findings (Lohnas et al., 2020; Ma et al., 2024).
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The resource-depletion-and-recovery assumption provides a simple explanation for the gradual
slowing of tone judgement response times during encoding and speeding during retention
found by Joseph and Morey (2022). During encoding, each item depletes a fixed proportion of
the remaining resource pool, resulting in less resource dedicated to each subsequent memory
or processing item. Since the amount of resource dedicated to an item determines the strength
of its representation, which in turn determines recall and discrimination performance, the
model predicts both a decrease in recall with serial position (a primacy effect for the
memoranda) and a slow-down for tone judgements with serial position. Crucially, because the
resource recovers gradually over time, the model, in contrast to TBRS, also predicts the gradual
speeding of tone judgements during the retention interval. These predictions hold if we assume
that distractor items deplete less resource than memory items, and that the recovery rate is

faster than the depletion rate from distractors during the retention interval.

To show that the resource-depletion-and-recovery hypothesis is consistent with the data, we
simulated a simplified version of the SAC model (see the accompanying model code and Popov
& Reder, 2020 for a full explanation of the model). Response times were simulated via a drift
diffusion process, with the drift rate for each processing item determined by the amount of
available resource at the time of encoding it. We did not try to fit the data directly; rather, we
selected parameters that reproduced the qualitative pattern observed in Joseph and Morey
(2022). The only ad hoc assumption added to the model is that the initial lead-in judgement
reflects a switching cost, consistent with the interpretation of Joseph and Morey. As can be seen
from Figure 2, the model captures well the gradual slowing of the processing judgements with

each serial position during encoding followed by a speeding of processing judgements during
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the retention interval. In summary, both the reconfiguration account and the resource-
depletion-and-recovery model of Popov and Reder (2020) provide plausible accounts of Joseph

and Morey'’s findings.

Figure 2.

Simulation of Joseph and Morey’s (2022) Experiment 3 results with the SAC model. Note the

correspondence with the right panel of Figure 2 of Joseph and Morey.
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The current experiments examine a critical point where the predictions made by the two
hypotheses differ. What would happen if new items were encoded, but the length of the output
plan remained constant? We created a novel task combining the unpredictable series length of
a running span task (Pollack et al., 1959) with interspersed judgments of the complex span task.
In this new task, participants do not know when the series of memoranda and judgments will

finish but know that they must always recall the most recent N items presented. Once the
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number of presented items exceeds N, the task requires continuous updating of the response
set. With each additional item, participants must update their response set by removing the

earliest item in it and adding the new item at the end.

The reconfiguration hypothesis predicts that if the number of items presented are less than N,
tone judgement response times should slow down, just like in the traditional complex span task.
This is because there are an increasing number of items that must be transformed into a
response-ready format. However, once the number of presented items exceeds N the response
set no longer increases in number and the reconfiguration time should no longer increase with
serial position. Thus, tone judgement response times should gradually increase up to serial
position N, possibly up to N+1 to reflect the cost of updating, after which they should remain at

the same level until the retention interval, when updating is no longer required.

In contrast, the resource-depletion-and-recovery hypothesis posits that each encoded item
depletes a proportion of hypothetical available resource. Popov and Reder (2020) envision this
resource as limited fuel for memory formation. In contrast to the reconfiguration hypothesis,
the resource-depletion-and-recovery hypothesis predicts that the slowing in tone judgement
response times should continue as long as new items are presented for encoding, because each

new item requires a portion of the encoding resource.

The present experiments tested these predictions by incorporating a running span version of
the complex span task whereby the lists varied in length (up to a total of 9 items) meaning that
the list lengths were always unpredictable to the participants. Participants then recalled the last

N items presented which was either the last 2 or 4 (Experiment 1a/1b) and 3 or 4 (Experiment
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2a/2b) items. Additionally, to ensure generality of findings across domains an auditory (1a/2a)
or visual processing task (1b/2b) was interleaved with the presented items. Neither account
explicitly predicts that the nature of the processing task will affect the outcome. Confirming
whether encoding a verbal sequence for response impacts auditory and visual processing
similarly will help to better describe any shared resource that needs to be coordinated to

support multi-tasking.

Experiments la and Ib

Experiment 1 incorporated a running span version of the complex span task with list lengths up
to 9 items. Participants were unaware how long each list would be but required to recall the last
N items (either 2 or 4). Experiment 1a used an auditory processing task interleaved between
memory items and Experiment 1b used a visual processing task. This novel task enabled us to
tease apart the reconfiguration and resource-depletion hypotheses with each able to make
distinct predictions about the response times for the processing task beyond the critical Nth
item in the list. To summarize, the reconfiguration account predicts an asymptote in judgement
response times at the value reached around the second to third item in the Recall Last 2
condition and around the fourth to fifth item in the Recall Last 4 condition (see Figure 3). The
resource-depletion account predicts that judgement response times will increase gradually with
each list position, regardless of how many items need to be recalled (see Figure 4). These

predictions were pre-registered (see https://osf.io/d2zby/registrations).
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Figure 3.

Predicted interleaved judgement response times as a function of serial position (x axis), overall
list length (differentiated by color), and recall condition (per panel) according to the

reconfiguration account.
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Figure 4.

Predicted interleaved judgement response times as a function of serial position (x axis), overall

list length, and recall condition according to the resource recovery and depletion account.
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Note. Based on the work by (Bunting et al., 2006), the model assumes that people put less
effort into the “Recall Last 2” relative to the “Recall Last 4” condition. In the model this is
achieved by lowering the learning rate (in this case, from 0.3 to 0.25), which also reduces the
amount of resource depleted by each memory item. As a result, more resources are available
for processing the distractors in the “Recall Last 2” condition, causing faster overall response
times, and a smaller slope over serial position. List Length predictions overlap, thus only one
line is shown, for the maximum list length condition. Predictions were simulated from the Popov

& Reder (2020) model.
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Method

Participants

The final sample comprised 60 participants for Experiment 1a (M = 21.6 years, SD = 3.57) and 60
participants for Experiment 1b (M = 20.82 years, SD = 3.11). The final sample only included
participants that had passed our pre-registered exclusion criteria which stipulated a minimum of
85% correct on the tone judgements and a minimum of 75% correct recall in the 2-item
condition. Thirty-three additional participants from Experiment 1a data collection and 21 from
Experiment 1b data collection failed to meet the inclusion criteria and so were not included in

our final samples of 60.

Participants were recruited from the Cardiff School of Psychology participation panel and
awarded course credits for their participation or were recruited via the Prolific Academic Online
Participant Panel (https://www.prolific.co) and received monetary compensation. To maintain
consistency between the sample demographics drawn from each panel, only those based in the
UK and aged between 18-30 were permitted to take part via Prolific. Those recruited via Prolific
were also required to have a minimum approval rate given to them by investigators from
previous studies of 90%. Previous research has confirmed that comparable data quality can be
expected from participants recruited from Prolific and university samples (Uittenhove et al.,

2023).

All participants were required to have normal/corrected vision and hearing, and all stages of the
experiments were conducted in accordance with the Cardiff School of Psychology ethics

procedures (approval number EC.18.09.185339GR).


https://www.prolific.co/
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Sample Size
With samples of around 40, Joseph and Morey (2022) observed robust slowing of tone
responses during list presentation. We decided on a larger sample size of 60 because of our use
of longer lists of up to 9 items. To keep the experiment duration under one hour, we needed to
decrease the number of observations per list length. However, we applied Bayesian analysis
techniques so that if our results had been inconclusive with N=60, we would have continued to
increase the sample in batches of 20 until reaching a decisive outcome. This sampling strategy

was preregistered.

Materials

To-be-remembered items in the complex-span task comprised nine consonants (D, F, K, M, Q, S,
V, X, Z). These consonants were selected by Joseph and Morey (2022) for their variability in
place of articulation in the vocal tract and to avoid alphabetically consecutive consonants within
to-be-remembered lists. For the processing element of the complex span task the auditory
processing task consisted of tones that were either the note B (high tone; 308 Hz) or G (low
tone; 245 Hz). A visual processing task was used in Experiment 1b consisting of a grey circle
placed either above (analogous to a high tone) or below (analogous to a low tone) a black line

(see Figure 5.).
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Figure 5.

Visual judgement task. Participants indicate via key press whether the grey circle is above (a) or

below (b) the black line.

Design and Procedure

Both variables, recall condition and list length, were manipulated within-participants. After
consenting to take part, participants undertook a short training session in which they learned to
identify the low and high tones (1a) or whether the circle was above or below the line (1b).
Participants were then guided through instructions of the primary recall task, namely that they

must recall either the most recent 2 or 4 letters in the order that they had appeared.

For each trial, a fixation cross appeared for 1 second followed by four consecutive lead-in
processing trials. A tone (1a), or image (1b) was presented for 750ms followed by a 250ms inter
stimulus interval (blank screen). In a slight departure from the methodology used by Joseph and
Morey (2022), upon presentation of the tone/image participants could immediately indicate
their response to the tone/circle (i.e. was it high/above or low/below). The response was

collected via an up or down arrow keypress. If the response was made within 750ms a visual
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cue (up or down arrow) informed the participant of their response and that it had been
registered. Assuming a response given, the next item was presented 1000ms after initial
presentation of the previous processing task stimuli. This kept timings between stimuli
consistent. However, on any occasions where no response was made within 1000ms, the
program continued to await a response for a further 1500ms (blank screen) with a visual
prompt to respond (up and down arrow in the center of the screen) appearing 2500ms after
initial presentation of processing task stimuli. The experiment only proceeded once a response
was given. This slight change in methodology was incorporated to capture the actual time taken
for participants to perform the processing task judgement and indicate a response (i.e. within
1000ms of stimuli presentation), rather than the time taken to indicate a decision in response to
a later prompt (i.e. >1000ms from stimuli presentation) as had been the case in Joseph and

Morey.

Following four lead-in judgements, participants then completed a complex-span sequence (to-
be-remembered digit followed by processing trial) up to a maximum list length of 9. Participants
were required to either recall the final two items or the final four items of the to-be-
remembered list. This to-be-remembered list-length variable was blocked with the presentation
order of those blocks counterbalanced. Within a block, list lengths were randomly mixed and
then drawn without replacement. Once all list lengths were used, they were replaced with this
process repeating until the end of the block. This ensured no more than two consecutively
presented lists of the same length. Within each recall block, each list length was presented an
equal number of times. For two-item recall, list-lengths ranged from 2-9 items with five trials at

each list length. For four-item recall, list-lengths ranged from 4-9 items with five trials at each



Running head: Encoding serial items depletes cognitive resource 19

list length. This gave a total of 70 experimental trials (40 two-item recall and 30 four-item

recall).

In the complex-span element, to-be-remembered consonants were presented for 1 second with
a 500-ms inter-stimulus interval. Each consonant was followed by the processing task (same
presentation parameters as lead-in trials), and this continued up to the length of the list.
Following presentation of all consonants and processing tasks, all nine consonants were re-
presented on screen in alphabetical order with participants required to click on the final N
letters from the list in the same serial order they saw them presented. See Figure 6 for a
procedural schematic including timings. Prior to beginning each experimental block, participants
first completed practice trials comprising 1 instance of each list length. The experimental

programs for all 4 experiments are available to download at https://osf.io/d2zby.

Figure 6.

Trial schematic of the running span version of the complex span task.


https://osf.io/d2zby

Running head: Encoding serial items depletes cognitive resource 20

Fixation Cross

------------------------- .
500ms 1000ms 500ms 750ms 250ms Up to 1500ms Until Response E
FeEmm—_—_—— AN T TmEmEE \
1 i ™ I
D 1 " ? r=
{ ][ > oo LR A
Blank Memory Item Blank Tone Blank Blank Prompt

I Repeat Based on List Length (up to 9 items) I ————————————————————————— 4

500ms Until all responses made

DFKM
QsvXZ

Blank

Recall last n presented items

Note. Task elements in dashed lines only occurred when a processing task response took longer
than 1000ms with those elements ending immediately upon a response. Task parameters were
identical across all 4 experiments except for using a visual, rather than an auditory processing

task (represented by tone symbol in figure), in experiments 1b and 2b.

Results

All analyses were conducted in line with the pre-registration with any exceptions noted. The
primary analyses across all experiments focused on the judgement response times, particularly
whether (or when) response times reached asymptote by serial position, and whether tone
judgement response times differed depending on the number of items to be recalled or the
overall list length. Only response times from correct judgements were included in the analyses.

Before proceeding with the analysis, we excluded responses faster than 200ms (considered to
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indicate that participants were anticipating a response), responses more than 3 SDs from each
participant’s mean and any responses over 5000ms. This meant that 3.06% of the otherwise
valid responses were excluded from the 1a dataset and 2.72% from 1b. Figure 7. Shows the
response times (in milliseconds) for the processing tasks, plotted by serial position and

experiment.

Figure 7.

Response times (in milliseconds) for the secondary processing task for the 2-item and 4-item

recall conditions in Experiment 1a and 1b.
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We used Bayesian multi-level regression as implemented in the brms R package to analyze
response times after position N+1. Because descriptive patterns appeared comparable
regardless of the stimulus modality of the processing task, we collapsed across experiment for
increased power. Response times were log transformed and then z transformed with continuous
predictors also z transformed and categorical predictors set to sum contrasts. Three models
were tested. Model 1 included list length and recall amount (i.e. predicting no increase after
position N+1). Model 2 included list length, recall amount and relative serial position. The serial
position was coded relative to the recall amount — for example, item in position 4 was coded as
having relative position 2 in the “recall 2 condition”, but as having relative position 0 in the
“recall 4 condition”. In this way, Model 2 tested if there is an increase in processing times after
position N+1 for both 2-item and 4-item recall. Model 3 included list length, recall amount,
serial position and the interaction between relative serial position and recall amount. To note, in
a slight deviation from the initially pre-registered analysis we ran all three models with and
without random slopes. Including random slopes and only removing if there is strong evidence
against their inclusion can help reduce the risk of drawing false positive conclusions (see
Oberauer, 2022). All output below is from the models including random slopes but the models

without also yielded similar results (see analysis files on our OSF, https://osf.io/d2zby).

Model 3 was the best model with BF = 35.47 in favor compared to model 2 and model 2 having
a BF = 155.87 in favor over model 1. Because of the strength of evidence in favor of the
interaction between serial position and list length, models were then run separately for 2-item
recall and 4-item recall. For 4-item recall the model incorporating serial position was favored

over the model without, BF = 181.6. This is strong evidence in favor of a continued increase in
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RTs after position N+1. However, for 2-item recall the model not incorporating serial position
was favored over the model including it, BF = 4.24, providing moderate evidence against there
being an increase in response times after N+1. Figure 8. shows the response times collapsed
across experiments and list length and plots the data as a function of serial position relative to

the critical position N.

Figure 8.

Response times (in milliseconds) collapsed across experiments for the secondary processing task

plotted by serial position relative to the critical item N.
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Discussion

Results from Experiments 1a and 1b did not provide conclusive support for either hypothesis.
While the reconfiguration hypothesis correctly predicted the asymptote after item N+1 for 2-

item recall it did not predict the continued increase in response times after item N+1 for 4-item
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recall. Similarly, while the resource-depletion hypothesis correctly predicted the continued
increase in response times at item N+1 for 4-item recall it did not predict the asymptote at item
N+1 for 2-item recall. However, despite neither account predicting the full set of data the

present findings are not yet reason to dismiss either hypothesis.

Firstly, when predicting likely performance under the reconfiguration hypothesis the difficulty in
preparing and continually updating a 4-item motor-plan may have been underestimated. When
accounting for the pattern of response times in Joseph and Morey (2022) reconfiguration of to-
be-remembered information was considered additive in nature (i.e. item 1, item 1 + item 2,
item 1 + item 2 + item 3 etc.) with this process continuing until the final item in the list.
However, in the present experiment, once N is reached in the list, the reconfiguration process
instead requires updating (i.e. removing item 1 and beginning a new reconfiguration process at
item 2 which then comprises the most recently presented item at the end). This continual
updating process is necessary until the final item in the list. These could be considered
somewhat different processes with the effort required for updating, particularly for 4 items, far
exceeding the effort required for the additive reconfiguration thought to occur in Joseph and
Morey. As such, the point at which an updating process for longer lists would reach an
asymptote may exceed item n + 1 meaning there were not enough items after the critical N in

which to see an asymptote.

Secondly, within the resource-depletion hypothesis there is an encoding cost associated with
each item (known as the learning rate). It was assumed that while the learning rate would be
slightly lower for 2-items compared to 4-items it would still be high enough to prevent full

recovery of resource after each presented encoding event and prior to completing the
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processing task. However, as part of estimating an appropriate learning rate for 2 and 4-items it
was not considered that 2-item recall may be completed without any item to serial position
binding. Usually, it would be considered necessary to bind to-be-remembered items to their
correct serial position to maintain correct ordering of that information. However, for 2-item
recall the last item can be held in the focus of attention with participants knowing it is the last
item. All that is then required is that the most active other item should be selected first,
followed by the item in the focus of attention. For the 2-item recall condition it could be
optimally completed via this passive process leaving sufficient resource for the processing task
irrespective of the list length. However, as soon as the number of to-be-remembered items
increases, as binding to serial position once again becomes necessary, then this passive process
quickly becomes suboptimal. Experiment 2a and 2b again sought to differentiate the two
competing hypotheses while adjusting for the new considerations suggested by Experiment 1’s

outcome.

Experiments 2a and 2b

Given the findings of Experiment 1 and the two possible explanations for the data not fitting
either hypothesis, Experiments 2a and 2b utilized a 3-item recall condition along with a 4-item
recall condition. For the reconfiguration hypothesis this should reduce the effort of updating,
relative to 4-item recall, and bring the task closer to the effort required for the continuous
updating of 2-items. As such, due to the effort required to update 4-item lists, an asymptote
was no longer predicted after serial position 4 in the Recall 4 condition. However, due to a

relative decrease in effort, it was predicted that response times would not increase after serial
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position 3+1 in the Recall 3 condition. For the resource-depletion hypothesis, replacing 2-item
recall with 3-item recall means that binding to serial position becomes a requirement for all the
featured list-lengths. Optimal performance of the task can no longer be achieved via a passive
process. As such, the learning rate will be higher for 3-items, relative to 2-items, and again a

continued increase in response times after serial position N+1 was expected.

Participants

The final sample comprised 60 participants for Experiment 2a (M = 25.57 years, SD = 3.34) and
60 participants for Experiment 2b (M = 26.62 years, SD = 2.88). The final sample only included
participants that had passed our pre-registered exclusion criteria which stipulated a minimum of
85% correct on the tone judgements and a minimum of 66.69% correct recall in the 3-item
condition. This second exclusion figure was calculated from the average recall performance
achieved in the 4-item recall condition in Experiment 1. Recall accuracy for 3 items should be

higher or, at the very least, equivalent to recall of 4 items.

Twenty participants from Experiment 2a data collection and 16 from Experiment 2b data
collection failed to meet the inclusion criteria and so were not included in our final samples of
60. Additionally, one participant was also excluded from the final sample in Experiment 2b due
to them incorrectly following the task instructions (not responding immediately but rather

waiting for the prompt to respond after 2500ms elapsing).

Participants were all recruited via Prolific and received monetary compensation. They were
recruited from the same demographic described in Experiment 1 and had not participated in

Experiment 1.
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Materials

The consonants and processing tasks were identical to those used in Experiment 1.

Design and Procedure

This was similar to Experiment 1 except the 2-item recall condition was replaced with 3-item recall.
The 4-item recall condition remained. All other presentation parameters were identical with the

auditory judgement task used in Experiment 2a and visual judgement task in 2b.

Results

Data preparation and response exclusions were identical to Experiment 1 resulting in 2.71% of
otherwise valid responses excluded form Experiment 2a and 2.12% from 2b. Figure 9. shows the

response times for the processing tasks, plotted by serial position and experiment.

Figure 9.

Response times (in milliseconds) for the secondary processing task for the 3-item and 4-item

recall conditions in Experiment 2a and 2b.
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The analysis process was identical to Experiment 1 with three models tested. Model 1 included
list length and recall amount. Model 2 included list length, recall amount and relative serial
position and model 3 included list length, recall amount, relative serial position and the
interaction between relative serial position and recall amount. Model 2 was the best model with
BF = 1432569.44 in favor compared to model 1 with model 2 having a BF = 15.52 in favor over
model 3. The strong evidence against the interaction included in model 3 indicates that the

increase in response times after N+1 is identical irrespective of whether there are 3 or 4
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memory items to recall. Figure 10. shows the response times collapsed across experiments and

list length and plots the data as a function of serial position relative to the critical position N.

Figure 10.

Response times (in milliseconds) collapsed across experiments for the secondary processing task

plotted by serial position relative to the critical item N.
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Note. Relative serial position 0 is the 3rd item in the 3-item recall condition or the 4th item in

the 4-item recall condition.

Discussion

The results from Experiment 2 were more clearcut in separating the competing hypotheses than
those of Experiment 1. Contrary to the reconfiguration hypothesis, response times for the

secondary processing task continued to rise after item N+1 in both the 3 and 4 item recall
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conditions. This continued rise in response times after item N+1 was in line with the predictions

made by the resource-depletion account.

General Discussion

Across the two sets of experiments, when participants were required to recall the last 3 or 4
items from lists of varying length, we observed a continued slowing of response times for an
interleaved auditory or visual processing task after memory item N+1. However, for recall of 2

items we saw an asymptote in response times after item N+1.

The findings lend support for the suggestion that working memory operates via depletion and
recovery of a fixed pool of resource, adding further credence to a now rapidly establishing
evidence base (e.g. Kowialiewski et al., 2021; Lohnas et al., 2020; Mizrak & Oberauer, 2021;
Popov et al., 2019; Popov & Reder, 2020; Ma et al., 2024). As the experimental task proceeded,
each encoding event depleted a fixed proportion of available resource leaving insufficient time
for full resource recovery prior to the next encoding event. With incrementally less resource
available for each subsequent encoding event, the processing task response times continually

increased.

Reconciling competing theoretical accounts

While the resource-depletion-and-recovery account accommodates performance with a
memory load of 3 or more items, the present data from our “recall 2” condition provoked a new
assumption within the resource model. For a passive task requiring memory of just 2 items
whereby no position binding is necessary, the learning rate should be set very low. Conceptually,

this implies that not all encoding is equivalent; rather, there are circumstances under which
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adequate encoding can take place without taxing the resource, namely when contextual binding
is not required. The specific value assumed for the learning rate depends on which version of
the model is used. The full model (Popov & Reder, 2020) simulates the entire process of item
activation, binding to positional cues and retrieval via reactivation of positional cues. In that
model, two separate parameters govern a) the strength of activation of item nodes and b) the
strength of binding, and both operations deplete the same resource pool. To accommodate the
“recall 2” condition, the model would set the binding strength parameter to 0 and rely only the
relative item activation to perform the task, as described previously. While the full model
provides the most complete account of the mechanisms underlying memory tasks, in practice
we often use a simplified model that is more mathematically tractable while producing identical
predictions for many purposes (for a more detailed discussion, see Ma et al., 2024). In the
simplified model (which was used for the simulations in this paper), the binding and retrieval
process is not modeled explicitly. Instead, we use a single composite learning rate to derive
predicted item activation values during recall. This simplified version can accommodate the
“recall 2” condition by setting the learning to any value that results in equilibrium between
depletion and recovery (which will depend on the recovery rate). Although this simplification
yields adequate approximations, there may be other task scenarios like our “recall 2” condition
where separately considering item activation and binding demands enhances the explanation of
how the task is performed. The more complex assumption of a distinction between item
activation and contextual binding in the full encoding resource model could be essential for

conveying the boundaries of depletion of the resource and accurately predicting memory limits.
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For tasks requiring memory of 3 or more items then a consistent, but higher value, is required.
Essentially, the current data suggests that the learning rate is dependent on whether a task
requires binding. Once established that binding is required then the learning rate is consistent
irrespective of the amount to-be-remembered. However, while providing a plausible
explanation for the present data, whether these assumptions hold across different working

memory tasks is something which will need to be tested further.

For the reconfiguration hypothesis the results are more difficult to accommodate, and likely
point to some fundamental limits in how far perceptual and motor processes can explain short-
term memory phenomena on their own. Given that the length of the required response remains
consistent after item N+1, there is no reason to suppose that reconfiguration of memoranda
into a motor plan would take incrementally longer with presentation of each new item. It could
perhaps be suggested that in the present series of tasks participants were not actively updating
the list via a cumulative reconfiguration process with preparation of the entire motor response
instead occurring after presentation of all items (e.g. Palladino & Jarrold, 2008). For verbalizable
information, within the reconfiguration hypothesis, it is assumed speech motor planning
functions are co-opted to prepare a serially ordered sequence of letters for later recall.
Response preparation only occurring at the end of the list within the present experimental tasks

is entirely possible.

However, this means that the increasing response times during the encoding period still need
explaining, because if participants adopt a passive approach to apprehending the incoming
memory items, why should responses on the corresponding choice task slow at all? From a

strong theoretical standpoint whereby it is suggested all short-term memory tasks can be
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explained via perceptual and motor functions (e.g. Jones & Macken, 2018), preparation of the
letter responses should have been possible without presuming any specialized short-term
memory resource, regardless of whether response preparation occured during or after list
presentation. Within this view, a parsimonious explanation for the continued increase in choice

response times during list presentation becomes very difficult to sustain.

An alternative is to instead consider that while perceptual and motor processes must contribute
towards short-term memory task performance, it is perhaps not sufficient to only draw
reference to those processes. Mental effort is considered inherently aversive (e.g. David et al.,
2024) and Morey et al. (2025) suggest that children become more likely to rehearse when the
task is perceived as more challenging. A possibility is that participants within a given task setting
are attempting to successfully complete that task while trying to keep mental effort to a
minimum. Relying on perceptual and motor processes is one such way in which mental effort
can be reduced and it should be assumed that this low-effort method will be adopted when it
will work. For some short-term memory tasks, (e.g., for the 2-item recall condition reported
here and possibly for short lists in Joseph & Morey, 2021), relying on perceptual processes and
motor preparation can be a successful strategy. However, at the point where the mental effort
required for successful task completion increases (e.g. in the case of 3 and 4-item recall in the
present experiments) then the reliance on perceptual and motor processes may not be
sufficient, and mental effort must increase. The difference in response times between the 2-
item recall and the 3- and 4-item recall at item N+1 observed in the present experiments may
indicate that as task demands increase, and more mental effort becomes necessary, then

perceptual and motor processes alone are no longer sufficient for successful task completion.
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More broadly speaking the present data also has implications for other theories of working
memory. For the TBRS model (Barrouillet et al., 2004) an asymptote in response times after item
N+1 would also be predicted as the amount of content to be attended to and refreshed remains
consistent from that point. Along with the previous findings of Joseph & Morey (2022) of rapid
speeding of response times after completion of encoding in the retention interval, it seems
necessary to reconsider some of the assumptions that form the TBRS as, at present, they are
not compatible with the data. Similarly, initial consolidation (e.g., Ricker et al., 2018), or
strategic decisions to elaborate (e.g., Bartsch et al., 2018) could plausibly explain an increase in
response times as memory load increases but there is no reason to suppose that those
processes would continue to take longer despite the overall memory load that those processes

apply to remaining the same.

Task-switching costs

Surprisingly, including lead-in tones here did not completely eliminate the switch cost at the first
serial position compared to subsequent positions, as lead-in tones seemed to do in Joseph and
Morey (2022). Joseph and Morey found that using lead-in tones eliminated the initial delay in
response times at the first serial position. In this experiment, lead-ins were included to help
participants adjust to task switches and prevent slow responses at position 1 from affecting the
measurement of response time increases across serial positions. When preparing the current
pre-registration, we ran versions of the experiment that collected responses 1000ms after
presentation of the processing task stimuli had begun (identical parameters to Joseph and
Morey). In those data (see supplementary figure on our OSF page, https://osf.io/d2zby) the

response times at serial position 1 were not obviously slower than at position 2. However, in the
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present series of experiments, when collecting response times immediately upon presentation
of the processing task stimuli this nonlinear pattern re-appeared. Neither hypothesis predicted
this, and such non-linear patterns of response times, if taken at face value, would be
incompatible with many models of working memory. However, rather than over-interpreting
these patterns and assuming that memory load for some reason exerts a truly non-linear effect
here, it seems likely that the reduction in time before response collection in these experiments
meant that the lead-in tasks were no longer fully neutralizing the substantial slowing of
responses that can be caused by a task switch (e.g., Koch et al., 2018; Vandierendonck et al.,
2010). Future research could verify this further by varying the time from memoranda offset to

collection of the processing task response time, or increasing the number of lead-in judgments.

Conclusion

The patterns of response times reported here lend support for a process of resource recovery
and depletion that affects both memory encoding and simple choice reaction tasks. By
considering the overall number of encoding events in a task (both the memory items and
interleaved secondary task processing) the account can successfully accommodate a continued
slowing of response times to a secondary processing task as lists progress, and for the gradual
speed up of responses during a subsequent retention interval. Importantly, these results also
answer a long-standing question about the resource at the center of the SAC model. Popov and
Reder (2020) conceptualized the resource specifically as a fuel for memory formation
operations, but at the time it was unclear whether the same resource would be shared with
other executive functions. The present study makes it clear that both auditory and spatial

simple choice reaction tasks tap into this same resource, which suggests a broader functionality.
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Constraints on Generality

All our participants were based within the United Kingdom, recruited from the Cardiff University
School of Psychology participant pool or via Prolific. Participants were within a narrow age band
(Undergraduate Psychology students or those aged 18-30 on Prolific) with expertise in the
English language. As such, we cannot be certain that our results and their implications would
apply to children, the elderly, or across cultures. However, our aim was to compare two
hypotheses using a difficult and dull task, which necessarily means recruiting a narrow range of
participants in peak cognitive health. We have no reason to suppose that the results reported in
our article do not reflect general cognitive processes but as views about memory converge, it

will become more important to confirm this using a broader range of tasks and populations.
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