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Abstract

Proactive interference (PI) has received considerable attention in research on working memory
(WM), but empirical findings have been mixed. The present study examined whether this
inconsistency may partly reflect the distinction between item and order memory. We
hypothesized that PI would be more evident in item memory than in order memory and tested
this hypothesis by applying item and order memory scoring methods to serial recall tasks. We
also systematically manipulated two types of categories (semantic and phonological) and two
recall tasks (immediate and delayed serial recall). For semantic categories, PI effects were
consistently observed in item memory: performance increased following category shifts (e.g.,
animal words vs. flower words) in both immediate recall (Experiment 1A) and delayed recall
(Experiments 1B and 3). In contrast, for phonological categories, reliable PI effects in item
memory were observed under delayed recall (Experiment 2B), but not under immediate recall
(Experiment 2A). Across these experiments, no clear PI effect was observed in order memory.
These findings support the hypothesis that PI is more evident in item memory than in order
memory and further suggest that the type of information may also influence PI. We also discuss
how our delayed task relates to and differs from the Brown-Peterson task, a well-established task
used to assess PI, in light of the item-order hypothesis. The distinction between item and order
memory appears to be key to understanding PI in WM and may provide a useful framework for

synthesizing past findings and guiding future research.

[246/250 words]

Keywords: working memory, proactive interference, semantic maintenance, phonological
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PROACTIVE INTERFERENCE IN WM 3

Do semantic and phonological categories lead to proactive interference in immediate

and delayed serial recall tasks?

After changing your password, you keep typing the old one and cannot remember the new
one. This is an everyday example of proactive interference (PI), a phenomenon in which old
memories interfere with new ones (M. Hamilton et al., 2022; Kliegl & Béuml, 2021; Underwood,
1957).

As forgetting and remembering are two sides of the same coin, identifying the causes of
forgetting is essential for our understanding of the memory system (Levy & Anderson, 2002;
Nishiyama et al., 2025; Nerby, 2015). As a cause of forgetting, PI has received considerable
attention in memory research (Bauml & Kliegl, 2013; Craik & Birtwistle, 1971; Kliegl & Bauml,
2021; Underwood, 1957), including studies of working memory (WM) (Andersson et al., 2025; A.
C. Hamilton & Martin, 2007; M. Hamilton et al., 2022; Kane & Engle, 2000; Loosli et al., 2014;
Lustig et al., 2001; May et al., 1999; Zhang et al., 2010).

Some theorists have emphasized the importance of PI in WM. Jonides and Nee (2006 , p.
181) pointed out “proactive interference is an important determinant of the success of working
memory.” Engle (2002 , p. 20) even noted “dealing with the effects of proactive interference is
one of the primary functions of WM.” These perspectives support the theoretical position that WM
is susceptible to PI and managing its effects is critical to WM functioning.

However, an alternative view has also been proposed: WM is free from PI, and observed
PI effects arise from long-term memory (LTM) (Oberauer & Awh, 2022; Oberauer et al., 2017).
Distinguishing WM from LTM would not, by itself, resolve the debate between these two accounts,

because the same PI effect could be attributed to WM or LTM depending on the theoretical
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PROACTIVE INTERFERENCE IN WM 4

assumptions adopted. Nevertheless, the WM-LTM distinction provides a useful framework for
considering the source of PI effects.

This distinction has been widely recognized (Healy & McNamara, 1996; Thorn & Page,
2008) and is supported by neuropsychological and computational evidence. Neuropsychological
studies have documented a double dissociation between WM and LTM, with selective impairment
of either system alongside preservation of the other (Baddeley & Warrington, 1970; Warrington
& Shallice, 1969; for recent studies, see Martin et al., 2020; Rapp et al., 2016). Computationally,
conceptualizing WM solely as the activated portion of LTM cannot solve the “problem of two”
(Norris, 2017). Activation of an item’s LTM representation cannot distinguish between multiple
occurrences of that item (e.g., “1” in “1, 3, 1”). These findings are often used to support the
existence of WM mechanisms that are functionally distinct from LTM.

Given the distinction between WM and LTM, proponents of the PI-free WM view have
argued that PI does not occur when the number of items remains within WM capacity—
approximately four items, assumed to be held in the focus of attention (e.g., Cowan et al., 2020).
Once the number of items exceeds this capacity, maintenance may draw on LTM, which is
vulnerable to PI. These proponents have supported this account by showing that PI is observed
with longer lists (or larger set sizes) but not with shorter lists (or smaller set sizes) (Bartsch &
Oberauer, 2023; Cowan et al., 2005; Halford et al., 1988; Oberauer & Awh, 2022). For instance,
Bartsch and Oberauer (2023) provided evidence for PI with larger set sizes (six and eight items)
and evidence against PI with smaller set sizes (two, three, and four items). One concern, however,
is that maintaining a small number of items may produce ceiling effects, thereby obscuring PI
(Cowan et al., 2005). More critically, other researchers have demonstrated that PI can occur even

when three items are maintained (Carroll et al., 2010; Ralph et al., 2011; Shipstead & Engle, 2013).



81

82

83

84

85

86

87

88

&9

90

91

92

93

94

95

96

97

98

99

100

101

102

103

PROACTIVE INTERFERENCE IN WM 5

Conversely, Oberauer and Bartsch (2023) failed to observe PI with a longer list length (i.e., seven
items), which should have produced PI according to the capacity-based account.

Furthermore, the finding that WM capacity is limited to approximately four items can, in
principle, be accommodated within the Pl-prone view of WM. Endress and Potter (2014)
demonstrated that capacity estimates fell within the conventional range of approximately four
items under high-PI conditions, whereas under low-PI conditions, they substantially exceeded this
limit. The authors argued that PI reduces capacity estimates to approximately four items.

Together, these findings call the capacity-based account into question, suggesting that list
length may not determine whether PI is observed. They also shift the focus toward identifying the
conditions under which PI emerges and the factors that modulate its magnitude (e.g., Ralph et al.,
2011). One potentially important but largely overlooked factor is the type of memory being
assessed. Specifically, PI may differentially affect memory for item identities (item memory) and
serial order (order memory). This possibility is plausible because research on WM phenomena
other than PI has demonstrated dissociable effects on item and order memory. For example, rhyme-
based phonological similarity within a list facilitates item memory but impairs order memory
(Fallon et al., 1999; Gupta et al., 2005; Nimmo & Roodenrys, 2004). Likewise, within-list semantic
similarity benefits item memory while disrupting order memory (Dauphinee et al., 2026; Saint-
Aubin et al., 2005). Accordingly, the distinction between item and order memory has served as a
useful analytical framework in WM research (Saint-Aubin & Poirier, 1999).

To evaluate the empirical basis of this possibility, we briefly review previous PI studies
involving sequences of items, such as serial recall and serial order reconstruction. These tasks are
informative because they can provide rich information about item and order memory (Ishiguro &

Saito, 2024; Sonier et al., 2025).
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Previous findings through the lens of item and order memory

Studies placing relatively high demands on order memory have generally provided limited
evidence for PI. Oberauer and Bartsch (2023) conducted experiments in which mini-blocks of four
serial recall trials alternated with mini-blocks involving another task. At the beginning of each
mini-block, a new stimulus pool was introduced, and the same pool was then used in the mini-
block. In serial recall trials, seven words were sampled from a pool of 10, resulting in substantial
item overlap across trials within a mini-block. PI was therefore expected to build up over
successive trials and to be released at the transition to the next mini-block, when both the task and
the stimulus pool changed. Overall, however, their results provided little evidence for PI.

Importantly, Oberauer and Bartsch’s serial recall procedure reduced item memory demands
and placed greater emphasis on order memory for two reasons. First, because a fixed pool of words
was used within each mini-block, participants repeatedly encountered familiar item identities
rather than an entirely new set of words on every trial. The PI manipulation, in fact, relied on the
repeated presentation of the same items. Second, all 10 words in the pool were presented as
response options at test, further reducing the need to retrieve item identities. With this response
format, their serial recall task resembled an order reconstruction task, which is designed to measure
order memory (Whiteman et al., 1994).

Using an order reconstruction task, Baddeley et al. (2018) obtained suggestive evidence of
a PI effect for phonological information. In a repeat-similar condition, the same set of
phonologically similar items was repeated across trials but in a different order (e.g., Trial 1: pan,
cat, bat, ban, pad, man; Trial 2: ban, man, bat, pan, cat, pad). In a change-similar condition, items
were drawn from different sets on each trial (e.g., Trial 1: pan, cat, bat, ban, pad, man; Trial 2: hen,

bed, jet, pen, fed, pet). The six items used on each trial were shown again as response options at
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PROACTIVE INTERFERENCE IN WM 7

test, and participants were asked to reconstruct their original order. The results showed that overall
performance averaged across trials was better for the change-similar condition than for the repeat-
similar condition, a pattern consistent with PI.

However, their detailed inspection of trial-by-trial performance in the repeat-similar
condition did not indicate the decline expected from PI buildup (i.e., a decline in performance
across trials). Furthermore, they estimated the within-list similarity effect using dissimilar lists
(e.g., man, pen, rim, cod, bud, peel) and showed the within-list similarity effect was larger than
the PI effect. Baddeley and colleagues therefore emphasized the importance of the within-list
similarity over PI for phonological information.

A different pattern has emerged in tasks that place greater demands on item memory
(Emery et al., 2008; for item recognition, see Carroll et al., 2010). Emery et al. (2008)
demonstrated clear PI effects with an operation span task (Bunting, 2006), using a procedure that
emphasized item memory. Across three successive trials, participants were presented with
different items drawn from the same semantic category, with no item overlap across trials (e.g.,
animals; Trial 1: lion, goat, zebra, bull; Trial 2: lamb, squirrel, cow, donkey; Trial 3: panther,
moose, camel, pig). The semantic category was then changed after every third trial (e.g., body
parts; Trial 4: foot, ankle, hip, shoulder). Unlike in an order reconstruction task, no response
options were presented at test; participants had to retrieve the words themselves. Furthermore,
recall was scored without regard to output order, a scoring method generally considered to reflect
item memory (Saint-Aubin & Poirier, 1999). Their results suggest that PI built up across trials
within a semantic category and was released when the category changed.

The Current Study



149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

PROACTIVE INTERFERENCE IN WM 8

Taken together, the available evidence tentatively suggests that PI is more readily observed
in item memory than in order memory (hereafter the item-order hypothesis). However, previous
studies differed not only in their memory demands but also in their procedures and the types of
information (e.g., phonological versus semantic categories), leaving their findings open to
alternative explanations. For example, the contrasting findings of Baddeley et al. (2018) and
Emery et al. (2008) may reflect the use of phonological versus semantic categories rather than a
difference between item and order memory. In addition, the distractor task embedded in the
operation-span procedure may have contributed to the PI observed by Emery et al. (2008).
Specifically, each memory item was preceded by an arithmetic equation, such as “(2 +7)—-7=2,”
which participants were required to verify. By contrast, neither Baddeley et al. (2018) nor Oberauer
and Bartsch (2023) included a distractor task.

The present study therefore tests the item-order hypothesis of PI by systematically
manipulating two factors: category type (semantic versus phonological) and recall type (immediate
serial recall versus delayed serial recall). Each of the first four experiments addresses one of the
four combinations of category type and recall type. For example, Experiment 1B tests whether
semantic categories produce PI in delayed serial recall with a distractor-filled retention interval. A
follow-up experiment addresses methodological issues left unresolved in the first four experiments.

In all experiments, six words are presented sequentially on each trial, and participants are
asked to recall them in the same order, either immediately or after a distractor-filled retention
interval. Trials are organized into four-trial blocks. Within each block, all words are drawn from a
single semantic category or phonological category. A new category is introduced at each block

transition. This manipulation of category repetition and change builds on previous WM studies on
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PI (Emery et al., 2008) as well as classic studies using the Brown-Peterson task (Wickens, 1970,
1973).

We adopt the well-established category-based PI paradigm but extend it by assessing item
and order memory separately. In addition to the standard correct-in-position scoring, we use item-
correct as a measure of item memory and conditionalized order recall as a measure of order
memory (Ishiguro et al., 2026). The latter two methods allow us to test whether PI differs between
item and order memory.!

The choice of tasks and list length is based on two considerations. First, both immediate
and delayed serial recall with six-word lists have previously been used to assess WM (Ishiguro et
al., 2026; Kowialiewski & Majerus, 2020). Memory models also often focus on serial recall of
lists containing six or more items because such tasks provide detailed information about order
memory (Farrell, 2012; Guitard et al., 2025b; Saint-Aubin et al., 2023). Second, both tasks fall
within a broad definition of WM. Although several definitions exist in the literature, Cowan

provides the following generic definition of WM: “the ensemble of components of the mind that

! Oberauer (2022) repeated and changed stimulus classes (e.g., digits vs. words) to test PI in
serial recall. The reported results for correct-in-position scores were mixed: Experiment 1
provided evidence against PI, whereas Experiment 3 provided extreme evidence for PI (see
Table 2 in Oberauer, 2022). From the perspective of the present study, this inconsistency
underscores the importance of considering measures other than correct-in-position when

assessing PI.
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PROACTIVE INTERFERENCE IN WM 10

hold a limited amount of information temporarily in a heightened state of availability for use in
ongoing information processing” (Cowan, 2017 p. 1163). By design, this definition does not
specify the underlying processes or mechanisms. It, for example, leaves open the possibility that
LTM contributes to WM functioning (Cowan, 2017). Rather than committing to a strong
theoretical position, we adopt this theoretically neutral definition as our starting point. Consistent
with this definition, both immediate and delayed serial recall require participants to temporarily
maintain a limited amount of information for subsequent use.

In sum, the item—order hypothesis predicts that PI should be more consistently evident in
item-correct performance than in conditionalized order recall. Such a dissociation may, however,
vary as a function of category type and recall type. We test our prediction across these conditions
in a series of experiments.

Experiment 1

Experiments 1A and 1B presented six blocks of four trials and an additional block of two
trials. Critically, semantic categories were repeated in successive trials, but they varied across
blocks. We predicted that repeating semantic categories would result in PI while switching them
would lead to PI release. This prediction was tested by (1) a main effect of PI level (i.e.,
performance for the first, second, third, and last trials of each block) and (2) a critical contrast (i.e.,
performance for the first vs. fourth trials). Experiments 1A and 1B differed only in the WM task;
the former used the immediate serial recall task, whereas the latter used the delayed serial recall
task.

Method

Transparency and Openness
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The data, stimuli, and analysis scripts in this and following experiments are available on

the Open Science Framework (OSF) repository at: https://osf.io/wtnxr. None of the experiments,

including their designs and analyses, was preregistered. All experiments were approved by the
research ethics committee of Cardiff University. Informed consent was obtained from all
participants.
Sample Size

We used Bayesian inference in the data analysis, and thus sample size planning was not
necessary (Wagenmakers et al., 2018). Nevertheless, for compatibility with frequentist inference,
we ran a power analysis. We set a sample size of 60 participants and estimated the sensitivity using

G*Power (Faul et al., 2009, 2007) with setting (1 - ) at .80 and « at .05. The power analysis

revealed that a minimum effect size of Cohen’s f= 0.15 (a small to medium effect) was detectable
for the main effect of PI level in a repeated-measure ANOVA and a minimum effect size of
Cohen’s dz = 0.37 (a small to medium effect) was detectable for the critical contrast in a paired ¢-
test. Therefore, a sample size of 60 participants was used for all experiments.
Participants

Each experiment recruited 60 volunteer students from Cardiff University. All participants
self-identified as fluent English speakers and had no visual, hearing or cognitive impairment. They
received course credit as compensation. One participant in Experiment 1A responded “SKIP” on
most trials, resulting in zero accuracy for the targeted trials (Trials 3—26); their data were therefore
excluded from the analysis. In Experiment 1A (N = 59), nine participants self-identified as men,
49 self-identified as women, and a participant self-identified as other. Their ages ranged from 18
to 32 years (M = 19.39, SD = 1.88). In Experiment 1B (N = 60), five participants self-identified as

men, 51 self-identified as women, and four participants self-identified as other. Their ages ranged
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from 18 to 23 years (M = 19.25, SD = 1.26). Experiments 1A and 1B took approximately 15 and
25 minutes, respectively.
Materials

We selected eight semantic categories from the category norms (Van Overschelde et al.,
2004). For each category, 24 words were chosen as reported in Appendix A. For three of the eight
categories (four-footed animal, fruit, and part of the human body), all 24 words were directly taken
from the norms. For two categories (fish and musical instrument), we replaced potentially
problematic words (e.g., phonologically similar words) with more suitable words fitting the
category. The remaining three categories (flower, color, occupation or profession), which
contained fewer than 24 unique words in the norms, were augmented with additional ones. The
procedure for selecting categories and words is detailed below.

First, 25 categories meeting the minimum requirement of 24 words were retrieved from a
total of 70 categories in the category norms (Van Overschelde et al., 2004). Then, from these 25
categories, three categories were retained after excluding (a) categories including mostly proper
nouns (e.g., male name and football team name categories), (b) categories having many
phonologically similar words (e.g., most sports words ended with “-ing”’) or compound words (e.g.,
“cruise ship”), (c) an ad-hoc category (i.e., a thing that makes noise), (d) categories similar to
another category (e.g., fruit category was retained but its similar category, vegetable, was
discarded), (e) a category containing uncommon words (i.e., chemical elements). For the retained
categories, we retrieved 24 words from the norms. Then, we adopted two of the previously rejected
categories (i.e., categories having phonologically similar or compound words) by modifying their

words. Specifically, we replaced problematic words with other words fitting the semantic category.
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Lastly, we returned to three categories with fewer than 24 words and added suitable words to each
until they had 24 words in total.

Our category and word selection procedure ensured that the eight semantic categories were
distinct from one another and each category included phonologically dissimilar words. These
categories had equivalent word length (M = 5.85, SD = 1.84, min = 4.13, max = 6.75).

Procedure

Experiments 1A and 1B were programmed with PsyToolkit (Stoet, 2010, 2017).
Participants were informed that a list of six words would appear in the center of the screen, and
their task was to recall the words in the same order as presented. In each trial, six words were
presented sequentially at a rate of one word per second (1000ms on, Oms off) in white, 20-point,
uppercase Times New Roman font on a black background. In Experiment 1A, the offset of the last
word was immediately followed by the recall phase. In contrast, in Experiment 1B, recall was
delayed by an 18-second distractor task. During this filled delay period, participants judged
whether a single digit (0-9) presented on the screen was even or odd by pressing the M or Z key,
respectively. Each digit was randomly selected and remained on the screen until a response key
was pressed, after which the next digit appeared.

In the recall phase, participants recalled the words by typing them on a keyboard. Each
response was displayed at the center of the screen in white text inside a blue box until the enter
key was pressed, after which the response was cleared, and the participant could recall the next
word. Above the response field, the position of recall was indicated in red text (i.e., “Type the first
word”, “Type the second word”, and so forth) so that participants were aware of which word was

asked about. Participants were instructed to type “SKIP” if they could not recall a word at a given
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position. They were informed that they could not backtrack to change a previous response. After
the last recall, they pressed the space bar to move on to the next trial.

Both experiments consisted of six blocks of four trials each, followed by a final block of
two trials, for a total of 26 trials. For each participant, seven of the eight categories were randomly
selected and assigned to blocks. The 24 words in each category were divided into four six-word
lists, which were presented across four successive trials (one block). The final block, however,
included only two lists for two trials. This is because a key contrast was performance before and
after a category shift. The addition of the final block increased the number of observations of a
category shift (i.e., the shift from the sixth block to the final block). No practice trials were included
in the experiments. The category selection, category order, word allocation to four lists, and word
order within each list were randomized freshly for each participant. Our PI manipulation was based
on category repetition rather than word repetition; each participant saw each word only once in the
experiment.

Analysis Plan

Recall performance was scored using three methods: correct-in-position, item correct, and
conditionalized order recall (Ishiguro et al., 2026). Correct-in-position scoring counted words that
were recalled in their correct positions; this scoring method captured both item and order memory.
Item correct scoring counted correctly recalled words regardless of their recalled position. As this
procedure focused on item availability, item correct was used as an item memory measure.
Conditionalized order recall was calculated as correct-in-position scores divided by item correct
scores. This corresponded to the ratio of words in the correct position among correctly recalled

words, and served as an order memory measure.
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The current study focused on PI across trials and thus quantified performance as proportion
correct at each trial. Proportion correct data were analyzed with the R package, BayesFactor
(version 0.9.12-4.7) (Morey et al., 2024). Specifically, we used the anovaBF function for Bayesian
ANOVAs and the #festBF function for Bayesian ¢-tests. The default prior, Jeffreys-Zellner-Siow
(JZS), was applied. Bayes Factors (BFs) were interpreted according to a classification scheme
(Schonbrodt & Wagenmakers, 2018): 1-3 (anecdotal evidence); 3—10 (moderate evidence); 10—
30 (strong evidence); 30—-100 (very strong evidence); and > 100 (extreme evidence). We used two
notations: BF1o indicates the BF for the alternative hypothesis while BFo1 (1/BF10) indicates the
BF for the null hypothesis.

Typographical errors in participants’ responses were corrected prior to scoring. These
errors included, for example, silveer for silver, cler for clerk, and lavendar for lavender. Responses
were compared against all words presented within a trial and corrected to the closest word with a
Levenshtein distance of one. Specifically, a Levenshtein distance of one corresponds to a single
edit operation of either insertion (e.g., silveer, adding “e” to silver), deletion (e.g., cler, removing
“k” from clerk), or substitution (e.g., lavendar, replacing “e” in lavender with “a”). In rare cases,
responses were ambiguous regarding whether they represented errors or intrusions. For example,
the response golf, when appearing along with other color-word responses, could reflect a typo of
gold or an intrusion. To ensure reproducibility and minimize researcher degrees of freedom, the
above-mentioned procedure was strictly applied to all responses. Note that we also analyzed raw

uncorrected data and confirmed the key findings reported below (see https://osf.io/wtnxr).

Results and Discussion
Figure 1 shows two sets of results from Experiment 1A: (1) performance across trials and

(2) performance across PI levels. The trial-by-trial data indicate that semantic category shifts led
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to PI release for both correct-in-position and item correct scores. Performance improved following
a category shift (top-left and middle-left subplots; compare performance before and after the blue
dotted lines). By contrast, this pattern was absent for conditionalized order recall (bottom-left
subplot). Similarly, in Experiment 1B (Figure 2), scalloped patterns were present for both correct-
in-position and item-correct scores, but absent for conditionalized order recall.

To examine performance across PI levels, trial performance was averaged according to
trial position within each block (see the right subplots in Figures 1 and 2). Trials were categorized
based on expected PI levels: first trials of each block as PI release, second trials as PI buildup,
third trials as PI medium, and fourth trials as Pl maximum. The first two trials of the first block
(Trials 1 and 2) were excluded while the two trials of the final block (Trials 25 and 26) were
included, ensuring an equal number of trials per PI level. Beyond balancing the number of trials,
there were two additional reasons for excluding the very first trials. First, because the first block
had no preceding block, there was no category shift or corresponding PI release. Second, as our
experiments did not include practice trials, performance on the first few trials was potentially

unstable. The following analyses targeted performance across PI levels.
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335  Figure 1

336  Results of Experiment 14
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338  Note. Error bars represent 95% confidence intervals for a within-participants factor (Morey,
339 2008).
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341  Figure 2

342 Results of Experiment 1B

Experiment 1B: Semantic & Delayed
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Experiment 14

Correct-in-Position. Immediate recall in Experiment 1A was first assessed. For correct-
in-position (top-right subplot in Figure 1), Bayesian one-way ANOVA with four levels indicated
a main effect of PI level, BFio = 222.48, n,> = 0.116, supporting performance differences among
PI buildup (M = 0.53, SD = 0.10), PI medium (M = 0.50, SD = 0.11), PI maximum (M = 0.48, SD
= 0.08), and PI release (M = 0.56, SD = 0.08). Critically, Bayesian paired ¢-test revealed that

performance was higher for PI release than for PI maximum, BFio = 1.13 X 10%, dz = 0.70. Other

contrasts were not supported, with some evidence for the null effect: BFo; = 1.79 for PI buildup
vs. PI medium; BFo; = 5.00 for PI medium vs. PI maximum; and BFo; = 2.10 for PI release vs. PI
buildup.?

Item Correct. Similar patterns were observed with the item memory index (middle-right
subplot). Bayesian ANOVA provided evidence for performance differences across PI levels, BF1o

=2.79 X10°, 1,2 = 0.214. A critical comparison suggested that PI release (M = 0.70, SD = 0.09)

outperformed PI maximum (M = 0.61, SD = 0.07), BF 1o = 3.29 X 10°, dz = 0.82. Other contrasts

2 Although PI is assumed to build up across trials, the corresponding decline in performance is
not necessarily linear (e.g., Hendrikx, 1986). We therefore used ANOVA and ¢-tests for the

primary analyses. Results from supplementary linear analyses, in which the four PI levels were
coded as -1.5 (release), -0.5 (buildup), 0.5 (medium), and 1.5 (maximum), are available on the

OSF page.
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were less clear: BFio = 2.15 for PI buildup (M = 0.66, SD = 0.08) vs. PI medium (M = 0.63, SD =
0.08); BFo1 = 2.88 for PI medium vs. PI maximum; and BF;o = 2.78 for PI release vs. PI buildup.

Conditionalized Order Recall. A flat pattern of conditionalized order recall was
confirmed by statistical tests (bottom-right subplot). Bayesian ANOVA indicated equivalent
performance across four levels, BFo1 = 43.88, n,> = 0.002 (PI buildup: M = 0.77, SD = 0.10; PI
medium: M = 0.77, SD = 0.12; PI maximum: M = 0.77, SD = 0.11; PI release: M = 0.78, SD =
0.11). Follow-up Bayesian #-tests targeting the aforementioned contrasts showed evidence for the
null effect, 6.66 < BFo; <6.91.
Experiment 1B

Correct-in-Position. With a delayed recall task (Figure 2), Experiment 1B yielded results
comparable to Experiment 1A. For correct-in-position, we confirmed a main effect of PI level,
BF10=1.81X10% n,2=0.137 (PI buildup: M= 0.47, SD = 0.12; PI medium: M =0.44, SD=0.11;
PI maximum: M = 0.41, SD = 0.11; PI release: M = 0.51, SD = 0.12) and a critical difference

between PI release versus PI maximum, BF o = 1.37 X 10% dz = 0.70. Other contrasts remained

anecdotal evidence for the null effect (1.53 < BFo; <2.61).

Item Correct. With item correct scores, the PI level’s main effect, BF1o = 8.28 X 107, 1,2
= 0.243 (PI buildup: M = 0.61, SD = 0.10; PI medium: M = 0.57, SD = 0.09; PI maximum: M =
0.54, SD = 0.09; PI release: M = 0.67, SD = 0.10), and the critical release-maximum difference,
BF10=3.17X10%, dz = 0.89, were supported. The differences in buildup vs. medium (BFo = 2.64)
and medium vs. maximum (BFo; = 2.63) were ambiguous. However, PI release scores were higher
than PI buildup scores, supported by strong evidence, BFio = 11.12.

Conditionalized Order Recall. Conditionalized order recall was largely insensitive to PI

levels (PI buildup: M =0.74, SD = 0.16; P medium: M = 0.71, SD = 0.13; PI maximum: M = 0.69,
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SD = 0.13; Pl release: M =0.73, SD = 0.13): Neither the main effect in ANOVA (BFo; = 6.83, 1>
=0.026), nor the critical contrast in ¢-test (BFo1 = 1.21, dz = 0.25) was found. Other contrasts also
indicated equivalent performance (3.98 < BF¢; < 6.55).

In sum, the results of correct-in-position scores suggest that PI buildup/release occurred
via semantic category shifts in both immediate and delayed recall. More fine-grained analyses
suggested that this PI effect was driven by item memory. The magnitude of PI in item memory
was similar for immediate and delayed recall. For instance, the difference between PI release and
PI maximum in item memory was supported by comparable effect sizes (dz = 0.82 and dz = 0.89
for immediate and delayed recall, respectively). By contrast, neither immediate nor delayed recall
provided evidence of PI in order memory; if anything, the results suggested the absence of PI. This
selective effect of PI on item memory supported the item-order hypothesis.

Appendix B also reports performance within trials (i.e., serial position curves). Importantly,
PI level did not interact with serial position in any experiment or scoring method. The observed PI

effects were not restricted to a specific position within a trial.
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Experiment 2

Following Experiment 1 that focused on semantic categories, Experiment 2 addressed
rhyme-based phonological categories. The general procedure was identical to that of the previous
experiment, except that Experiment 2 used phonological categories instead of semantic
categories and switched from laboratory-based to online experiments. The immediate and
delayed serial recall tasks were again used in Experiments 2A and 2B, respectively.
Method
Participants

Separate samples of 60 participants were recruited for Experiments 2A and 2B through the
online platform Prolific. They were compensated £2.20 for their participation. Recruitment criteria
were as follows: (a) age between 18 and 30 years old; (b) native English speakers; (c) British
nationality; (d) normal or corrected-to-normal vision; (€) no cognitive impairment or dementia; (f)
no language-related disorders; and (g) an approval rating of at least 90% on prior submissions at
Prolific. In Experiment 2A, 31 participants self-identified as men, 28 self-identified as women and
one participant preferred not to report; with a mean age of 25.65 years old (SD = 3.33). In
Experiment 2B, 46 participants self-identified as men and 14 self-identified as women; with a
mean age of 24.73 years old (SD = 3.63). Experiments 2A and 2B took approximately 15 and 20
minutes, respectively.
Materials

Eight phonological categories were constructed, each consisting of 24 words with the
same rthyme (Appendix A). Rhymes were defined as shared vowel-consonant endings. For
example, the category EYT (ett) included orate, eight, bait, and date, while the category IHP (1p)

included dip, hip, kip, and lip. Details of the category and word selection are described below.
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We started by retrieving all words commonly listed in both the English Lexicon Project
(Balota et al., 2007) and the Carnegie Mellon Pronouncing Dictionary
(http://www.speech.cs.cmu.edu/cgi-bin/cmudict). By filtering words according to their last
syllable, we identified 98 different rhyme categories, of which 93 categories contained at least 24
words. To keep the equivalent word length across categories, we then excluded words with more
than five syllables, resulting in 39 out of 93 remaining categories. From these 39 categories, 13
distinct categories were selected by retaining a single category from each set of categories
sharing the same vowel. For example, although our initial vowel-consonant criterion classified
the categories IYK (i:k), IYD (i:d), and IYZ (i:z) as separate ones, only I[YK was retained
whereas [YD and IYZ were discarded. This procedure increased phonological differences across
categories, thereby increasing the probability of PI release. Word pronunciations were further
verified by referring to British English transcriptions of the International Phonetic Alphabet
(IPA) (Mu-Sonic Ltd; https://tophonetics.com). Specifically, for each category, we included 24
words that had only single pronunciation and indeed contained the same final syllable. Finally,
from these 13 categories of 24 words, eight were selected based on the lowest mean word length
and syllable count. Shorter words were prioritized over longer ones as the latter were more likely
to include additional unique syllables, thereby reducing within-category similarity. Our category
and word selection was intended to minimize across-category similarity and maximize within-
category similarity. All categories included similar mean word length (M =4.27, SD = 0.70, min
= 3.63, max = 4.75) and syllable count (M = 3.36, SD = 0.54, min = 2.92, max = 3.54).
Procedure and Scoring

The overall structure, consisting of six blocks and an additional block, followed that of

the previous experiments. A key distinction in Experiment 2 was the use of web-based tasks
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combined with the manipulation of phonological categories. The category selection (i.e.,
sampling seven from the eight categories), category order, word allocation to four lists, and word
order within each list were randomized for each participant same as in Experiment 1. Experiment
2A asked participants to perform immediate recall, whereas Experiment 2B involved delayed
recall.

Response data from Experiments 2A and 2B were left uncorrected. This is because
phonologically similar words tended to be orthographically similar and there were multiple
correction candidates for a single response. For instance, the response ip could correspond to
either dip, hip, kip, or lip, which made correction impossible.

Results and Discussion

Figures 3 and 4 represent the results of Experiments 2A and 2B, respectively. Visual
inspection of trial-by-trial data indicates that shifts in phonological categories did not consistently
lead to release from PI compared to the data of semantic categories. Performance across PI levels

was examined using formal analyses.
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459  Figure 3

460  Results of Experiment 24
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463  2008).
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464  Figure 4

465  Results of Experiment 2B

Experiment 2B: Phonological & Delayed
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Experiment 2A

Correct-in-Position. For immediate recall (Figure 3), correct-in-position scores showed
neither main effect of PI level, BFo1 = 19.12, n,> = 0.013, nor the difference between PI maximum
versus Pl release, BFo1 =5.24, dz=0.10. Performance was equivalent among PI buildup (M = 0.45,
SD =0.09), PI medium (M = 0.43, SD = 0.10), PI maximum (M = 0.46, SD = 0.09), and PI release
(M = 0.45, SD = 0.09). Other contrasts—buildup versus medium, medium versus maximum, and
release versus buildup—indicated, if anything, evidence against a difference (2.36 < BFo1 < 6.91).

Item Correct. Item correct scores exhibited anecdotal evidence against a difference among
the four PI levels, BFo1 = 2.06, 1,> = 0.042 (PI buildup: M = 0.58, SD = 0.09; PI medium: M = 0.56,
SD = 0.08; PI maximum: M = 0.57; SD = 0.07; PI release: M = 0.60, SD = 0.07). Evidence that PI
release was better than PI maximum (BF1o = 2.94, dz = 0.33) remained anecdotal. Other contrasts
suggested, if anything, evidence against a difference (2.86 < BFy; < 6.63).

Conditionalized Order Recall. No clear pattern was observed in the conditionalized order
recall data: PI buildup (M = 0.73, SD = 0.11), PI medium (M = 0.73, SD = 0.13), PI maximum (M
=0.77, SD = 0.12), and PI release (M = 0.72, SD = 0.13). There was no credible evidence for the
main effect of PI level (BFo1 = 2.47, n,> = 0.039), the critical release-versus-maximum comparison
(BF10=1.67, dz = 0.30), and the other comparisons (1.05 < BFg; <7.08).
Experiment 2B

Correct-in-Position. In delayed recall, correct-in-position scores showed moderate
evidence for a difference among the four PI levels, BF1o = 4.45, n,> = 0.069 (PI buildup: M = 0.36,
SD = 0.09; PI medium: M = 0.37, SD = 0.08; PI maximum: M = 0.37, SD = 0.10; PI release: M =
0.41, SD = 0.09). Evidence for the maximum versus release difference, however, remained

anecdotal, BF10 = 2.09, dz = 0.31. Performance of PI buildup was equivalent to that of PI medium
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(BFo1 = 6.08), which was equivalent to that of PI maximum (BFo1 = 6.64). Unexpectedly,
performance was lower on PI buildup than on PI release (BFio = 12.27, dz = 0.41).

Item Correct. For item correct in delayed recall, we found very strong evidence for the PI
effect, both in the main effect of the four PI levels (BFio = 57.02, n,> = 0.099) and the critical
contrast of PI release versus PI maximum (BFio = 45.48, dz = 0.47). Performance across PI levels
was as follows: PI buildup (M = 0.48, SD = 0.08), PI medium (M = 0.47, SD = 0.09), PI maximum
(M =047, SD = 0.09), and PI release (M = 0.53, SD = 0.09). PI buildup was equivalent to PI
medium (BFo1 = 6.97), which was equivalent to PI maximum (BFo1 = 6.96). PI buildup was,
however, lower than PI release (BF1o = 48.30, dz = 0.47). Notably, performance was lower for PI
buildup than for PI release in both correct-in-position and item correct. Although the primary focus
was the maximum-release contrast and no a priori hypothesis was formulated for the buildup—
release contrast, these results suggest that PI may emerge rapidly from the first to the second trials
of a block.

Conditionalized Order Recall. Consistent with the results of other experiments, no clear
pattern was observed in order memory (PI buildup: M = 0.70, SD = 0.14; PI medium: M = 0.74,
SD = 0.12; PI maximum: M = 0.74, SD = 0.16; Pl release: M = 0.74, SD = 0.14). Evidence argues
against a difference among the four PI levels (BFo1 = 14.43, n,> = 0.017) and against the critical
difference between PI release and PI maximum (BFo; = 6.96, dz = 0.02). Anecdotal to moderate
evidence against the other contrasts was also observed (2.62 < BF¢; < 6.71).

Experiment 2 provided evidence for phonology-based PI in item memory, although its
strength differed between recall tasks. In delayed recall (Experiment 2B), the item-correct scores
provided very strong evidence for PI, whereas the corresponding evidence in immediate recall

(Experiment 2A) was only anecdotal. This pattern suggests that phonology-based PI may not be
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as pronounced as semantics-based PI. Semantics-based PI was clearly and consistently observed
in both immediate and delayed recall.

However, the four experiments left two methodological issues unresolved. First,
Experiments 1 and 2 differed in both their mode of administration and participant population.
Experiment 1 was conducted in the laboratory with university students, whereas Experiment 2 was
conducted online with workers recruited through Prolific. Although Experiment 1 provided clear
evidence for semantic PI, it remained possible that this effect depended on laboratory-based testing,
the university student sample, or both. This procedural difference also complicated the comparison
of the four experiments.

Second, the delayed-recall tasks in Experiments 1 and 2 used only one type of distractor
task—parity judgement. It therefore remained unclear whether PI would also be observed with other
distractor tasks, potentially limiting the generalizability of the findings. Moreover, the comparison
between immediate and delayed recall performance suggested that the parity judgement task was
relatively easy. Focusing on correct-in-position performance, the difference between immediate
and delayed recall was approximately 6 percentage points in Experiment 1 (M = 0.52 vs. M= 0.46)
and 7 percentage points in Experiment 2 (M = 0.45 vs. M = 0.38). Despite procedural differences,
such as list length, Brown-Peterson studies have reported larger detrimental effects of distractor-
filled retention intervals (Murdock, 1961; Peterson & Peterson, 1959). For instance, Murdock

(1961) showed a 70-percentage-point decline in recall for word triads, from .93 following a 0-sec



PROACTIVE INTERFERENCE IN WM 30

534  delay (no distractor) to .23 following an 18-sec distractor-filled delay.® The next follow-up

535  experiment addressed both issues.

3 List length may be a critical procedural difference: the present study used six-word lists, as is
typical in immediate serial recall tasks, whereas Murdock (1961) used word triads, consistent

with the standard Brown—Peterson procedure. We return to this issue in the General Discussion.
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Experiment 3

Experiment 3 followed up on Experiment 1B to test semantic PI in delayed recall using

web-based administration and a new distractor task.

Method

Participants

A new sample of 60 participants was recruited through Prolific with the previous
recruitment criteria (see Experiment 2). Forty-one participants self-identified as women, and 17
as men. One participant selected “other,” and another selected “prefer not to report”. Their ages
ranged from 18 to 30 years (M = 25.12, SD = 3.43). They were compensated £2.20 for their

participation. Experiment 3 took approximately 25 minutes.

Materials, Procedure, and Scoring

The materials, procedure, and scoring were identical to those of Experiment 1B, except
for the following two changes. First, Experiment 3 was administered online, as was Experiment
2. Second, the parity judgement task was replaced with a math verification task. During the 18-
sec delay, participants verified as many mathematical equations as possible. Each equation took
the forma X b + ¢ = d, where a, b, c were integers randomly selected from 1 to 9. For
correct equations, d was equal to a X b + c; for incorrect equations, d differed from the
correct answer by +1. This task involved mental arithmetic and was therefore expected to

impose greater cognitive demands than the previous parity judgement task.

Results and Discussion

Before conducting the main analyses, we compared correct-in-position performance in

Experiment 3 with that in Experiment 1B. Recall performance was numerically lower in
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Experiment 3 with the math verification task (M = 0.44, SD = 0.22) than in Experiment 1B with
the parity judgement task (M = 0.46, SD = 0.18), but the Bayes factor provided moderate
evidence in favor of no difference (BFo1 = 4.76, d = 0.08). Thus, contrary to our expectation, the
presumably more demanding math verification task did not produce an additional impairment in
recall performance relative to the parity judgement task. Nonetheless, Experiment 3 extended
Experiment 1B by using a different distractor task, thereby providing valuable evidence

regarding the generalizability of the findings.

Figure 5 shows the main results of Experiment 3. The overall pattern, including the
scalloped pattern in the trial-by-trial data in item memory, was similar to that observed in
Experiment 1B despite the methodological differences between the experiments. Formal

analyses of PI levels are reported below.
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569  Figure S

570  Results of Experiment 3
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Correct-in-Position

For correct-in-position performance (top-right panel of Figure 5), Experiment 3
replicated two key findings from Experiment 1B: an overall effect of PI level and a difference
between PI release and PI maximum. A Bayesian ANOVA revealed a main effect of PI level,
BF 1o =3.38 X 10% 1,? = 0.168 (PI buildup: M =0.45, SD = 0.11; PI medium: M = 0.41, SD =
0.10; PI maximum: M = 0.40, SD = 0.10; PI release: M = 0.50, SD = 0.10). A Bayesian paired ¢-
test showed that performance was higher for PI release than for PI maximum, BF o = 6.82 X 103,
dz = 0.67. The other contrasts provided anecdotal evidence for a difference between PI buildup
and PI medium, BFo = 1.04, dz = 0.27, moderate evidence against a difference between PI

medium and PI maximum, BFy; = 6.04, dz = 0.07, and moderate evidence for a difference

between PI release and PI buildup, BFio = 3.69, dz = 0.35.
Item Correct

Turning to the item memory measure (middle-right panel of Figure 5), Experiment 3 also
replicated the key pattern observed in Experiment 1B. A Bayesian ANOVA revealed a main
effect of PI level, BFip = 6.87 X 107, n,2 = 0.241 (PI buildup: M = 0.61, SD = 0.10; PI medium: M
=0.56, SD = 0.09; PI maximum: M = 0.53, SD = 0.10; PI release: M = 0.66, SD = 0.09). A
Bayesian #-test provided extreme evidence that performance was higher at PI release than at PI
maximum, BF 1o = 4.41 X 10%, dz = 0.90. Among the remaining contrasts, PI buildup
outperformed PI medium, BF1o = 4.24, dz = 0.35. Evidence for the difference between PI
medium and PI maximum, BFo; = 1.22, dz = 0.25, and that between PI release and PI buildup,

BFi0=2.63, dz=0.33, was not clear.

Conditionalized Order Recall
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In line with Experiment 1B, there was no clear evidence for PI in order memory (bottom-
right panel of Figure 5). A Bayesian ANOVA did not support a main effect of PI level, BFo; =
5.36, ny*> = 0.03 (PI buildup: M =0.70, SD = 0.11; PI medium: M = 0.68, SD = 0.12; PI
maximum: M = 0.69, SD = 0.14; Pl release: M = 0.73, SD = 0.14). A Bayesian ¢-test provided
anecdotal evidence against the difference between PI release and PI maximum, BFo1 =2.62, dz =

0.19. The other contrasts, if anything, suggested equivalent performance (2.93 < BFo; < 5.92).

Experiment 3 replicated the findings of Experiment 1B across all three scoring measures.
For item-correct performance, the measure of primary interest, the effect sizes for both the
overall effect of PI and the difference between PI release and PI maximum were nearly identical
across the two experiments: 1,> = 0.243 and dz = 0.89 in Experiment 1B, compared with 1> =
0.241 and dz = 0.90 in Experiment 3. These findings would indicate that neither the presence nor
the magnitude of the PI effect was specific to the mode of administration (i.e., lab-based vs. web-
based), participant sample (i.e., university students vs. participants on Prolific), or the distractor
task (i.e., parity judgement vs. math verification). Replication across these procedural variations

supports the generalizability of the semantic PI effect.

Across the five separate experiments, we investigated the PI effect. It is also desirable to
facilitate comparisons across experiments and synthesize the findings. To this end, we report

effect sizes and their credible intervals in the final analysis.
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Cross-Experiment Comparison

We indexed the PI effect as performance on PI release trials minus performance on Pl
maximum trials, following the critical contrast used in the previous #-tests. A positive value
indicates a PI effect, reflecting better performance on PI release trials than on PI maximum trials.
Using the ttestBF function with its default JZS prior, we obtained 100,000 posterior samples of

the standardized effect size, J. Based on these samples, we report the median ¢ and its 95%

credible interval.

In previous analyses, we reported BFs, which quantify the relative evidence for the null
and alternative hypotheses. Thus, even when the estimated effect size was numerically different
from zero, evidence for the alternative hypothesis could remain weak if the effect was small. By
contrast, the present cross-experiment comparison focuses on estimation rather than hypothesis
comparison, providing the magnitude of the effect and its uncertainty conditional on the

alternative hypothesis (van Doorn et al., 2021).

Because a separate sample of participants was recruited for each experiment,
comparisons across experiments should be interpreted with caution. That said, each experiment
included approximately 60 participants, which should help improve the precision of the effect

size estimates.

Correct-in-Position

Figure 6 presents the effect sizes and credible intervals across the five experiments.

Semantics-based PI was apparent in Experiment 1A, median ¢ = 0.67, 95% CrlI [0.39, 0.96];
Experiment 1B, median ¢ = 0.67, 95% Crl [0.39, 0.96]; and Experiment 3, median J = 0.65,

95% Crl [0.37, 0.93]. By contrast, the effects of phonology-based PI were smaller or in the
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opposite direction: Experiment 2A, median ¢ = -0.10, 95% CrI [-0.35, 0.15]; Experiment 2B,
median J = 0.30, 95% CrI [0.04, 0.55]. To further compare semantics-based and phonology-

based PI, we also calculated the average effects across Experiments 1A, 1B, and 3 and across
Experiments 2A and 2B, respectively. The average effect was numerically larger for semantics-

based PI ( 0 = 0.66, 95% CrlI [0.50, 0.83]) than for phonology-based PI ( 6 = 0.10, 95% CrI [-

0.08, 0.28]).
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Figure 6

Effect Sizes and 95% Credible Intervals for Correct-in-Position
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Semantic Average 1
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Standardized PI effect ()

The effect refers to the difference in performance between PI release and PI maximum
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Item Correct

Compared with the correct-in-position results, the effects measured by item correct were

more pronounced (Figure 7): Experiment 1A, median ¢ =0.79, 95% CrI [0.50, 1.09];
Experiment 1B, median ¢ = 0.86, 95% CrlI [0.57, 1.17]; Experiment 3, median J = 0.88, 95%
Crl [0.58, 1.18]; Experiment 2A, median ¢ = 0.32, 95% CrI [0.06, 0.57]; and Experiment 2B,
median J = 0.45, 95% Crl [0.19, 0.72]. The average effect was again numerically larger for the
semantics-based PI ( 0 = 0.85, 95% CrI [0.67, 1.02]) than for the phonology-based PI ( J =

0.38, 95% Crl [0.20, 0.57]).
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Conditionalized Order Recall

Consistent with separate analyses, the PI effect was less clear for order memory (Figure
8): Experiment 1A, median J = 0.02, 95% CrI [-0.22, 0.27]; Experiment 1B, median ¢ = 0.24,
95% Crl [-0.01, 0.49]; Experiment 3, median ¢ = 0.18, 95% Crl [-0.07, 0.43]; Experiment 2A,
median 0 =-0.28, 95% Crl [-0.54, -0.03]; and Experiment 2B, median ¢ =-0.02, 95% CrI [-
0.27, 0.22]. The average effect was positive for semantics-based PI ( ¢ = 0.15, 95% CrI [0.003,

0.29]) but negative for phonology-based PI ( 0 =-0.15, 95% CrI [-0.33, 0.02]).

The cross-experiment comparison was based on the data from each experiment and
complemented the individual-experiment results by providing estimates of the average effects of
semantics- and phonology-based PI across experiments. The magnitude of PI was numerically
larger for semantics-based PI than for phonology-based PI in both correct-in-position and item
correct. With regard to the potential difference between correct-in-position and item correct, the

magnitude of semantics-based PI was numerically larger in item correct ( = 0.85) than in
correct-in-position ( 0 = 0.66). Although a direct comparison between the two measures may be

affected by differences in measurement properties, such as variability and measurement error,

this pattern is consistent with our item-order hypothesis.
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Figure 8

Effect Sizes and 95% Credible Intervals for Conditionalized Order Recall
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General Discussion

PI has garnered considerable attention in WM research. On the one hand, some theories
assume that WM is susceptible to PI and that resolving PI is one of its core functions (Engle,
2002; Jonides & Nee, 2006). On the other hand, WM has also been conceptualized as a PI-free
system (Oberauer & Awh, 2022; Oberauer et al., 2017). Despite their sharp contrast, these
theoretical positions collectively highlight PI as a critical issue in theories of WM.

In addition to this theoretical divergence, empirical evidence for PI in WM has been
rather mixed (Baddeley et al., 2018; Emery et al., 2008; Oberauer & Bartsch, 2023). Against this
background, the current study focused on memory type as a potential factor determining when PI
emerges and proposed the item—order hypothesis. This hypothesis predicted that PI would be
more readily detected in item memory than in order memory. To provide a clear test of this
hypothesis, we also systematically varied two other factors: category type (semantic vs.
phonological) and recall type (immediate vs. delayed recall).

Experiment 1 demonstrated clear semantic PI in item memory under both immediate and
delayed recall. The semantic PI effect in delayed recall was also replicated in a follow-up
experiment (Experiment 3). In contrast, for phonological categories in Experiment 2, clear
evidence was obtained for item memory in delayed recall, but not in immediate recall. Across
these experiments, order memory appeared insensitive to PI. Thus, the item-order hypothesis was
generally supported, although phonological PI in item memory was not reliably observed under
immediate recall.

To summarize, our results suggest that (1) PI is more strongly associated with item
memory than with order memory; (2) semantics-based PI is robust; (3) phonology-based PI can

be observed under certain experimental conditions; and (4) semantics-based PI is more
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consistently observed across experiments than phonology-based PI. A major contribution of the
present study was to propose and provide support for the item—order hypothesis, thereby refining
our understanding of PI in WM. This study also identified category type as an additional factor
that may influence the magnitude of PI. We suggest that the item-order distinction and category
type provide useful perspectives on when and how PI emerges in WM.

Brown-Peterson and Serial Recall Tasks

The present study bears notable similarities to classic PI studies using the Brown—
Peterson task, as both manipulated stimulus categories to examine PI. These Brown-Peterson
studies documented the buildup of PI within categories and its release following category shifts
across semantic categories (e.g., Wickens et al., 1976) and phonological categories (Baldwin &
Wickens, 1974; Turvey & Egan, 1970).

In a typical trial of the Brown-Peterson task, a single item (e.g., a digit trigram or word
triad) is presented, followed by an irrelevant distractor for several seconds (e.g., 18 sec, Wickens
et al., 1976). After the distractor activity, participants are asked to recall the item. Thus, the PI
effects observed in the Brown-Peterson task are consistent with the present study’s findings
under delayed recall.

However, the Brown-Peterson studies have documented larger PI effects than those
observed in the present study. For example, Goggin and Wickens (1971) reported an
approximately 23-percentage-points increase in recall performance following a semantic
category shift, indicating substantial release from PI (see their Figure 1). By contrast, in the
present study, item-correct performance differed by only 13 percentage points between the PI-
maximum and Pl-release conditions in both Experiments 1B and 3. We suggest that the item-

order distinction may help account for these differences in the magnitudes of the effects.
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735 Compared with the present study’s task, the classic Brown-Peterson task may place fewer
736  demands on order memory, thereby increasing the relative contribution of item memory to

737  performance (for trade-offs between item and order processing, see Guitard et al., 2022).

738  Because the present findings indicate that PI is more strongly associated with item memory than
739  with order memory, a greater contribution of item memory may result in a larger observed PI
740  effect. This difference in memory demands may arise partly because classic Brown-Peterson
741  studies typically used shorter lists. For example, with word-triad lists, if participants remember
742 the first and last words and their positions (e.g., the primacy and recency effects), the remaining
743  word can be inferred to occupy the middle position. Such a list structure may therefore reduce
744  the demands placed on order memory. Conversely, longer lists may place greater demands on
745  order memory.

746 Although item memory was assessed using a separate measure in the present study, the
747  overall task demands may still have influenced how participants encoded the lists. Specifically,
748  the use of longer lists may have encouraged participants to devote greater attention to order

749  information, and the requirement to recall items in serial order may have further strengthened
750  this tendency (i.e., serial recall).

751 We acknowledge that this interpretation remains speculative and extends the item-order
752 hypothesis beyond the present findings. This interpretation can, however, be tested in future
753  research by manipulating list length and recall format. Specifically, shorter lists and free recall,
754  relative to longer lists and serial recall, are predicted to produce larger PI effects. This

755  empirically testable prediction underscores the potential value of the item—order hypothesis.

756  Relationship Between WM and LTM
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We suggest that the immediate and delayed serial recall tasks used in the present study
are consistent with the generic definition of WM (Cowan, 2017). Nevertheless, this definition is
deliberately operational, as it “‘cautiously avoids a statement about the mechanism or about
functions other than retention of information (i.e., memory)” (Cowan, 2017, p. 1163).
Accordingly, the PI effects observed in the present study may reflect mechanisms associated
with LTM rather than mechanisms intrinsic to WM. Given the distinction between WM and
LTM, this possibility complicates the interpretation of these effects as evidence that WM itself is
susceptible to PIL.

Importantly, however, distinguishing WM from LTM does not preclude interactions
between the two systems. For example, Cowan’s elaboration of the generic definition allows the
activated portion of LTM to be considered part of WM without treating WM and LTM as
identical constructs (Cowan, 2017; for related accounts, see also Ericsson & Kintsch, 1995;
Unsworth & Engle, 2007). Similarly, Baddeley et al. (2019) regarded WM and LTM as separate
systems but emphasized the importance of understanding how they interact. Consistent with this
view, the episodic buffer in Baddeley and colleagues’ multicomponent model has been
conceptualized as an interface between WM and LTM (Baddeley, 2000, 2012; Baddeley et al.,
2021). This component provides access to long-term knowledge and makes that information
available within WM.

It is therefore reasonable to assume that LTM contributed to WM performance in the
present study. During the tasks, participants likely drew on pre-existing semantic and
phonological knowledge stored in LTM. Had they lacked the relevant semantic knowledge (e.g.,
the color category: blue, red, green) or phonological knowledge (e.g., the AYD category: bide,

dyed, sighed), the corresponding PI effects would not have emerged. We therefore interpret our
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findings as indicating that performance on WM tasks is susceptible to PI, presumably through
interactions between WM and LTM.
Semantic and Phonological Representations

Although participants likely relied on semantic and phonological knowledge, the
contributions of the two forms of knowledge appear to differ. Across the individual experiments,
semantic categories produced more reliable PI effects than phonological categories. This
difference is unlikely to reflect a weak phonological manipulation. Short words were selected to
maximize within-category phonological similarity (e.g., dip, hip, kip), whereas categories were
chosen to minimize between-category phonological similarity (e.g., dip, hip, kip vs. cot, dot,
got).

The difference between the semantic and phonological effects may reflect
representational differences. Several memory models adopt vector representations for semantic
and phonological information under a single architecture (Guitard et al., 2025a; Oberauer et al.,
2012; Reid et al., 2026). For instance, in a computational implementation of the eCFM, encoding
involves concatenating vectors representing serial position (e.g., 300 features) and item
information (e.g., 300 features) (Guitard et al., 2025a). Critically, the item features can be
semantic and phonological while the resulting vectors operate under the same mechanisms.

The number of features allocated to different representation types is a key consideration
in such models. According to the attentional subsetting theory (Caplan & Guitard, 2024a,
2024b), phonological information is represented by relatively few features, forming a dense
representational space, whereas semantic information is represented by a larger number of
features, forming a sparse space. Moreover, due to its density, phonological information is

thought to be more prone to introduce similarity-based confusions than semantic information.
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Intuitively, the notion of few phonological features and many semantic features seems
plausible: Phonology relies on a limited number of phonemes within a language, while semantics
may include a variety of features (e.g., ad hoc categories, Ishiguro et al., 2025). Furthermore,
practical conventions in dimensionality reduction techniques support this distinction. Semantic
vectors are often reduced to a larger number of features (e.g., 300 features, Landauer & Dumais,
1997) while phonological ones can be reduced to a smaller number (e.g., 50 features, Parrish,
2017).

Such representation differences would account for the present findings. Specifically, we
assume that participants may down-weight their reliance on a particular type of information (e.g.,
phonological or semantic information) when confusion along that dimension reaches saturation,
and that representation differences may determine how rapidly saturation occurs for different
types of information. Due to a small number of phonological features, phonology-based
confusions may arise quickly, immediately after seeing six items in the first trial of a block (e.g.,
dip, hip, kip, lip, rip, sip).* Participants may therefore rapidly down-weight their reliance on
phonological information. As a result, phonological PI may be overshadowed by the within-list

phonological similarity effect. In contrast, semantics-based confusions would develop more

“ If phonological similarity were purely harmful to performance, optimal encoding would
disregard phonological information. However, phonological similarity can be beneficial to item
memory (Fallon et al., 1999; Gupta et al., 2005; Nimmo & Roodenrys, 2004). Accordingly, we

suggest that phonological information is encoded even in phonologically similar lists.
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gradually and are therefore more detectable as PI. For instance, even when presented with six
semantically similar items (e.g., dog, cat, horse, lion, bear, tiger), participants may distinguish
them from each other by drawing on rich semantic features (e.g., a dog is loyal, but a cat is
fickle).

Findings on within-list similarity effects provide indirect support for this account. For
example, Salamé and Baddeley (1986) found a phonological similarity effect for lists of five to
seven items, but the effect disappeared for eight-item lists. They interpreted this disappearance as
indicating that phonological coding became ineffective for longer lists and was therefore
abandoned in favor of alternative forms of coding (e.g., visual or semantic coding). Although this
null effect cannot be taken as direct evidence that phonological confusion develops rapidly, the
overall pattern is consistent with the possibility that phonologically similar items generate
substantial confusion even within relatively short lists, beyond which phonological information
ceases to provide an effective basis for recall. Accordingly, with the six-item lists used in the
present study, there may have been little opportunity for further phonological confusion to
accumulate across trials. By contrast, Dauphinee et al. (2026) reported a detrimental effect of
semantic similarity on order memory even for ten-item lists. This finding suggests that semantic
information continues to influence performance over longer lists and is therefore consistent with
the possibility that semantic confusion remains sensitive to further accumulation across trials.

As semantic and phonological features are pre-experimentally learned, they are likely
retrieved from LTM. Therefore, the reasoning based on representational differences is relevant to
LTM and is consistent with the episodic buffer notion. It further suggests that differences in the
number of features underlying semantic and phonological representations may account for the

divergent effects observed for the two types of information.
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Conclusions

A series of experiments revealed that PI was detected more reliably in item memory than
in order memory and for semantic categories than for phonological categories. We suggest that
the item-order distinction is an important factor in when and how PI emerges in WM. This
distinction may aid in synthesizing previous findings, facilitating comparisons across different
memory tasks, and generating testable predictions. We further argue that the difference between
the semantic and phonological effects may be attributable to differences in the number of

representational features, thereby shedding light on how long-term knowledge influences WM.
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