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Proactive interference (PI) occurs when previously learned memories compete with currently relevant infor-
mation. Despite extensive literature investigating the effect in adults, little work has been done in young chil-
dren. In three preregistered studies (N= 38, 35, 172; convenience samples from the Northeastern United
States), first, we showed that 3-year-old toddlers are highly sensitive to the effect of PI in visual working
memory and second, that these effects can originate from the reactivation of previously encoded information.
Third, we tested how the ability to copewith PI changes between 2.5 and 7.5 years of age. Besides providing
an estimate for the size of the interference effect at the youngest age to date, our findings have an important
methodological implication: paradigms that repeat items across trials potentially underestimate young child-
ren’s working memory abilities.

Public Significance Statement
Performing tasks requires the constant updating of working memory (WM), which is especially chal-
lenging when previously relevant memories interfere with current ones (“Did I add a teaspoon of salt
already, or was that the baking powder?”). In adults, this proactive interference (PI) has been well estab-
lished as a fundamental limitation of memory performance. Characterizing PI in early childhood has
three potential impacts. First, it can inform theoretical models of WM and its development. Second,
it can lead to applied insights, such as a better understanding of children’s learning in the classroom.
Lastly, it has important methodological impacts. WM capacity is typically measured by presenting a
series of trials with similar, or repeated, stimuli—a practice that promotes PI and may lower perfor-
mance.Without updating paradigms to account for, or avoid, this interference, we may be systematically
underestimating children’s WM capacity.
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Working memory (WM) is the cognitive mechanism responsible
for keeping information active in order to solve a task (Baddeley,
1992), from baking a cake to solving math problems. The updating
and manipulation of relevant information require inhibiting informa-
tion that is no longer relevant. In the cognitive neuroscience literature,
such interference resolution is discussed as an example of a crucial

cognitive control skill (Badre & Wagner, 2007; Bunge & Wright,
2007; O’Reilly & Frank, 2006). In contrast with long-term memory
(LTM), WM is very limited; adults are only able to maintain three to
four items in mind before they start to slow down or make errors
(Cowan, 2001). What gives rise to these WM capacity limitations?
Unlike temporal decay theory where information is forgotten as a

Erik Blaser https://orcid.org/0000-0002-9968-8946
Zsuzsa Kaldy https://orcid.org/0000-0002-0679-4505
This research was supported by the National Institutes of Health (Grant

R15HD086658). The authors would like to thank Martha Ann Bell for help-
ful suggestions; Sangya Dhungana and other members of the Early Minds
Lab at UMass Boston for their help with data collection; the staff of the
Children’s Museum of New Hampshire, especially Xanthi Gray, for making
it possible for us to recruit our participants for Experiment 3; and the hun-
dreds of families who volunteered to participate in their studies. The data,
the stimuli, and the code for this study are publicly accessible (see also refer-
ences to Hamilton et al., 2022a, 2022b, 2023; Experiment 1: https://osf.io/
sfxg5/, Experiment 2: https://osf.io/5bdxg/, Experiment 3: https://osf.io/
39w7u/). All three experiments were preregistered on Open Science

Framework (see https://osf.io/3eg6h, https://osf.io/cjukf, https://osf.io/dxf49,
respectively).

Mollie Hamilton served as lead for data curation, project administration,
and writing–original draft. Tessyia Roper served in a supporting role for
data curation. Erik Blaser served in a supporting role for writing–review
and editing. Zsuzsa Kaldy served as lead for supervision and writing–review
and editing and served in a supporting role for project administration. Mollie
Hamilton, Erik Blaser, and Zsuzsa Kaldy contributed equally to formal anal-
ysis and visualization. Erik Blaser and Zsuzsa Kaldy contributed equally to
conceptualization and funding acquisition.

Correspondence concerning this article should be addressed to Zsuzsa
Kaldy, Department of Psychology, University of Massachusetts Boston,
100 Morrissey Boulevard, Boston, MA 02125, United States. Email:
zsuzsa.kaldy@umb.edu

Developmental Psychology
© 2024 American Psychological Association 2024, Vol. 60, No. 3, 582–594
ISSN: 0012-1649 https://doi.org/10.1037/dev0001686

582

T
hi
s
do
cu
m
en
ti
s
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al
A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le
is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al
us
e
of

th
e
in
di
vi
du
al
us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.

https://doi.org/10.1037/dev0001686.supp
https://doi.org/10.1037/dev0001686.supp
https://doi.org/10.1037/dev0001686.supp
https://doi.org/10.1037/dev0001686.supp
https://orcid.org/0000-0002-9968-8946
https://orcid.org/0000-0002-9968-8946
https://orcid.org/0000-0002-9968-8946
https://orcid.org/0000-0002-0679-4505
https://orcid.org/0000-0002-0679-4505
https://orcid.org/0000-0002-0679-4505
https://osf.io/sfxg5/
https://osf.io/sfxg5/
https://osf.io/sfxg5/
https://osf.io/sfxg5/
https://osf.io/5bdxg/
https://osf.io/5bdxg/
https://osf.io/5bdxg/
https://osf.io/39w7u/
https://osf.io/39w7u/
https://osf.io/39w7u/
https://osf.io/39w7u/
https://osf.io/3eg6h
https://osf.io/3eg6h
https://osf.io/3eg6h
https://osf.io/cjukf
https://osf.io/cjukf
https://osf.io/cjukf
https://osf.io/dxf49
https://osf.io/dxf49
https://osf.io/dxf49
mailto:zsuzsa.kaldy@umb.edu
mailto:zsuzsa.kaldy@umb.edu
mailto:zsuzsa.kaldy@umb.edu
https://doi.org/10.1037/dev0001686
https://doi.org/10.1037/dev0001686
https://doi.org/10.1037/dev0001686


function of time (Barrouillet et al., 2004; Towse&Hitch, 1995), inter-
ference theory postulates that forgetting is due to competition between
similar items during retrieval (Brown et al., 2007; Endress & Szabó,
2017; Oberauer et al., 2016). Computational model comparisons sug-
gest that the interference theory better explains WM capacity limita-
tions than the decay theory (H.-Y. Lin & Oberauer, 2022; Oberauer
et al., 2016). When interference occurs between currently relevant
and previously relevant information, it is called proactive interference
(PI). In some WM models, PI has been hypothesized as a principal
cause of WM limitations (Anderson & Neely, 1996; Bunting, 2006;
Endress & Potter, 2014; Kane & Engle, 2000). The goal of the present
study is to explore the early development of PI resolution abilities in
children between 3 and 8 years of age.
PI is a classic phenomenon first demonstrated by Keppel and

Underwood (1962). Participants heard a three-letter trigram (e.g.,
“CXJ”), followed by a 3-s delay (during which they had to count
backward). Participants were able to recall the trigram with about
80% accuracy on the first trial, but performance dropped to approx-
imately 50% by the second trial (Keppel & Underwood, 1962,
Experiment 1). Even if encoding was made easier by introducing
a simultaneous visual presentation, increasing performance to near
ceiling of 100% correct, performance still dropped to about 80%
by the second trial (Experiments 2–4). Importantly, this was not
due to fatigue, as participants could be “released” from PI—with
performance restored to near ceiling on a subsequent trial—if the
stimulus was changed, for example, from a trigram of letters to num-
bers (Wickens et al., 1963).
In repeated tasks over the same set of items and actions, the lead-

ing account of how PI exerts its effect is based on temporal distinc-
tiveness (Crowder, 1976; Glenberg & Swanson, 1986). Since no
longer relevant information (from previous executions of the task)
has been stored along with currently relevant representations, the dif-
ficulty lies in retrieving the information with the correct “time
stamp” for the task at hand (“Did I add sugar to my coffee already,
or am I thinking of yesterday morning?”). The temporal distinctive-
ness account has been supported by multiple studies (Brown et al.,
2007; Souza & Oberauer, 2015).
More recently, the effects of PI have been demonstrated using

visual stimuli (Endress & Potter, 2014; Makovski & Jiang, 2008;
Mercer & Fisher, 2022). For example, Makovski and Jiang (2008)
found that participants in a change detection task were more likely
to make an error if the color and location of the current probe matched
a distractor item from a previous trial. This effect, however, appeared
to be spatially specific: the participants were affected by PI only when
the current probe was in the same location as the previous distractor.
While some studies have disputed the size of the PI effect in tra-

ditional change detection paradigms (Balaban et al., 2019; P.-H. Lin
& Luck, 2012), others have provided robust evidence that visual
working memory (VWM) is affected by PI (Endress, 2022;
Endress & Potter, 2014; Makovski, 2016). For example, Endress
and Potter (2014) showed participants a series of real-world objects
(at the same location) and then asked them to judge whether a probe
object had been present in the series. Then, they either induced PI by
recycling images from a common set from trial-to-trial, or side-
stepped PI by using novel images on each trial. They found that PI
reduced performance dramatically. Participants could remember
up to 30 items in the absence of PI, but the presence of PI reduced
capacity to the typical three- to four-item limit (Cowan, 2001). A
recent series of experiments by Endress (2022) and studies from

our own group (Donenfeld et al., under review) have shown that
the effects of PI in VWM are not entirely location-dependent.
Thus, in adults, PI has been well established as a fundamental limi-
tation of VWM.

Despite the theoretical significance and extensive cognitive and
neuroscientific literature on the mechanisms underlying PI in adults
(Badre & Wagner, 2005; Gray et al., 2003; Jonides & Nee, 2006;
Postle et al., 2004), little is known about how PI resolution develops
in young children, leaving a major gap in the literature (for a review,
please see Hamilton et al., 2022). This is particularly relevant as WM
capacity in infants is low (Kaldy & Leslie, 2005; Kaldy et al., 2016;
Kibbe & Leslie, 2013; Ross-Sheehy et al., 2003) and only approaches
adult levels by middle childhood (Ahmed et al., 2022; Gathercole
et al., 2004). Some important prior work with 4- to 7-year-olds mea-
sured the effects of PI in LTM in a paired-associate learning task
(Darby & Sloutsky, 2015; Yim et al., 2013), and found that the recall
accuracy of younger children was more affected by PI than of older
children. Other studies with older, school-age children (8- to
14-year-olds) found that WM was affected by PI, and that the ability
to resolve PI improvedwith age (Kail, 2002; Loosli et al., 2014).Most
work on PI (with both older children and adults) has used verbal stim-
uli (e.g., word lists) and/or extensive training protocols, which are not
suitable for very young children. To the best of our knowledge, no
prior studies have directly measured the ability to resolve PI in chil-
dren under the age of 4, and no studies have measured how PI affects
VWM in children below 8 years of age.

Our preregistered studies (Open Science Framework [OSF], see
links in General Method) have three goals. Our first goal was to
quantify the effect of PI on WM performance at the youngest age
to date (in 2.5- to 3.5-year-old toddlers). Second, we wanted to iden-
tify the source of the interfering information. Interference could stem
from information in LTM (i.e., from any previous trial) that is acti-
vated during retrieval, or, from information in WM that remained
active from the just-completed trial (if interference stems from infor-
mation lingering in WM, then it is not truly PI). To tease these two
possibilities apart, we employed a novel experimental design that
“flushes” WM between trials; eliminating the potential for interfer-
ence from information lingering in WM. If PI remains, then, it must
be that activated information from LTM is a factor. Third, our goal
was to see if we could detect age-related changes, between the
ages of 2.5 and 7.5 years of age in a large (N= 172) cross-sectional
sample, in the ability to resolve PI.

Characterizing the development of PI resolution has three poten-
tial impacts. First, it can inform theoretical models of WM and its
development. If PI in WM in young children is especially strong,
that means that the development of PI resolution abilities is one of
the major factors underlying the development of WM capacity.
This suggestion was first formulated, but not tested, 30 years ago
by Dempster (1993). He made the conjecture that “resistance to
interference is a major factor in cognitive development and that it
is a basic processing mechanism linked to the efficiency of the fron-
tal lobes” (p. 21). Second, it can lead to applied insights, such as a
better understanding of children’s learning in the classroom. For
instance, it has already been shown that decreasing interference
leads to better retention in school-age children, see, for example,
Carvalho and Goldstone (2019) and Rohrer et al. (2015). Lastly, it
could have important methodological impacts. For instance, in the
developmental literature, WM is typically measured by presenting
a series of trials with repeated (or similar) stimuli and calculating
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average performance across trials. If children are more affected by PI
than adults, it could mean that we have been systematically underes-
timating their WM capacity.

General Method

All data and experimental scripts are available for download at OSF
(see also references to Hamilton et al., 2022a, 2022b, 2023; Experiment
1: https://osf.io/sfxg5/, Experiment 2: https://osf.io/5bdxg/, Experiment
3: https://osf.io/39w7u/). For preregistrations, please see https://osf.io/
3eg6h, https://osf.io/cjukf, and https://osf.io/dxf49, respectively. All
three studies were approved by the Institutional Review Board of the
University of Massachusetts Boston.

Power Analysis

We conducted the required a priori sample size calculations using
G*Power (Faul et al., 2007). This analysis specified that a sample
size of 34 would be sufficient to obtain 80% power to detect a
medium effect size (d= 0.5; α= .05) in a paired-sample t test.
Both Experiments 1 and 2 met this criterion. For Experiment 3,
which was aimed at capturing age-related changes, a sample size
of 152 was deemed sufficient to obtain 80% power to detect a
small effect size (r2= .05, f2= 0.0526; α= .05) in a linear regres-
sion model with one predictor. Our final sample in Experiment 3
included 172 children.

General Design

All experiments in the current study used a Delayed Match
Retrieval paradigm (Kaldy et al., 2016) tailored for a touchscreen
tablet (see Figure 1a). The paradigm tests “what was where”
object-location bindings in VWM. All stimulus presentation
and response collection were controlled by OpenSesame 3.2.7
(Mathôt et al., 2012). We have previously used a (gaze-based)
version of this paradigm to test various mechanisms of VWM
development from 8 months to 2.5 years of age (Cheng et al.,
2019a, 2019b, 2020; Fitch et al., 2021; Kaldy et al., 2016), and
others have adopted it as well (Hochmann et al., 2016). Based
loosely on the card game memory, after having seen a number
of virtual cards briefly exposed (flipped face-up to expose an
object on the face of the card, then flipped back face-down) in a
fixed set of locations, the participant is shown a sample card
and asked to choose the location of its match among the previ-
ously exposed, now face-down cards. In the present study, chil-
dren made their choice by touching the card on the tablet. PI in
the current study was generated by repeating items (match and
nonmatch cards) across trials (see Figure 1b), such that a partici-
pant may mistakenly base a decision about the match card’s loca-
tion on where it had appeared on a previous trial as opposed to
where it was in the current trial.

Experiment 1

Participants

Data were collected from 38 toddlers between the ages of 2.5 and
3.5 years of age (M= 2.89 years, SD= 0.29 years, 20 boys). Seven
additional toddlers were tested, but their data were excluded: four
due to not meeting the training criterion (see below), two due to

experimenter error, and one was excluded as an outlier (i.e., the PI
effect (see below) was more than 2.5 median absolute deviations
(MAD) from the median (Leys et al., 2013). The outlier-based exclu-
sion was not part of our preregistration of Experiment 1, but we
added it for the preregistrations of subsequent experiments, and
applied it here for the sake of consistency. Overall, participants con-
tributed 529 valid trials out of the potential 608 trials (87.0%).
Caregivers reported that seven participants were multiracial, three
were Hispanic or Latino, seven did not wish to report demographic
information, and the rest of the sample (n= 21) was reported to be
white.

Stimuli

The study was designed and run using OpenSesame 3.2.7 (Mathôt
et al., 2012). The backs of the virtual cards were solid-colored (green
for the sample and blue for the target cards, see below). The faces of
the cards depicted images of hard-to-name, unfamiliar 3D objects
drawn from the Novel Object and Unusual Name (NOUN) database
(Horst & Hout, 2016). We chose to use hard-to-name objects to min-
imize verbal rehearsal strategies such as naming objects out loud or
subvocally. (Subvocal verbal rehearsal emerges in children as young
as five and becomes adult-like between 7 and 10 years of age; Elliott
et al., 2021; Poloczek et al., 2019). While it is important to note that
in typical, everyday situations verbal and visual coding can go on in
parallel thereby facilitating remembering in service of solving a task
(Overkott et al., 2023), our focus here was on visual WM processes.

Procedure

The toddler was seated at a table with the experimenter in front of
a Microsoft Surface Go tablet in a laboratory testing room (n= 35)
or in a quiet room in the child’s home (n= 3). The task was
explained verbally as well as demonstrated by the experimenter.
The caregiver was seated next to the toddler and was asked not to
talk or gesture to the toddler during testing. Laboratory sessions
were videotaped.

The testing session started with a directions phase (four trials).
First, toddlers saw three face-up cards appear on the tablet in a trian-
gular arrangement. The bottom two cards were two different target
cards and the top card was the sample that matched one of the targets
(i.e., the match card) and did not match the other (i.e., the nonmatch
card). The experimenter asked the toddler to pick the card that
matched the sample card, and took turns with the toddler selecting
and touching the matching card. If the toddler demonstrated diffi-
culty touching the screen, he or she was permitted to point to the
selected card and the experimenter touched the card that the toddler
indicated.

Upon completion of the directions phase, the training phase (three
to eight trials) began. Here, the cards were still presented face-up (no
memorization was needed) and the toddler had up to 10 s to respond.
If the toddler chose the correct card three trials in a row, the test phase
began. If the toddler could not get three trials correct in a row within
eight trials, the test phase began, but data from these participants
(n= 4) were discarded.

The test phase consisted of two sets of eight trials, blocked by con-
dition. Here, toddlers saw three face-down cards appear on the
screen in a triangular arrangement. The bottom two cards were the
to-be-memorized target cards and the top card was the sample.
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First, the target cards were revealed, sequentially (these two cards
always showed different images). The sequential reveal ensured that
children looked at both images. The first card was exposed for 3 s,
then the second one for another 3 s, and then both cards flipped
back face-down. After a 3 s retention period, the sample was exposed,
which always matched one of the two (now-face-down) target cards.
The toddlers had up to 10 s to touch the target card that they thought
was the match to the sample (response period). If a toddler’s attention
wandered or there was apparent confusion, the participant was
reminded to find and touch the card that matched. When the correct
answer was chosen, the card was flipped over to reveal the match.
Additionally, a picture of Elmo appeared accompanied by a
correct-answer sound (“brrng!”) as feedback before the next trial. If
the toddler chose incorrectly, the next trial began without feedback.

The match location (left or right) was pseudorandom, not appearing
on the same sidemore than twice in a row. Trials were blocked by con-
dition. In the PI condition block, the same pair of items was repeated
in each of the eight trials as targets (with left/right location also pseu-
dorandomized). In the No_PI condition block, novel items were pre-
sented on each of the eight trials. The order of the two blocks was
counterbalanced such that half of the toddlers saw the PI block first
and half of the toddlers saw the No_PI block first. The two blocks
were separated by a 30-s child-friendly cartoon.

Questionnaires were given to caregivers after the completion of
the study about the typical frequency of touchscreen device use by
the toddler and their prior experiencewith the gamememory (or con-
centration). Results were entered into exploratory analyses (see the
online supplemental materials).

Figure 1
Examples of Test Events and Trial Sequences in Experiments 1 and 2

Note. (a) Sequence of events in a test trial in Experiments 1 and 2. (b) Example of trial sequences in Experiment 1
(blocked), and Experiment 2 (interleaved) with sample target stimuli (NOUN database, Horst & Hout, 2016).
NOUN=Novel Object and Unusual Name; PI= proactive interference. NOUN database is adapted from “The
Novel Object and Unusual Name (NOUN) Database: A Collection of Novel Images for Use in Experimental
Research,” by J. S. Horst and M. C. Hout, 2016, Behavior Research Methods, 48(4), pp. 1393–1409 (https://doi
.org/10.3758/s13428-015-0647-3). Copyright 2016 by SpringerNature. See the online article for the color version
of this figure.
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Results

Performance was calculated as the percent of correct trials, aver-
aged within a block for a particular participant, and then across par-
ticipants within a particular condition. As expected, we found that
performance was significantly higher in the No_PI condition
(M= 74.2%, SD= 18.5%) than in the PI condition (M= 62.1%,
SD= 15.9%, see Figure 2a) indicating that 3-year-old children are
susceptible to interference, paired t test, t(37)= 4.355, p, .001,
d= 0.702. We then calculated a PI effect, as a difference score
between performance in the conditions (No_PI performance− PI
performance). The average PI effect was M= 24.1% (SD= 34%).
Whether toddlers were tested in the PI or No_PI condition first did
not have a significant effect on the PI effect, independent-samples
t test, t(36)= 0.527, p= .601, d= 0.172.
We further tested whether the series of repetitions, trial-by-trial, in

the PI condition led to a discernable accumulation of interference.
This would be evident if performance dropped in the PI condition
as a function of trial, and did so more quickly than in the No_PI con-
dition. Since responses were binary (correct/incorrect) and we had
repeated measures, we analyzed these trial-by-trial trends using a
generalized estimating equations method to conduct binary logistic
regression analyses. In these analyses, response (correct/incorrect)
was the dependent variable, and condition and trial number were
the independent variables. Both the main effect of condition, Wald
χ2(1)= 11.33, p, .001, and trial number were significant, Wald
χ2(7)= 31.58, p, .001. That is, toddlers’ performance was signifi-
cantly lower in the PI condition and overall performance declined as
the trials went on. As well, the interaction between condition and
trial number was significant, Wald χ2(7)= 31.58, p, .001: perfor-
mance in the PI condition decreased significantly faster than in the
No_PI condition (Figure 3a) providing evidence for an accumulation
of interference.

Discussion

Experiment 1 showed that 3-year-old toddlers are highly sensitive
to interference from previously relevant information. While their
average performance was near ceiling (87%–92% correct) at the

beginning of both the PI and the No_PI blocks, by the end of the
block of eight PI trials, toddlers’ performance approached chance
(50%), while at the end of the eight No_PI trials, performance was
still relatively high at 75% correct. This is the first time the effect
of PI has been measured in 3-year-olds in a WM task.

We also found that WM performance decreased as a function of
trial in the PI condition suggesting that interference accumulates
as stimuli are repeated over trials. The fact that performance also
decreased (to a much lesser extent) over trials in the No_PI condition
indicates either general fatigue or item-nonspecific interference
(Postle & Brush, 2004) stemming from the general family resem-
blance of the objects in the NOUN database or interference from
the target’s location on the previous trial (see, e.g., Makovski &
Jiang, 2008).

This experiment left two questions unanswered. First, the blocked
design did not allow us to distinguish whether interference arose, as
expected, from a reactivation of information drawn from a longer-
term store (e.g., “activated LTM”; Cowan, 1988; Lewis-Peacock &
Postle, 2008; Oberauer, 2002) or instead from “residual” informa-
tion still lingering inWM from the just-completed trial. The interfer-
ence that comes from “residual” information can simply mean that
toddlers did not clear their workspace fully between trials.
Second, it is possible that toddlers performed more poorly in the
PI versus the No_PI condition because they lost interest when play-
ing the game with the same pair of items throughout the block of
eight trials (as opposed to the novel pairs used trial-by-trial in the
No_PI condition). Experiment 2 was aimed at addressing these
two issues with a novel design solution: interleaving PI and No_PI
trials in a single mixed block.

Experiment 2

Participants

Data were collected from 35 toddlers between the ages of 2.5 and
3.5 years of age (M= 3.05 years, SD= 0.375 years, 13 boys), in a
testing room in the laboratory (n= 18), in a separate room in a

Figure 2
Average WM Performance (Percent Correct) in the PI Versus
No_PI Trials

Note. (a) Experiment 1 (blocked trials), (b) Experiment 2 (interleaved trials).
individual data (gray), group means, and 95% CIs (black) are shown. WM=
working memory; PI= proactive interference; CI= confidence interval;
Exp.= experiment.

Figure 3
Average WM Performance as a Function of Trial Number (Percent
Correct) in the PI Versus No_PI Trials

Note. (a) Experiment 1 (blocked trials), (b) Experiment 2 (interleaved tri-
als). Data in the interleaved design are shown here de-collated, such that trial
numbers refer to relative sequencing within the condition. Highlighted
regions indicate the 95% confidence bands for the regression fits. WM=
working memory; PI= proactive interference; Exp.= experiment.
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children’s museum (n= 16), or at the toddler’s home (n= 1). We
applied the same exclusion criteria as in Experiment 1 (all were pre-
registered). Five additional toddlers were tested, but their data were
excluded due to not meeting the training criterion (see above). There
were no outliers. Overall, participants contributed 486 valid trials
out of the potential 560 trials (86.8%). Caregivers reported that
three participants were Asian, one was Black/African American,
one was Hispanic or Latino, one was multiracial, 22 were white,
and eight did not wish to report demographic information.

Stimuli and Procedure

Stimuli and procedures were similar to Experiment 1. The only
difference was that the No_PI and PI trials, which had been blocked
by condition in Experiment 1, were now interleaved: the eight PI tri-
als were alternated with the eight No_PI trials to create one block of
16 test trials. As before, PI trials always reused the same pair of stim-
uli from trial-to-trial, but now, given this design, that repetition
occurred after an intervening No_PI trial (each using, as before,
novel stimuli from trial-to-trial). In this way, like a palate cleanser,
the demands of each new No_PI trial flush WM of any information
lingering from the just-completed PI trial (see arrows in Figure 1b).
If a PI effect still occurs with this design, then that interference must
have stemmed from activated LTM.
As well, positive results in this interleaved block design help rule

out an alternate explanation for lower performance on PI in
Experiment 1, where trials were blocked by condition. One could
argue that the lower performance in the PI block could have resulted
from a loss of interest given the unbroken repetition of test stimuli
trial-by-trial, and not from interference per se. Here, in the current
study, PI trials do not form one undifferentiated block, but instead
are broken up by the interleaved No_PI trials with their novel stimuli.
This mixed design helps to maintain engagement but also means
that, even if general engagement does change over the course of a
block, it will affect both types of trials.

Results

As expected, a paired-sample t test revealed that toddlers’ perfor-
mance was significantly higher, t(33)= 2.148, p= .039, d= 0.36,
in the No_PI condition (M= 70.9%, SD= 21.2%) than in the PI
condition (M= 61.3%, SD= 17.1%, see Figure 2b), indicating
that toddlers were sensitive to PI even when PI trials were interleaved
with other (No_PI) trials. The average PI effect (No_PI performance
− PI performance) wasM= 9.3% (SD= 26.5%). As per the request
of a reviewer, we also conducted an exploratory analysis on the
effect of testing location (museum/home vs. in-lab) on performance.
An independent-sample t test showed that overall performance
was not significantly different between these sites, t(33)= 0.467,
p= .644, d= 0.161.
Trial-by-trial analyses using generalized estimating equations

were conducted as in Experiment 1 (Figure 3b). Both the main effect
of condition, Wald χ2(1)= 7.05, p= .008, and trial number were
significant, Wald χ2(7)= 20.33, p= .005, indicating that PI perfor-
mance was lower than No_PI performance and that performance
overall dropped as a function of trial, but the interaction between
condition and trial number was not significant, Wald χ2(7)= 2.86,
p= .897, meaning we did not detect a significant accumulation of
interference over trials.

Discussion

Experiment 2 showed that 3-year-old toddlers are still sensitive to
the effects of PI, even when VWMhas been “flushed” between trials
thereby eliminating residual information lingering in WM from the
just-completed trial. This means that PI can stem from activated
LTM representations. To be clear, aspects of interference resolution
play out in WM, and WM is the active workplace where “what was
where” judgments are made. What our results show is that a source
of interfering information is activated LTM. As well, the existence of
the PI effect in the present experiment provides evidence that the PI
effect in Experiment 1 was not due simply to a loss of interest in the
repeated stimuli that comprised the PI block (since here, trials are
interleaved, sidestepping the potential for differences in engagement
among blocked conditions).

The size of the PI effect here was smaller than in Experiment 1.
This was not unexpected, since the interleaving of No_PI trials
likely mitigated the potential for PI in two ways. For one, this con-
dition provides for more distinctiveness for trials. Each No_PI trial
breaks up the sequence of PI trials, thereby providing distinct
(especially given the novel stimuli) “landmarks” (Unsworth
et al., 2008) within the trial sequence. Relatedly, while there are
disagreements about when and how elapsed time affects memory
(Cowan, 2022), most models of interference would expect the
greatest interference from the most recent trials, but here, unlike
in Experiment 1, the longer sequence of trials means that there is
both more elapsed time and more elapsed trials between potentially
interfering PI trials (i.e., PI trial n no longer has PI from trial n− 1,
but only trial n− 2, etc.). Hartshorne observed PI effects in VWM
in adults that lasted for four to five trials in a change detection task
(Hartshorne, 2008), while our results show that in our 3-year-old
children, this window does not seem to reach much beyond the
(n− 2)th trial. Second, while this Experiment was designed to
test, in isolation, whether activated LTM can be a source of PI,
of course, information remaining in WM may also be a source of
interference, so by removing it, one would expect a smaller PI
effect.

Experiment 3

The goal of Experiment 3 was to investigate the developmental
trajectory of the ability to resolve PI in WM between the ages of
2.5 and 7.5 years of age (against the backdrop of general age-related
improvements in VWM performance). Two prior studies have dem-
onstrated age-related increases in PI resolution ability but they both
tested older children, between 8 and 14 years of age (Kail, 2002;
Loosli et al., 2014).

Participants

All participants were recruited at the Children’s Museum of New
Hampshire in Dover, NH, United States. The final sample included
172 children between the ages of 2.5 and 7.5 years (M= 5.03 years,
SD= 1.15 years, 78 boys). Seventy-eight of these children were
between the ages of 2.5 and 5.5 years (M= 4.13 years, SD= 0.69
years, 36 boys) and were tested with the two-card version, and 94
of them were between the ages of 4.5 and 7.5 years (M= 5.78
years, SD= 0.89 years, 42 boys) whowere tested with the three-card
version. Caregivers reported that 125 of the 172 participants were
non-Hispanic or Latino, 17 were Hispanic or Latino, and 30 did
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not provide information regarding ethnicity. Additionally, caregiv-
ers reported that 117 of the 172 participants were white, four were
Black or African American, three were American Indian or Alaska
Native, six were Asian, seven were multiracial, six identified as
other, and 27 chose not to respond.
An additional 13 children were tested, but their data were

excluded due to missing two or more (out of four) practice trials
(n= 2), missing more than three trials per block (n= 5), not wanting
to proceed to the test trials after the practice phase (n= 5), or because
their PI effect was more than 2.5MAD from the median (n= 6; Leys
et al., 2013). Overall, participants contributed 1,961 valid trials out
of the potential 2,064 trials (95.0%); 867/936 (92.6%) in the two-
card version and 1,094/1,128 (97.0%) in the three-card version.
(All exclusion criteria were the same as in the previous experiments
and were preregistered.)

Stimuli and Procedure

The design was nearly identical to Experiment 1, with four
modifications.

1. The training phase trials were identical to test trials. In
Experiments 1 and 2, cards in training trials had always
been face-up, eliminating the need for memorization. Here
training was not face-up because, in a pilot study, the train-
ing was too easy for older children. None of the images used
in training trials were repeated in test trials.

2. To increase the pace of the session, the presentation of cards
(encoding) was shorter (2 s, instead of 3 s).

3. The number of trials per block was reduced from eight to
six trials. The children’s museum had many other activi-
ties that competed for children’s and caregivers’ time, so
it was more challenging to have longer testing sessions
versus in the lab setting. Reducing the number of trials
ensured that the majority of the children completed
testing.

4. We introduced a more difficult version of the task that used
three cards, instead of two, just for older children (4.5- to
7.5-year-olds, see Figure 4). This increase in memory
load was tailored for the older children so as to avoid ceil-
ing effects in performance (which had been present in our
pilot sample). By design, the younger age group (2.5- to
5.5-year-olds) was tested with the same two-card version
as in Experiments 1 and 2 and in this way, this served as
an internal replication for PI effects in this age range. In
order to test whether load on its own affected PI, we had
specifically recruited extra participants within a “cross-
over” age range (between 4.5 and 5.5 years of age). In
our analyses, this allowed us to separate out two groups
of age-matched participants, one that ran in the two-card
version and the other in the three-card version, thereby
effectively removing age as a variable and isolating the
effect of memory load.

Results

Since the two-card and three-card games had different chance
levels (i.e., the expected base rate of success, even with random
responses, was 50% and 33.3%, respectively) we applied a

“correction for guessing” so that the results could be more directly
compared. This was done using the following formula:

corrected Proportion Correct =
#correct responses− #incorrect responses

#choices− 1
#all responses

.

(1)

Correction for guessing is a standard method in psychometrics (see,
e.g., Link, 1982); this particular version of it is from Frary (1988). It
is helpful to keep in mind that with corrected values, a value of 0 cor-
responds to chance-level performance.

This experiment was designed with an “age overlap group” of
children at the same age (4.5- to 5.5-year-olds) with some tested
in the two-card version and some in the three-card version. First,
we tested whether memory load (two-card vs. three-card version)
influenced the PI effect by comparing these two groups of age-
matched children. Twenty-three children were tested in the two-
card group (M= 4.93 years, SD= 0.26 years, 14 boys) and 41 in
the three-card group (M= 4.97 years, SD= 0.34 years, 18 boys).
An independent-samples t test showed that the PI effects, cor-
rected for guessing, in these two age-matched groups were not
significantly different, two-card: M= 7.97%, SD= 30.29%;
three-card: M= 4.14%, SD= 44.30%; independent-samples t
test, t(62)= 0.368, p= .714, d= 0.09. Figure 5c shows the
mean performance in each condition for the overlap and nonover-
lap groups separately. In sum, our results from the two groups of
4.5- to 5.5-year-olds using the two different memory load ver-
sions demonstrated that while the higher-load, three-card version
may have been more challenging (performance in the No_PI
condition in these two groups was significantly different, two-
card: M= 69.27%, SD= 31.7%, three-card: M= 47.32%,
SD= 32.12%; independent-samples t test, t(62)= 2.64,
p= .011, d= 0.69, this did not have a significant impact on
the PI effect itself.

With this in mind, we ran a set of analyses combining data from
the two-card and three-card versions (N= 172), and found that per-
formance (corrected for guessing) was significantly higher in the
No_PI condition (M= 56.8%, SD= 34.88%) than in the PI condi-
tion (M= 49.97%, SD= 35.45%); children between the ages of
2.5 and 7.5 years were sensitive to the effect of interference, paired-
samples t test, t(171)= 2.33, p= .021; d= 0.18. The average PI
effect (No_PI performance− PI performance, corrected for guess-
ing) was M= 6.8% (SD= 38.4%). Similar to the first two experi-
ments, the order of conditions (that is, whether children were
tested in the PI or No_PI condition first) did not have a significant
effect on participants’ PI effect, independent-samples t test,
t(170)= 0.784, p= .434, d= 0.215. To explore the effect of age
on PI resolution, we treated age as a continuous variable. While con-
sistent with an age-related decrease in the PI effect, the resulting
trend was not significant, r2= .005, F(1, 170)= 0.90, p= .34, see
Figure 7a.

Following these analyses on the entire sample, we then performed
a set of within-group analyses in order to facilitate a comparison
between these results and those from Experiments 1 and 2; here,
the group of younger children (tested in the two-card version) had
a similar mean age to those tested in Experiments 1 and 2, thereby
providing an internal replication and extension. We first ran our cen-
tral test for the influence of PI on performance. Consistent with the
results of Experiments 1 and 2, the group of younger children
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showed significantly higher performance in the No_PI block (M=
59.53%, SD= 38.1%) than in the PI block, M= 48.16%, SD=
39.45%, t(77)= 2.66, p= .009, d= 0.3, yielding an average PI
effect of M= 11.37% (SD= 37.71%). However, older children

(tested in the three-card version), though results were in the expected
direction, did not show significantly higher performance in the
No_PI block (M= 54.55%, SD= 32.0%) than in the PI block,
M= 51.46%, SD= 31.9%; t(93)= 0.8, p= .443, d= 0.08, see
Figure 5a and b, with an average PI effect of M= 3.08% (SD=
38.8%). In a follow-up exploratory (nonpreregistered) analysis, we
then compared the PI effect between the two age groups. The
independent-samples t test showed that the difference between the
groups was small and not statistically significant, t(170)= 1.411,
p= .16, d= 0.22.

As in Experiments 1 and 2, trial-by-trial analyses using generalized
estimating equations were used to see if we could detect the accumu-
lation of PI as a function of trial number. This analysis was performed
separately for the two groups because the two data sets could not be
combined in one logistic regression, as 1 (success) means different
performance in the two- versus the three-card versions (for results,
see Figure 6a and b). In younger children (tested in the two-card ver-
sion), the main effect of condition was significant, Wald χ2(1)=
7.182, p= .007, but trial number was not, Wald χ2(5)= 6.492,
p= .261. Accumulation is evidenced by a relatively larger drop in
PI performance, versus No_PI, as a function of trial number, that is,
an interaction. Here, the interaction of condition and trial number
was not far from the traditional significance threshold: Wald
χ2(5)= 10.513, p= .062. In older children (tested in the three-card
version), neither of the main effects, condition: Wald χ2(1)= 0.595,
p= .440; trial number:Wald χ2(5)= 4.543, p= .474, nor the interac-
tion between condition and trial number, Wald χ2(5)= 1.503,
p= .913 were significant.

Finally, in an exploratory analysis, we tested whether WM perfor-
mance (as measured by performance in our No_PI condition)
increased with age. These analyses were not preregistered, but are
valuable to show a ground-truth relationship, here, of age-related
improvement in VWM performance in our task. We ran linear
regressions looking at the relationship between performance in the
No_PI condition and age. Since No_PI performance was signifi-
cantly different between the two age-overlap groups (see above),
we did not combine data from the two-card and the three-card

Figure 4
Sequence of Events in a Test Trial in Experiment 3 (Three-Card Version)

Note. Events in the two-card versionwere the same as in Experiment 1 (see Figure 1a), except that the two encoding
periods were 2 s. See the online article for the color version of this figure.

Figure 5
Average WM Performance (Percent Correct, Corrected for
Guessing) in the PI Versus No_PI Conditions in Experiment 3

Note. (a) Two-card version, younger children (Mage: 4.13 years), (b) three-
card version, older children (Mage: 5.78 years). Individual data (gray), group
means, and 95%CIs (black) are shown. (c) AverageWM performance in the
overlapping versus nonoverlapping age groups (error bars: +1 SEM).
WM=working memory; PI= proactive interference; CI= confidence
interval; Exp.= experiment; SEM= standard error of the mean.
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versions for these analyses. Linear regressions showed that No_PI
performance increased significantly with age both in the two-card
version, r2= .081, F(1, 76)= 6.71, p= .011, and in the three-card
version, r2= .074, F(1, 92)= 7.35, p= .008, see Figure 7b.

Discussion

Experiment 3 was conducted on a large (N= 172) cross-sectional
sample of 2.5- to 7.5-year-old children. This experiment was similar
to Experiment 1, with adaptations to the procedure for the children’s
museum setting and to children’s age (a two-card memory load ver-
sion for younger children, and a three-card version for older ones).
Overall, as in Experiments 1 and 2, we found a weak, but significant
main effect of PI (p= .021; d= 0.18). We also found that in the age-
matched groups that were tested in both versions (4.5–5.5 years of
age), the PI effects did not differ significantly, suggesting that the
PI effect (after correction for guessing) in the two versions of the
task can be compared. When age was treated as a continuous vari-
able, while consistent with an age-related decrease in the PI effect,
the trend toward smaller PI effects as a function of age was not sig-
nificant (r2= .005, p= .34).
Broken down by age group, the results with younger (average age:

4.13 years, range: 2.5- to 5.5-year-olds) children showed the same
pattern as the 3-year-olds in Experiment 1: a significant overall PI
effect in WM (p= .009, d= 0.3) that showed some evidence of
accumulation over trials (p= .062). This represents an internal rep-
lication of the PI effect we found in Experiment 1 with the 3-year-old
sample. However, there was no significant PI effect in the older
group (average age: 5.78 years, range: 4.5- to 7.5-year-olds;
p= .443, d= 0.08). Effect sizes showed a small-to-medium PI
effect in the younger (d= 0.3) and a very small effect (d= 0.08)
in the older group; however, a direct comparison of the two age
groups showed that the difference was not significant (p= .16,
d= 0.22). Overall, the evidence for age-related change in the PI

effect presented here is weak, as it only shows up in the group-level
comparison, and not with age as a continuous measure, which is con-
sidered to be the statistically more appropriate method (MacCallum
et al., 2002). We can speculate why we did not find a robust devel-
opmental effect. Unfortunately, the museum setting, with its multi-
ple distractions, meant that WM performance in our task (as
estimated by the No_PI condition) was not particularly high (two-
card: 59.5%, three-card: 54.5%; both values are corrected for guess-
ing). As well, some of the other changes that we needed to imple-
ment to keep children engaged (face-down training trials, fewer
trials in each block) may have also diminished the PI effect. We sus-
pect that by changing some of these task parameters, the observed
developmental change in the PI effect would be more robust (similar
to what was found by Kail, 2002 and by Loosli et al., 2014 in 8- to
14-year-olds).

General Discussion

PI occurs when previous, now-irrelevant memories intrude on cur-
rent, task-relevant ones. Interference is promoted, then, by reusing
to-be-remembered stimuli from trial-to-trial (as in our PI condition)
or, alternatively, minimized by employing novel stimuli on each
trial (as in our No_PI condition). Our delayed match retrieval
VWM paradigm required toddlers to solve a “what was where”
task. In the repeated (PI) condition, having seen a particular object

Figure 6
Average WM Performance as a Function of Trial Number (Percent
Correct) in the PI Versus No_PI Conditions in Experiment 3

Note. (a) Two-card version, younger children (Mage: 4.13 years), (b) three-
card version, older children (Mage: 5.78 years). Please note that these data are
not corrected for guessing, as the logistic regressions were conducted on the
binary (1: correct, 0: incorrect) data. (Thus, results can be directly compared
to those in Figure 3.) Highlighted regions indicate the 95% confidence bands
for the regression fits. WM=working memory; PI= proactive interference;
Exp.= experiment.

Figure 7
Linear Regression Analyses

Note. (a) PI effect as a function of age (across the whole sample,N = 172),
(b) WM performance in the No_PI condition as a function of age in the two-
card version, with younger children (Mage: 4.13 years, N= 78, black circles),
and the three-card version with older children (Mage: 5.78 years, N= 94, gray
circles). WM=working memory; PI= proactive interference.
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at a particular location on a previous trial interfered with maintaining
its location in the current trial. Through a series of three preregistered1

experiments, we tested the effect of PI on VWM in children between
2.5 and 7.5 years of age, including the youngest participants yet tested.
The relatively large behavioral effect in the 3-year-old children (in
Experiments 1 and 2, and confirmed in the younger, 2.5- to
5.5-year-old group of Experiment 3) opens up the field to future stud-
ies investigating the development of neural mechanisms of interfer-
ence resolution, which have been studied extensively in adults
(Jonides & Nee, 2006; Kliegl & Bäuml, 2021; Öztekin et al., 2009).
Experiment 1 showed that 3-year-old children are highly suscep-

tible to the detrimental effects of PI, with significantly lower perfor-
mance in the PI compared to the No_PI conditions. Indeed, by the
end of the eight-trial block, WM performance in the PI condition
was no better than chance (Figure 3a).
Experiment 2 was designed to determine whether PI can stem

from reactivated, LTMs. To accomplish this, we had to remove the
potential interference from “residual” information lingering in
VWM from the preceding trial. We did this by employing an inter-
leaved design where No_PI trials alternated with PI trials. Like a pal-
ate cleanser, information in VWM from each PI trial was “flushed”
by the demands of the intervening No_PI trial. The fact that 3-year-
old toddlers’WM performance was still significantly lower in PI tri-
als than in No_PI trials (Figures 2b and 3b)—that is, that a significant
PI effect remained—means interference can stem from recently acti-
vated LTMs alone.
In Experiment 3, we sought to characterize how the ability to

inhibit previously relevant, but now irrelevant information develops
between 2.5 and 7.5 years of age. Thirty years ago, Dempster sug-
gested that maturation of the ability to resolve interference—to better
distinguish relevant and irrelevant information at the moment of
retrieval—may at least partially underlie the developmental increase
in effectiveWM capacity (Dempster, 1993). While we found, as pre-
dicted by numerous previous studies (Ahmed et al., 2022;
Gathercole et al., 2004; Simmering, 2012), that WM performance,
overall, increased as a function of age, our results provided only
weak evidence for age-related increases in interference resolution
in our sample. When age was treated as a continuous variable, the
trend toward smaller PI effects as a function of age was not signifi-
cant. While at the group level, we found that the effect of PI was
more robust in our younger (2.5- to 5.5-year-olds; tested in the two-
card version) versus older (4.5- to 7.5-year-olds; tested in the three-
card version) children (d= 0.3 vs. 0.08); a direct comparison of the
two age groups did not show a significant difference in the magni-
tude of the PI effect.
Understanding how children resolve interference is important to

understanding how they learn best, particularly in school settings.
Indeed, children seem to learn better when interference-inducing rep-
etition of similar concepts is avoided and instead, concepts from one
topic are interleavedwith dissimilar concepts from another topic (for a
review, see Rohrer, 2012). For example, learning the difference
between transduction, translation, transcription, and transformation
in biology is particularly difficult for students as they are similar in
spelling and meaning. Learning is more optimal when these topics
are separated by discussions of different concepts in order to reduce
confusion between similar terms (Rohrer, 2012; Sana & Yan,
2022). In another example, multiplication problems that share more
digits in common with other multiplication problems are harder to
solve because the shared digits increase interference, even in adults

(De Visscher & Noël, 2014b). As well, some researchers have even
suggested that difficulty in resolving interference may be one of the
mechanisms underlying dyscalculia, a learning disability character-
ized by difficulty with learning math facts (De Visscher & Noël,
2014a).

Finally, accounting for PI inWMdevelopment has important meth-
odological implications. Current methods used to measure WM in
young children typically use multiple trials with repeated stimuli
(Kaldy & Leslie, 2003; Pailian et al., 2016; Simmering, 2012) thereby
inadvertently promoting PI (Hamilton et al., 2022). This issue was first
discussed by primate researchers who reported that macaquemonkeys’
WMperformance drastically decreased across trials when stimuli were
repeated (Wright et al., 1986). Neuropsychologists pointed out the
same confounding effect in assessments of WM in patients (Brophy
et al., 2009). Thus, some characterizations of children’s WM may be
underestimated, not representing the true capabilities or developmental
trajectories of children. The present study provides an illustrative exam-
ple of this. Let us say a group of researchers, unfamiliar with the role of
PI in memory, had conducted a test of 3-year-old children’s VWM
capacity using a setup similar to our Experiment 1. Given our results,
if they chose to repeat to-be-remembered stimuli over trials (unwit-
tingly inducing PI), they would obtain a VWM capacity estimate
nearly ½ item lower than if they had opted to use novel stimuli in
each trial. (Once corrected for guessing, capacity can be estimated sim-
ply from correctedProportionCorrect×memorySetSize (Luck &
Vogel, 2013). So, for the PI version, that means a capacity estimate
of 0.48 (0.24× 2) and, for the No_PI version, a capacity estimate of
0.96 (0.48× 2)—a difference of 0.96− 0.48= 0.48 item). This is a
dramatic underestimate, especially in a developmental context where
even best-case capacity estimates are already well under the adult
three- to four-item limit (Cowan, 2001).

Limits on the Generalizability of Our Findings

Our convenience sampling yielded child participants representing
the racial and ethnic distribution of the Northeastern United States,
largely from middle-income families. These participants are likely
familiar with tablet-based games (though prior touchscreen experi-
ence or experience with the game memory did not seem to affect
WM performance, see the online supplemental materials). Planned
future studies using an app-based, further gamified version of our
paradigm will reach a geographically wider and globally more rep-
resentative sample.

Summary

In a series of preregistered experiments, we found that 3-year-old
toddlers are highly sensitive to the effects of PI that stemmed from
the multiple repetitions of items in a VWM task. Their VWM capac-
ity dropped to chance level by the end of a series of eight trials, and
PI was present even when trials with repeated items were interleaved
with nonrepeated items. When we tested a large cross-sectional

1 It is worth noting that while preregistration has become a more common
practice in experimental psychology in the past decade, it is still not the norm
in studies with young children. A recent meta-analysis found that the median
effect size of 93 preregistered studies across different subdisciplines of psy-
chology was 0.16 (Schäfer & Schwarz, 2019). We believe this provides an
important context for the effect sizes of the current results.
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sample of children between 2.5 and 7.5 years of age and found a sim-
ilar PI effect in the younger portion of our sample, and no PI effect in
the older ones. However, when the effect of age was examined as a
continuous variable across the entire sample, it was not significant.
These findings are a first step in understanding the early develop-
ment of a core cognitive control mechanism (interference resolution,
or in a broader sense, memory updating), and open an avenue to
study its neural mechanisms in young children. Our findings also
provide evidence that previous studies that repeat to-be-remembered
information across trials may unwittingly induce PI, thereby under-
estimating young children’s WM capacity.
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