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Children live in a dynamic environment, in which objects continually change locations and move into
and out of occlusion. Children must therefore rely on working memory to store information from the
environment and to update those stored representations as the environment changes. Previous work sug-
gests that the ability to store information in working memory increases through infancy and childhood.
However, less is known about the development of the ability to update stored information. Participants
were 63 4—7-year-old children (37 girls; 34 caregivers completed optional demographic forms, and those
children were reported as Asian [one], Asian/White [four], Black [one], Middle East/Arab [one], or
White [27]; two were Hispanic/Latinx). We asked children to keep track of arrays of hidden items that
either remained where they were hidden (static trials) or swapped locations (swap trials) and then to
identify from two alternatives which item was hidden in a particular location. We manipulated the num-
ber of items in the arrays and the number of times the items swapped locations in order to investigate
how increasing storage and updating load impacted children’s performance. We found that children’s
ability to update working memory developed significantly across our age range. Updating appeared to
impose a significant one-time cost to working memory performance, regardless of the number of times
items swapped. Our results yield new insights into the developmental trajectories of storage and updat-

ing in working memory across early childhood.
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We live in a dynamic, three-dimensional world. To successfully
interact with our environment, we must keep track of objects as
they change locations and move into and out of occlusion. This
moment-to-moment tracking of objects requires working memory,
a fundamental cognitive process that allows us to maintain repre-
sentations of objects that are no longer in view and to update those
representations as the environment changes (Baddeley, 1992;
Cowan, 2016; Kibbe, 2015).

There is a growing body of research examining the development
of the ability to store information about objects in working mem-
ory. This work has shown that the number of object representa-
tions that can be stored in working memory increases throughout
infancy and childhood (Cowan et al., 2011; Kéldy & Leslie, 2005;
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Kibbe, 2015; Kibbe & Leslie, 2011, 2013; Pailian et al., 2016;
Ross-Sheehy et al., 2003; Simmering, 2012), as does the fidelity
and precision of those stored representations (Applin & Kibbe,
2020; Burnett Heyes et al., 2012; Cheng et al., 2020; Guillory et
al., 2018). The ability to maintain bindings between objects’ sur-
face features (e.g., color, shape, texture) and their locations in
space is extremely limited in early development, increasing from
about one feature-location binding at 6 months (Kaldy & Leslie,
2005; Kibbe & Leslie, 2011), to around two feature-location bind-
ings in toddlerhood (Cheng et al., 2019a; Kibbe & Applin, 2022;
Kibbe & Leslie, 2013), to around four feature-location bindings at
5-6 years of age (Applin & Kibbe, 2020). Because maintaining
feature-bound object representations requires sustained attention
(Wheeler & Treisman, 2002), the capacity of working memory to
maintain feature-location-bound objects tracks the development of
endogenous attention across infancy and childhood (Kibbe &
Leslie, 2013).

The ability to update working memory in response to changes
in the environment also appears to emerge in infancy. Infants are
able to update their representation of the location of one or more
occluded objects that moved to new locations out of infants’ view
(Cheng et al., 2019b; Sophian & Sage, 1983; Wiebe et al., 2010),
can update their representations of the contents of containers as
new objects are added (Feigenson & Yamaguchi, 2009), and can
update their representations of the location or features of an object
given verbal input (Ganea & Harris, 2013; Ganea et al., 2007;
Ozdemir & Ganea, 2020). Infants’ updating abilities are extremely
limited and fall apart when updating makes significant demands
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2 CHENG AND KIBBE

on attention, as when infants are required to shift attention
between locations (when items are hidden in alternation in two
separate locations; Feigenson & Yamaguchi, 2009) or when
infants are tasked with updating increasing numbers of feature-
location bindings as occluded objects move (Cheng et al., 2019b).

Indeed, maintaining representations of multiple objects as the
objects move through space engages different cognitive mecha-
nisms than maintaining representations of objects that stay in one
place. While stationary objects’ locations can be tracked using a
spatial coordinate system, tracking moving objects involves
deploying a limited number of “mental pointers” (“fingers of
instantiation”; Pylyshyn & Storm, 1988) or “sticky indexes”
(Leslie et al., 1998; Pylyshyn, 2000) that can be “attached” to
objects in the world. These attentional pointers allow one to track
objects without explicitly representing objects’ spatial locations
from moment to moment. Adults can successfully track around
four objects in parallel via object indexes (Pylyshyn & Storm,
1988), and the same mechanisms appear to support multiple object
tracking in infancy and childhood (Carey & Xu, 2001; Chen &
Leslie, 2012; Leslie et al., 1998; Pylyshyn, 2000), although the
number of objects children can track in parallel is more limited
than adults and increases across development (Blankenship et al.,
2020; O’Hearn et al., 2005, 2010; Trick et al., 2005).

While multiple sticky indexes can be deployed with low atten-
tional cost (Leslie et al., 1998; Pylyshyn, 2000), tracking the spe-
cific identities of multiple moving objects imposes significant
demands on attention. When asked to report the identities of the
tracked objects, adults have demonstrated a “content deficit”"—
adults tracked the locations of multiple objects but had more diffi-
culty recalling the specific features of those objects, suggesting
that bindings between features and objects require serial attention
to maintain (Horowitz et al., 2007; Oksama & Hyond, 2004,
2008). Only a few studies have attempted to examine children’s
ability to track the identities of multiple moving objects (e.g.,
Cheng et al., 2019b; Richardson & Kirkham, 2004), and these
studies focused on infancy. For example, in one study, 25-month-
olds but not 20-month-olds could track the featural identities of
two objects that changed locations after becoming occluded (i.e.,
the occluders behind which the objects were hiding changed loca-
tions on the computer screen; Cheng et al., 2019b). This result
contrasts with previous work on infants’ working memory for
objects that do not move after occlusion, in which infants at 9
months of age can maintain representations of two feature-loca-
tion-bound objects (Kéldy & Leslie, 2003; Kibbe & Leslie, 2013).

Together, the above studies suggest that maintaining feature-
location bindings in working memory, and updating those repre-
sentations as objects move through space, may each impose differ-
ent demands on working memory. However, less is known about
how limitations on updating may change—or how maintenance
and updating processes may interact—across development. On the
one hand, maintenance and updating may operate somewhat inde-
pendently (Baddeley, 2012; Baddeley & Logie, 1999) and there-
fore may follow different developmental trajectories. Indeed,
previous work suggests that the capacity to store and maintain in-
formation in working memory, and the central executive processes
that allow manipulation of that information for use in tasks, may
develop independently (Gathercole, 1998; Gathercole et al., 2004),
and neuroimaging evidence suggests that storage and updating of
information in working memory may rely on separate but adjacent

brain areas (Postle et al., 1999) that may follow different matura-
tion trajectories (Bunge & Wright, 2007; Crone et al., 2006; Jolles
et al., 2011). On the other hand, maintaining and updating repre-
sentations in working memory both require encoding of incoming
information while inhibiting irrelevant information (Conway et al.,
2001; Conway & Engle, 1994; Kane & Engle, 2000; Unsworth et
al., 2004) and may therefore draw on the same pool of general
cognitive resources across development. Further, storing feature-
location-bound object representations and updating those represen-
tations as the objects move through space or move in and out of
occlusion both place significant demands on attention. One there-
fore might expect a close coupling of maintenance and updating in
working memory across development.

A large body of work has explored older children’s ability to
search, reorganize, or otherwise manipulate the contents of working
memory given verbal instructions, but these studies did not require
children to update the contents of working memory as the environ-
ment changed (Alloway et al., 2006; Bunge & Wright, 2007; Car-
retti et al., 2005; Crone et al., 2006; ; Federico et al., 2014; Jolles et
al., 2011). For example, in n-back tasks in which children were pre-
sented with serial lists and were asked to respond whether a target
item matched an item presented n steps back, 10—12-year-old chil-
dren succeeded in the 1-back task, while performance in a 2-back
task increased into adolescence (see Brahmbhatt et al., 2010; Pele-
grina et al., 2015; Schleepen & Jonkman, 2010; Vuontela et al.,
2003). Federico et al. (2014) asked 6-, 8- and 10-year-olds to recall
the serial positions of three images either forward (by retrieving the
information stored in working memory) or backward (by reorganiz-
ing the stored information) and found accuracy on both tasks
increased between the ages of 6 and 10 years, and reaction times
decreased significantly between 8 and 10 years of age on the back-
ward task. Linares et al. (2016) tested children’s ability to update
numerical information stored in working memory by retrieving a
stored number and transforming it using an arithmetic operation
(e.g., +1) and found performance on this task also increased
between late childhood and adolescence.

This work suggests that the ability to modify the contents of
working memory undergoes protracted development. However, in
these tasks, children are asked to mentally manipulate the contents
of working memory top-down (e.g., using a rule or instruction),
placing the bulk of the demands of the task on executive functions
and prior knowledge. By contrast, previous work with infants
examined whether infants could update the contents of working
memory in response to observations of environmental change
(e.g., an object moving from one location to another). This kind of
bottom-up updating of the contents of working memory may rely
less on higher-level processes like executive functions and more
on lower-level processes like object-based attention and tracking
(Blankenship et al., 2020; Flombaum & Scholl, 2006; Flombaum
et al., 2010; Jahn et al., 2012; Kibbe & Leslie, 2013; Saiki, 2003;
Trick et al., 2006).

Only one study to our knowledge systematically investigated
children’s ability to update information in working memory in
response to dynamic changes in the locations of objects. Pailian et
al. (2020) showed 6—8-year-old children sets of colored disks,
which were then occluded by inverted cups. The experimenter
then moved the cups, swapping the locations of the colored disks
several times. Children were then probed to recall the location of a
particular color. Thus, to succeed at the task, children needed to
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repeatedly update their working memory representations of color-
location bindings as the occluded colors moved through space.
They found that 6-8-year-old children were able to update the
locations of the colors when tasked with tracking two hidden col-
ors that swapped locations 1-3 times, but when the number of hid-
den colors increased to three, their performance declined.

The results of Pailian et al. (2020) suggest that updating the
contents of working memory in response to changes in objects’
locations may be more costly than simply maintaining that infor-
mation in working memory. However, there are several gaps in
our knowledge. First, the development of working memory updat-
ing is unclear. Pailian et al. (2020) compared 6-8-year-old chil-
dren with adults and with a gray parrot and found that adults and
the parrot outperformed children. However, their study was not
designed to look at developmental change within their child age
range. It remains unknown to what extent storage and updating in
working memory follow similar or different developmental trajec-
tories. Second, it is unclear to what extent working memory stor-
age and updating may interact across early childhood. Increasing
updating load (e.g., by adding more location changes) may subse-
quently impact the number of items children can store in working
memory. Yet the cognitive cost of updating, and how this cost
might change with development, is unknown.

In the current study, we investigated the development of work-
ing memory updating in children between the ages of 4 and
7 years. We chose to examine development in children between
the ages of 4 and 7 because previous work has shown substantial
development in working memory storage in this age range (e.g.,
Applin & Kibbe, 2020; Cheng & Kibbe, 2022; Pailian et al., 2016;
Riggs et al., 2006; Simmering, 2012), making it a period of signifi-
cant developmental interest with regard to working memory. Spe-
cifically, we examined children’s ability to update the locations of
occluded items as the occluders changed locations, thus requiring
children to update in working memory bindings between item and
location. Children completed a “hide-and-seek” working memory
task, similar to that used by Pailian et al. (2020; see also Pailian &
Halberda, 2013). Children first viewed sets of cards depicting
illustrations of animals, which were then covered by occluders. In
the static block, the objects remained in their original positions. In
the swap block, the occluders swapped locations one or more
times. To successfully track the objects in the array, children had
to store the bindings between objects and their locations in work-
ing memory (static block) or update the objects’ locations as their
occluders moved through space (swap block). We systematically
manipulated both the number of objects children had to encode
and the number of times the objects swapped locations in order to
investigate the effects of increasing storage and updating load on
children’s performance.

Our task differed from Pailian et al. (2020) in several ways.
First, Pailian et al. (2020) asked children to recall the location of a
target object. Chance performance therefore varied with the num-
ber of locations, making it impossible to directly compare per-
formance across different set sizes. In our task, we asked children
to select the identity of an object hidden in a particular location
from two alternative choices, equating chance levels across set
sizes. This allowed us to directly compare children’s performance
across set sizes, thereby enabling us to examine how changes in
storage and updating load impact performance. Second, Pailian et
al. (2020) used physical occlusion (inverted cups) and presented

stimuli to children live and in person. Due to the COVID-19 pan-
demic, we created animated stimuli that could be used to test chil-
dren online via videoconferencing. Finally, we tested a large
sample of children (n = 63) to characterize development between
4 and 7 years of age.

Method

Participants

Sixty-three 4—6-year-old children (M age: 5 years, 7 months;
range: 4 years, 1 month to 7 years, 1 month; 37 girls) participated
in the study. We predicted a large effect of age and a medium effect
of number of times the items swapped places on children’s per-
formance, based on previous work (Pailian et al., 2020). A power
analysis for multiple linear regression with set size, number of
swaps, and age as predictors and participant ID as a random vari-
able suggested a sample size of N = 59, assuming a medium effect
size, power = 80%, and o = .05. All participants were tested indi-
vidually online using Zoom videoconferencing software. Children
completed this study after completing a separate, unrelated study.

Participants were recruited from the greater Boston area through
public birth records, family events, and social media ads. Caregiv-
ers were given an optional demographics form, and 34 completed
the form. Those who completed the form reported their children as
Asian (one), Asian/White (four), Black (one), Middle East/Arab
(one), and White (27). Two of these participants were identified as
Hispanic/Latinx. Thirty-two were from households with at least one
parent who had a college degree or higher. Each family received a
$10 Amazon gift card for their participation. This study was not
preregistered. The study was approved by the Boston University
Institutional Review Board under Protocol No. 3594E, “Develop-
ment of Working Memory in Social & Non-Social Contexts.”

Apparatus and Stimuli

Families were asked to use a device with a screen of at least 10
in. (59 families used a laptop or a desktop computer, and four used
an iPad tablet) and to complete the study in a quiet room. The study
stimuli were presented in Keynote presentation software by the ex-
perimenter using Zoom'’s screen-sharing function. Stimuli consisted
of animated versions of animal characters taken from the World of
Eric Carle Mini Memory Match Game (Mudpuppy Toys; see Fig-
ure 1).! There were 12 distinct animal characters in total. Full stim-
uli are available at https://osf.io/9vydc/. Sessions were recorded
using Zoom’s screen recording function and were saved directly to
a secure campus server.

! Our stimuli were chosen to make the task engaging for young children.
Like the stimuli used in Pailian et al. (2020) and other previous work
investigating working memory development in children (e.g. Applin &
Kibbe, 2020; Pailian et al., 2016; Riggs et al., 2006; Simmering, 2012), the
stimuli we used were nameable by children. While stimuli were presented
visually and were never named by the experimenter, children could
potentially verbally recode the stimuli in order to store the information
more efficiently in working memory. However, it is important to note that
verbal recoding strategies would be highly inefficient for keeping track of
the dynamically changing locations of the objects (e.g., to the left of X, on
the outside of Y).
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Figure 1

Examples of Practice (Top Panel), Static (Middle Panel), and Swap (Bottom Panel) Trials
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Occluders swap (1.5 s per swap)
Then remain stationary (1s)

Response needed

On each trial, children were shown sets of items that were then occluded. The occluders either

remained stationary (practice and static trials) or swapped locations 1-3 times (swap trials). Children were then
asked to identify which of two items was hidden in a particular location. Note that the images depicted in this
figure, while similar to the original stimuli, were drawings by one of the authors and were not the original
images from the experiment (see “Apparatus and Stimuli” section). See the online article for the color version

of this figure.

Design

All children completed a practice trial and two blocks of test tri-
als, a static block and a swap block. The purpose of the static
block was to get a baseline measurement of children’s storage
abilities in the absence of updating. Children were shown sets of
three, four, or six cards, which were then occluded, and were
asked to identify the card hidden in one of the locations from two
alternative choices (the card hidden in the location or another card
in the hidden array). Before occluding the cards, the experimenter
gave children 1 s per card to encode the array (i.e., 3 s for Set Size
3 trials, 4 s for Set Size 4 trials, 6 s for Set Size 6 trials). We chose
these set sizes based on previous work suggesting that 5-6-year-
old children can reliably hold the locations of up to four or five
objects in working memory (see Applin & Kibbe, 2020) and 4-
year-olds can hold around three items in working memory (Sim-
mering, 2012). We therefore expected children in our age range to
succeed at Set Size 3, show increasing performance with age at
Set Size 4, and show more limited performance at Set Size 6 (since
previous work suggested that this set size is likely to be much
more challenging for children in our age range). We also predicted
that we would be likely to observe developmental change in

performance in our age range, particularly for the larger set sizes,
consistent with previous work (see, e.g., Applin & Kibbe, 2020).

In the swap block, children were shown sets of two or three
items, which then swapped locations 1-3 times, requiring updating
in working memory. We chose to limit the number of hidden
objects to two or three during swap trials based on the results of
Pailian et al. (2020), who found that older children (6-8 years)
struggled considerably at Set Size 4 in their updating task, regard-
less of the number of times the items swapped locations.

Children always completed the static block first, followed by
the swap block. In order to prevent task fatigue, children com-
pleted trials with smaller set sizes first within each block (see
Applin & Kibbe, 2020, and Pailian et al., 2020, for similar
approaches). All children completed the study after completing a
different study that did not test working memory.

Procedure

Online Setup

The experimenter first greeted the family and guided the parent
through the setup procedures for the videoconference (instructing
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the parent to enter full-screen mode, hide the window that showed
the parent and child, and put the experimenter’s window at the top
center of the screen). The setup procedure ensured that children
could see the stimuli and experimenter clearly and would not be
able to see themselves during the experiment.

Practice Trial

The experimenter first showed children all the cards on the
screen at once and introduced the game as a hide-and-seek game
by saying,

I want to show you all my friends, they are going to play a hide-and-
seek game. Each time, some of my friends will show up, then they will
hide behind blocks. Your job is to help me find out who is hiding
where. First, let’s practice.

The experimenter then started the animation for the practice
trial, in which two cards, one depicting a caterpillar and one
depicting a duck, appeared on the screen. The cards were visible
for 2 s, after which the experimenter said, “Now they are going to
hide!” The cards were then hidden by two occluders that
descended from the top of the screen. After 1 s, an animated hand
appeared and pointed to one of the occluders. Two cards appeared
above the occluder, one depicting the caterpillar and one depicting
the duck, each labeled with a digit (1 or 2; Figure 1, top panel).
The experimenter then asked children, “Which one hides here?”
After children responded, the experimenter advanced the anima-
tion to remove the probed occluder, revealing the hidden card. If
the child answered correctly, the experimenter said, “Good job!”
and proceeded to the static block. If the child answered incorrectly,
the experimenter said, “That’s ok, let’s try one more time,” and
repeated the trial. Forty-nine out of 63 children succeeded the first
time. The remaining 14 children succeeded the second time.

Static Block

Trials in the static block proceeded similarly to the practice
trial. The experimenter said, “Now here come my three friends!”
The experimenter then advanced the animation so that three
cards with different characters appeared on the screen. These
cards were visible for 3 s (1 s per card), after which the experi-
menter said, “Now they are going to hide!” Three occluders
descended from the top of the screen and hid the cards. After 1 s,
an animated hand pointed to one of the occluders. Two cards
appeared above the occluder, a target card depicting the same
character as the card hidden behind the occluder and a distractor
card depicting another card in the array. The target and distractor
cards were labeled with digits 1 or 2 (Figure 1, middle panel). As
in the practice trial, the experimenter prompted children to
choose which card was hiding behind the probed occluder by
asking, “Which one hides here?” After children responded, the
occluder descended to reveal the hidden card. If children chose
correctly, the experimenter said, “Good job!” If children
answered incorrectly, the experimenter said, “That’s fine, let’s
try another one!” and proceeded to the next trial.

Children completed two Set Size 3 trials, two Set Size 4 trials,
and two Set Size 6 trials, presented in a fixed order. The location
of the probed card and whether the target card was labeled 1 or 2
were counterbalanced across trials.

Swap Block

To introduce the swap block, the experiment said, “OK, now
the game is going to be different. My friends are going to first hide
behind the blocks and then they are going to move to different pla-
ces. Can you help me figure out who is hiding where?” On each
trial, children were presented with an array of cards and were
given 1 s per card to encode the array. The cards were then hidden
simultaneously by a set of occluders that descended from above.
On Set Size 2 trials, the two occluders swapped places one, two,
or three times. On Set Size 3 trials, children also observed one,
two, or three swaps, except that different pairs of occluders
swapped locations each time (which occluders swapped was pseu-
dorandomized across trials). Each swap took 1.5 s to complete.
Following a 1-s delay, an animated hand appeared pointing to one
of the occluders. As in the static block, two cards, a target and a
distractor, appeared above the probed location (Figure 1, bottom
panel), and the experimenter asked children, “Which one hides
here?” The experimenter gave feedback as in the static block. The
location of the probed card and whether the target was labeled 1 or
2 were counterbalanced across trials. Children completed two tri-
als of each trial type (see the online supplemental materials for
details about which images were displayed on each trial).

The entire task took about 10 min to complete, with children
completing two trials per trial type (in the static block: two each of
Set Size 3, Set Size 4, and Set Size 6 trials; in the swap block: two
each of Set Size 2 one swap, two swaps, three swaps and Set Size
3 one swap, two swaps, three swaps). We chose to limit the num-
ber of trials within each trial type to two in order to minimize test-
ing fatigue and attrition in our young sample. Because there were
different numbers of trial types within each block, children com-
pleted a total of six static trials and 12 swap trials.

Coding

Children’s responses were coded as correct or incorrect. For
each participant, we computed proportion correct responses for
each set size in the static block and for each set size at each num-
ber of swaps in the swap block. Data are available at https://osf.io/
9vydc/.

Results

Static Block

We first examined children’s performance in the static block
using a linear mixed-effects model with set size (three, four, or
six) and age (continuous, in years) as fixed factors and participant
as a random factor. This analysis was conducted in R using the
Ime4 package (Bates et al., 2014). The best-fitting model did not
include the interaction term. We observed a main effect of age,
F(2, 63) =4.35, p = .041, 'T]p2 = .065, consistent with previous work
showing development in working memory capacity between the ages
of 4 and 7 (Applin & Kibbe, 2020; Pailian et al., 2016; Simmering,
2012). We observed no main effect of set size, F(2, 126) =2.92, p =
057, m,> = .044; while younger children tended to perform worse at
larger set sizes, and performance across set sizes tended to converge
with age, these trends were not statistically observed in the final
model (see Figure 2, top panel).
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Figure 2

Children’s Mean Proportion Correct Responses as Function of Age in the Static Block (Top

Panel) and in the Swap Block (Bottom Panels)
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Dots represent individual children’s mean scores. Lines represent linear regression of proportion cor-

rect on age for each set size (in the static block) and each trial type (in the swap block). Gray shaded areas rep-
resent 95% confidence intervals. See the online article for the color version of this figure.

To examine whether children as a group successfully tracked
the identities of the cards in the arrays in the static block, we con-
ducted separate one-sample ¢ tests against chance (.5) at each set
size. To correct for three comparisons, we set our alpha criterion
for statistical significance to o = .017. We also used Bayes factor
analysis to quantify the odds of the alternative hypothesis (that
children’s proportion correct scores are greater than what would
be expected by chance) over the null hypothesis (that children’s

proportion correct scores are not different from chance). These
results are summarized in Table 1. While overall performance
dropped somewhat between Set Sizes 3 and 4, #(62) = 2.59, p =
.012, children’s mean proportion correct responses were signifi-
cantly above chance at each set size, with Bayes factors offering
substantial support for the alternative hypothesis. Inspection of
Figure 2, top panel, shows that for the youngest children in our
sample, 95% confidence intervals overlapped .5 in the largest set

Table 1
Results From One-Sample t-Test Comparisons to Chance (.5) and Bayes Factor Analyses
Block Set size N of swaps Proportion correct M (SD) 1(62) P d BFo
Static 3 — .82 (.29) 8.74 <.001* 2.22 >10,000
4 — .68 (.35) 4.12 <.001* 1.05 166.67
6 — .72 (.36) 4.95 <.001* 1.26 2,551.02
Swap 2 1 7131 5.53 <.001* 1.40 >10,000
2 71 (.34) 4.94 <.001* 1.25 2,487.56
3 71(.32) 5.13 <.001* 1.30 4,926.11
3 1 .61 (.33) 2.68 .0095 .68 2.81
2 .60 (.38) 2.14 0362 54 0.87
3 .63 (.39) 2.72 .0084 .69 3.11
Note. Bayes factors (BF) represent the odds of the alternative hypothesis over the null hypothesis.

* P values that fell below our corrected criteria for statistical significance.
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sizes (Set Sizes 4 and 6), suggesting that the ability to successfully
encode and retain the identities of the items in the larger arrays
may emerge between the ages of 4.5 and 5.

Swap Block

We next examined children’s performance in the critical swap
block, in which children were asked to update representations stored
in working memory. We used a linear mixed-effects model to exam-
ine children’s proportion correct responses in the swap block with set
size (two or three), number of swaps (one, two, or three), and age
(continuous, in years) as fixed factors and participant as a random
factor. The final best model fit did not include the interaction term.

We observed a main effect of set size, F(1, 315) = 8.424, p =
.004, np2 =.026, but no main effect of number of swaps, F(2, 315) =
045, p = 955, np2 << .001; children performed better on Set Size 2
trials compared with Set Size 3 trials, regardless of the number of
times the items in the array swapped locations (see Figure 2). We
also observed a main effect of age, F(1, 63) = 8.828, p = .004, np2 =
.12. Children’s performance on the task improved with age across all
trial types. Figure 2, bottom panel, shows individual children’s pro-
portion correct performance at each set size and for each number of
swaps as a function of age.

To examine whether children as a group were able to success-
fully track the locations of the items in the arrays, we conducted
separate one-sample 7 tests against chance (.5) at each set size and
for each number of swaps, as well as Bayes factor analysis. To
correct for six comparisons, the criterion for statistical significance
was set to oo = .008. These results are summarized in Table 1.
Children’s mean proportion correct responses were significantly
above chance at Set Size 2 at each swap level (one, two, or three
swaps), with Bayes factor analysis offering substantial support for
the alternative hypothesis that children’s performance is reliably
above chance. At Set Size 3, children’s mean proportion correct
responses fell short of our strict criterion for statistical signifi-
cance, with Bayes factor analysis offering only weak support
(BFp = 3) for the alternative hypothesis at each swap level.
Inspection of Figure 2, bottom panel, shows that at Set Size 2,
95% confidence intervals overlapped with chance in our youngest
children, but by age 5, children reliably recognized the identity of
the item hidden in the probed location, regardless of the number of
swaps. At Set Size 3, children’s responses did not reliably lie
above the chance line until around age 6.

Static and Swap Blocks Compared

To estimate the overall cost of updating on working memory
storage, we used Bayes factor analysis to compare mean propor-
tion correct performance at each set size across the static and swap
blocks. Unlike traditional null hypothesis significance testing,
which gives the probability of the data if it were the case that the
null hypothesis is true, Bayes factor analysis yields the probability
of a hypothesis given the data. In this case, the null hypothesis is
theoretically interesting—if we observe similar performance at dif-
ferent storage and updating loads, it would suggest that these loads
are impacting working memory performance in similar ways. We
therefore used Bayes factor analysis to compute the odds that the
observed data in the two blocks at each set size were drawn from
the same distribution, allowing us to quantify the extent to which

performance was similar at each set size between the static and
swap blocks. Since we observed no main effect of number of
swaps and no interactions between set size and number of swaps,
we took the mean of children’s performance at Set Sizes 2 and 3
in the swap block and compared these grand means to their per-
formance at each set size in the static block.

We found that children’s performance at Set Size 2 in the swap
block was most similar to their performance at Set Sizes 4 and 6 in
the static block, with Bayes factors offering strong support for the
null hypothesis (both BF,; > 8). Odds also favored the null hypothe-
sis in the comparison of children’s performance at Set Size 3 in the
swap block with both Set Size 4 and 6 in the static block, although
Bayes factors were lower, offering only anecdotal support for the
null (both BFy, < 5; see Table S1 for results of all comparisons).
Indeed, children’s performance was lowest at Set Size 3 swap trials
compared with all other trial types (see Figure 3), suggesting that the
set sizes we chose for the static block did not yield performance that
was strongly comparable to adding updating at Set Size 3.

Overall, this analysis suggests that adding updating to the task
imposed a cost to working memory similar to adding at least two
items to a to-be-remembered static array. Figure 3 shows mean
proportion correct at each set size in both blocks.

Finally, we asked whether individual children’s performance in
the static block was correlated with their performance in the swap
block, controlling for children’s age. We found no correlation
between the two blocks, r(59) = .071, p = .582, suggesting that
individual differences in children’s working memory capacities
were not related to their updating abilities in our age range.

Discussion
We investigated development of the ability to update working

memory in response to changes in the locations of items stored in

Figure 3
Mean Proportion Correct Performance in the Static (Gray Bars)
and Swap (Striped Bars) Blocks at Each Set Size
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working memory. We examined children between the ages of 4
and 7 years, a period of significant development in the storage
capacity of working memory (e.g., Applin & Kibbe, 2020; Cheng
& Kibbe, 2022; Pailian et al., 2016; Simmering, 2012). We found
that, when children were asked to store information in working
memory without updating (static block), we observed an increase
in performance with age consistent with previous work (e.g.,
Applin & Kibbe, 2020; Pailian et al., 2016; Simmering, 2012). We
also found that children’s ability to update working memory
increased with age, suggesting that working memory updating
abilities also are developing substantially between the ages of 4
and 7 years. By around age 5, children could update their working
memory representations of the changing locations of arrays of two
objects. By around age 6, children could do so for arrays of three
objects.

Interestingly, the pattern of results we obtained suggests that
updating may impose a significant one-time cost to working mem-
ory for 4-7-year-olds, at least under the conditions tested here.
When children had to update the locations of objects after they
swapped positions one time, performance declined considerably
and subsequently remained at that level as more swaps were
added. Comparisons between trials in which children had to store
items in working memory (static block) and trials in which they
also had to update the real-world locations of those stored items
(swap block) suggested that the cost of updating may be higher
than the cost of storage, and updating may significantly reduce the
number of items that are stored in working memory. Previous
work by Pailian et al. (2020) found that 6-8-year-olds’ ability to
update the real-world locations of items stored in working memory
declined after one and two location changes and remained at that
level for three location changes. While it is not possible to directly
compare performance on our task to the results of Pailian et al.
(2020) due to differences in response measures, taken together,
these results suggest that the load imposed by updating processes
may ease with development.

We also found no correlation between children’s performance in
the static block, in which they were required to maintain representa-
tions of stationary objects, and children’s performance in the swap
block, in which they had to also update information in working
memory. This may reflect that the ability to effectively update
working memory in response to environmental changes is emerging
in this age range. Previous work suggested that working memory
storage and updating may engage in different mechanisms (O’Hearn
et al., 2005, 2010; Pailian & Alvarez, 2018; Pailian & Halberda,
2013). It is possible that, as children’s updating abilities develop,
updating capacity and storage capacity may be more closely
coupled. Further work is needed to better understand individual dif-
ferences in storage and updating processes across development.

What might be driving developmental improvement in working
memory updating abilities? One possibility is that the cognitive
resources that support updating are developing during this period,
including the ability to track multiple moving objects via visual
attention (Blankenship et al., 2020; Trick et al., 2006) and execu-
tive functions like cognitive control (Diamond, 2006; Zelazo et
al., 2003), both of which could be playing critical roles in main-
taining the feature-location-bound object representations and
tracking objects’ moving trajectories over time (Spencer et al.,
2012). Development of updating abilities may therefore emerge
from the development of these support processes. Another,

nonmutually exclusive possibility is that younger children may be
more susceptible to proactive interference than older children
(Kail, 2002; Simmering, 2012) such that the development of inhib-
itory control would be critical for success in the task (Durston et
al., 2002; Williams et al., 1999). In our task, objects swapped loca-
tions with each other, requiring children to replace the old infor-
mation about which object was stored at each location with new
information. Thus, children had to suppress previous representa-
tions of the contents at each location in order to respond correctly.
Indeed, the ability to effectively cope with proactive interference
is thought to be a significant source of developmental change in
working memory capacity across childhood (Hamilton et al.,
2022). Children’s ability to update the feature-location pairings in
working memory may be less limited if, for example, objects
moved to new locations where no previous representation need be
inhibited. Future work would examine this possibility.

In our task, we used a two-alternative forced-choice response
measure in order to equate chance levels across set sizes, thereby
allowing us to directly examine the impact of set size and number
of swaps on children’s responses. Children were probed to choose
the identity of an item in a location, selected pseudorandomly,
from two alternative choices: the correct identity or another iden-
tity that also appeared on that trial. Thus, children could succeed
by correctly remembering the probed location’s identity or by cor-
rectly remembering the location of the other, distractor identity,
ruling that out as a possibility, and selecting the correct response
by exclusion. While recent research suggests that the ability to use
this kind of exclusive reasoning to solve a working memory task is
not reliable until around age 6 (Cheng & Kibbe, 2022), it is never-
theless important to consider the possibility that children’s updat-
ing abilities could be even more limited in a context in which
reasoning by exclusion was not possible. Further work is needed
to examine this possibility.

Due to the outbreak of the COVID-19 pandemic, the current
study was conducted online; therefore, we have to acknowledge
that the findings of the study may reflect the development of work-
ing memory updating under the conditions of online testing.
Though the testing environments in the laboratory and online are
different, a recent study examining children’s working memory
development using a change-detection paradigm in 4—10-year-olds
found a similar developmental trajectory in online testing as
observed in laboratory data collection (Ross-Sheehy et al., 2021),
providing promising evidence on the comparability of these two
data collection environments. Although our study was conducted
online, the setup of the online procedures shared many similarities
with laboratory data collection, including synchronous, face-to-
face interaction between experimenter and child throughout the
experiment, experimenter-controlled presentation of stimuli, and a
low-distraction environment. Nevertheless, children in our study
viewed object movement in only two dimensions (on a screen),
and it is possible that children’s performance may look different
under circumstances closer to those used by Pailian et al. (2020) in
which objects were hidden in physical locations and could be
physically manipulated by a hand (see Kibbe, 2015, for further
discussion). Future work may compare the impact of different test-
ing environments and the role of physical object affordances on
children’s performance.

In this study, we investigated the process of updating object-
location bindings as objects moved through space and changed
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locations, a highly attentionally demanding form of updating
(Kibbe & Leslie, 2013; Saiki, 2003). More work is needed to char-
acterize the developmental trajectories of other types of working
memory updating in response to environmental changes across
this age range, including feature updating or updating the contents
of a location following sequential occlusions. Future work will
focus on understanding the cognitive demands of different types
of updating processes to yield a clearer picture of the development
of working memory updating in early childhood.
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